


See what’s possible.
Scan this QR code to view videos and see what the XF technology can
achieve. Visit www.seahorsebio.com/cancercell for more information!

WE’RE BRINGING A NEW PERSPECTIVE TO

cancer metabolism research
“

XF technology provides the easiest and most comprehensive

assessment of cancer cell metabolism, measuring glucose

and glutamine metabolism, and fatty acid oxidation of cancer

cells in a microplate, in real time!

— Kacey Caradonna PhD,

Applications Scientist

Seahorse Bioscience

”

The Seahorse XFp Extracellular Flux Analyzer

Measurements of cellular glycolysis are essential to understanding cancer.

The XFp Analyzer and XFp Glycolysis Stress Test Kit make it easy to measure

the three key parameters of cellular glycolysis in a microplate: glycolysis,

glycolytic capacity, and glycolytic reserve, revealing critical information not

evident in mitochondrial respiration measurements alone.
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Presenting automation that lets you sort cells right in your lab.
The S3e™ Cell Sorter is designed to make cell sorting simple and accessible to all.
Advanced automation features eliminate the need for extensive flow cytometry
expertise by allowing instrument setup and operation with minimal user input while a
small footprint and affordable price ensure that the S3e fits into almost any lab. It’s time
to put the focus on research and take the how, when, and where out of cell sorting.

Learn more about the S3e Cell Sorter at bio-rad.com/info/BenchnearYou
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Designed for both cancer research and clinical trials
The Most Complete and Accurate Tumor Profiling

Personalis®
ACE Services for Cancer Research & Clinical Trials

ACE Extended Cancer Panel for DNA and RNA

The Accuracy and Content Enhanced (ACE) Extended Cancer Panel has been designed

to support both cancer research and clinical trials. It provides more coverage of gene

pathways and functions known to be involved in cancer biology than any other panel

commercially available. Up until now discovery researchers have had to make a choice

between the breadth of sequencing used to find novel variants in cancer-related genes,

and the depth of sequencing needed to identify variants present at low allelic fraction.

The Personalis ACE Extended Cancer Panel is the first service to combine the breadth

of coverage for novel variant discovery across key cancer pathway genes, with the

sequencing depth needed to detect variants present at low allelic fraction.

over 1,300+
cancer genes

over 200+
miRNA genes

enhanced
coverage of

and

Comprehensive coverage of key cancer pathway genes

>500x mean coverage over the extended footprint (DNA)

Sensitivity for both known and novel fusion events (RNA)

The most advanced and complete informatics analysis





This ad won’t work.
Our antibodies will.

For really good antibodies, visit bethyl.com/trialsize
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Simple, affordable
flow cytometry –
now at your side.
Sophisticated cancer cell analysis doesn’t have to be exclusive,

complicated, or costly. With the Muse® Cell Analyzer, you can now

achieve highly quantitative results with statistical power, cell by cell.

The Muse® Cell Analyzer packs 3-parameter analysis into a compact,

easy-to-use benchtop device, making flow cytometry accessible to

anyone, anytime. A user-friendly touchscreen interface, intuitive

software, and reagents optimized for critical cancer research assays

are engineered to simplify your work.

Discover the Muse® Cell Analyzer
www.emdmillipore.com/muse

EMD Millipore is a division of Merck KGaA, Darmstadt, Germany

EMD Millipore, the M logo, and Muse are registered trademarks of Merck KGaA, Darmstadt, Germany.
01/2015 © 2015 EMD Millipore Corporation, Billerica, MA USA. All rights reserved. BS-GEN-15-11007



Foreword

In 2012 we introduced Best of Cancer Cell 2011 as one of the first “Best of” reprint collections from Cell
Press. Last year’s third edition, Best of Cancer Cell 2013, continued to surpass our expectations and
received even greater attention than any prior, with downloads of the digital edition exceeding 45,000. We
are pleased to offer the fourth installment of this collection, Best of Cancer Cell 2014, in timing for the 2015
AACR annual meeting.

Cancer Cell is published monthly in two volumes each year. In order to account for the amount of time
since publication, we have selected a mix of the most highly accessed research articles, perspectives, and
reviews from volumes 25 and 26, which cover the first and second halves of 2014, respectively. We use the
number of requests for PDF and full-text HTML versions of a given article to identify the “most-accessed”
articles, taking into consideration the range of topic areas presented to provide our readers with a clearer
sense of Cancer Cell’s breadth and scope. It is also extremely gratifying to see that the works featured in this
collection come from around the world, reflecting the forefront of a global fight against cancer. Of course,
no single measurement can be accurately indicative of “the best” research papers over a given period of
time. This is especially true for new publications because the community hasn’t had enough time to fully
appreciate the relative importance of the findings. That said, we are confident that you will still find this
collection informative and exciting.

Prior to the start of the articles, you will find four SnapShots examining various cancer biologies: hepatocellular
carcinoma, medulloblastoma, chronic lymphocytic leukemia, and diffuse large B cell lymphoma. Cancer Cell
is proud to feature these extraordinary collaborative efforts by researchers, editors, and our graphic artists.

We hope that you will enjoy reading this special collection. You can access the entire “Best of” Cell Press
collection online at www.cell.com/bestof. Visit www.cell.com/cancer-cell to learn about the latest findings
that Cancer Cell has had the privilege to publish and www.cell.com to find other high-quality cancer-relevant
papers published in the full portfolio of Cell Press journals. Please feel free to contact us at cancer@cell.
com to tell us about your latest work or to provide feedback. We look forward to working with you in 2015
and beyond!

Finally, we are grateful for the generosity of our sponsors, who helped to make this reprint collection possible.

For information for the Best of Series, please contact:

Jonathan Christison
Program Director, Best of Cell Press
e: jchristison@cell.com
p: 617-397-2893
t: @CellPressBiz



Find out more about Alexa Fluor® secondary antibodies at
lifetechnologies.com/alexafluor
For Research Use Only. Not for use in diagnostic procedures.© 2014 Thermo Fisher Scientific Inc. All rights reserved.
All trademarks are the property of Thermo Fisher Scientific and its subsidiaries unless otherwise specified. CO120476 1214

Exhibit the brightest cell images using Alexa Fluor®
secondary antibodies
With over 30,000 citations, it’s no secret Alexa Fluor® dye–labeled secondary
antibodies are the leader in fluorescence. Consistently dependable and
available in 20 different colors, their brilliant hues have helped scientists
visualize their research for nearly two decades.

Publish your brightest scientific masterpiece



International Corporation

Cancer Epigenetics
Enrich. Detect. Discover. Identify.

Our focus is on the Ribonomics Discovery Cycle, a process

which allows for the discovery of Ribonucleoprotein (RNP)

complexes and the RNAs or miRNAs which regulate one

another. We leverage our technical expertise in RNA technology

to develop better products for the study of DNA, products

for methylated DNA enrichment, and 5hmC detection.

• Enrich methylated DNA with our MethylHunter™ MBD1

Enrichment Kit (Code no. 5275)

• Detect 5hmC with our MethylHunter™ 5hmC Detection Kit

(Code no. 5350)

• Discover RNA Binding Proteins with our RiboTrap Kit

(Code no. RN1011/RN1012)

• Identify functionally related RNAs and miRNA of RNA

binding proteins with our RIP-Assay™ Kit

(Code no. RN1005)

mblintl.com
800-200-5459
781-939-6964

MC-RUO-019 For Research Use Only. Not for use in diagnostic procedures.

© 2015 MBL International Corporation. All rights reserved.
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Detection this specific. Even in unpurified samples.
High throughput protein quantification and quality assessment
The Octet platform lets you screen bioprocess samples quickly and accurately,
with little to no prep.

• Antibody and protein concentration. Measure 96 titers in 2 minutes
directly from supernatants or lysates.

• Host cell protein and residual protein A detection. Analyze 96 samples in
under 2 hours with a fully-automated workflow.

• Protein quality. Profile molecules based on differences in glycosylation and
binding affinities.

fortebio.com | 888-OCTET-75



The BD Accuri™ C6 personal flow cytometer takes
up less than 0.5 cubic meter of bench space but
gives cutting-edge data from multiparametric
cell analysis. It’s an indispensable tool for the
cancer researcher, enabling immunophenotyping,
cell function and signaling, and dose-response
applications right in your own lab.

The BD Accuri C6 is affordable, easy to learn,
easy to use, and transportable.

Free, downloadable software templates and
BD reagents and kits provide simplified setup
and analysis. And, the BD Accuri C6 is inexpensive
to operate and simple to maintain.

Find out how you can transform a small
space on your benchtop into your most
valued tool and take advantage of
unprecedented special offers that put
flow cytometry even more within reach at
bdbiosciences.com/go/cancerbiology.

A small space on your benchtop that
speaks volumes about the cancer cell

Class 1 Laser Product.
For Research Use Only. Not for use in diagnostic or therapeutic procedures.
BD, BD Logo and all other trademarks are property of Becton, Dickinson and Company. © 2015 BD
23-17067-00

BD Biosciences
2350 Qume Drive
San Jose, CA 95131
bdbiosciences.com

The BD Accuri™ C6 for Cancer Research
Flow cytometry on the benchtop for a more complete view of the cell



Distinguish between cancer drivers
and passengers
Analytes to insight in less than one week

Introducing the new Concurrent Molecular Analysis Profiling (CoMAP™) capability
in Chromosome Analysis Suite 3.0 software

CoMAP™ capability, in combination with Affymetrix’ assays for
copy number, gene expression, and miRNA expression, delivers

 Rapid co-analysis and visualization of genomic and transcriptomic
data to identify and prioritize cancer driver events

 Accurate and robust results from limited and degraded
FFPE tissues

 Biological insights from FFPE samples in less than one week

Visit www.affymetrix.com/CoMAP

#CoAnalyze

©2015 Affymetrix, Inc. All rights reserved.
For Research Use Only. Not for use in diagnostic procedures.

CoMAP™ capability
Get a single, comprehensive view of copy number,

gene expression, and miRNA expression data.
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Perspectives

Review

Articles

snapshots

Hepatocelluar Carinoma

Diffuse Large B Cell Lymphoma

Medulloblastoma

Chronic Lymphocytic Leukemia

ERBB Receptors: From Oncogene Discovery to Basic
Science to Mechanism-Based Cancer Therapeutics

Endoplasmic Reticulum Stress in Malignancy

Mutant p53 in Cancer: New Functions and
Therapeutic Opportunities

A Long Noncoding RNA Activated by TGF-β Promotes
the Invasion-Metastasis Cascade in Hepatocellular
Carcinoma

Depletion of Carcinoma-Associated Fibroblasts and
Fibrosis Induces Immunosuppression and Accelerates
Pancreas Cancer with Reduced Survival

Jens U. Marquardt and Snorri S. Thorgeirsson

Laura Pasqualucci and Riccardo Dalla-Favera

Jessica M. Rusert, Xiaochong Wu, Charles G. Eberhart,
Michael D. Taylor, and Robert J. Wechsler-Reya

Maria Ciccone, Alessandra Ferrajoli, Michael J. Keating,
and George A. Calin

Carlos L. Arteaga and Jeffrey A. Engelman

Hanna J. Clarke, Joseph E. Chambers, Elizabeth Liniker,
and Stefan J. Marciniak

Patricia A.J. Muller and Karen H. Vousden

Ji-hang Yuan, Fu Yang, Fang Wang, Jin-zhao Ma, Ying-jun
Guo, Qi-fei Tao, Feng Liu, Wei Pan, Tian-tian Wang, Chuan-
chuan Zhou, Shao-bing Wang, Yu-zhao Wang, Yuan Yang,
Ning Yang, Wei-ping Zhou, Guang-shun Yang,
and Shu-han Sun

Berna C. Özdemir, Tsvetelina Pentcheva-Hoang, Julienne L.
Carstens, Xiaofeng Zheng, Chia-Chin Wu, Tyler R. Simpson,
Hanane Laklai, Hikaru Sugimoto, Christoph Kahlert, Sergey V.
Novitskiy, Ana De Jesus-Acosta, Padmanee Sharma, Pedram
Heidari, Umar Mahmood, Lynda Chin, Harold L. Moses,
Valerie M. Weaver, Anirban Maitra, James P. Allison, Valerie S.
LeBleu, and Raghu Kalluri

Best of 2014

Cancer-Secreted miR-105 Destroys Vascular
Endothelial Barriers to Promote Metastasis

Weiying Zhou, Miranda Y. Fong, Yongfen Min, George Somlo,
Liang Liu, Melanie R. Palomares, Yang Yu, Amy Chow, Sean
Timothy Francis O’Connor, Andrew R. Chin, Yun Yen, Yafan
Wang, Eric G. Marcusson, Peiguo Chu, Jun Wu, Xiwei Wu,
Arthur Xuejun Li, Zhuo Li, Hanlin Gao, Xiubao Ren, Mark P.
Boldin, Pengnian Charles Lin, and Shizhen Emily Wang



Disrupting the Interaction of BRD4 with Diacetylated
Twist Suppresses Tumorigenesis in Basal-like
Breast Cancer

Stromal Elements Act to Restrain, Rather Than Support,
Pancreatic Ductal Adenocarcinoma

Targeting Tumor-Associated Macrophages with
Anti-CSF-1R Antibody Reveals a Strategy for
Cancer Therapy

Identification of Distinct Basal and Luminal
Subtypes of Muscle-Invasive Bladder Cancer with
Different Sensitivities to Frontline Chemotherapy

Metabolic Reprogramming of Stromal Fibroblasts
through p62-mTORC1 Signaling Promotes
Inflammation and Tumorigenesis

Jian Shi, Yifan Wang, Lei Zeng, Yadi Wu, Jiong Deng, Qiang
Zhang, Yiwei Lin, Junlin Li, Tiebang Kang, Min Tao, Elena
Rusinova, Guangtao Zhang, Chi Wang, Haining Zhu, Jun Yao,
Yi-Xin Zeng, B. Mark Evers, Ming-Ming Zhou, and Binhua P.
Zhou

Andrew D. Rhim, Paul E. Oberstein, Dafydd H. Thomas, Emily
T. Mirek, Carmine F. Palermo, Stephen A. Sastra, Erin N.
Dekleva, Tyler Saunders, Claudia P. Becerra, Ian W. Tattersall,
C. Benedikt Westphalen, Jan Kitajewski, Maite G. Fernandez-
Barrena, Martin E. Fernandez-Zapico, Christine Iacobuzio-
Donahue, Kenneth P. Olive, and Ben Z. Stanger

Carola H. Ries, Michael A. Cannarile, Sabine Hoves, Jörg
Benz, Katharina Wartha, Valeria Runza, Flora Rey-Giraud,
Leon P. Pradel, Friedrich Feuerhake, Irina Klaman, Tobin
Jones, Ute Jucknischke, Stefan Scheiblich, Klaus Kaluza,
Ingo H. Gorr, Antje Walz, Keelara Abiraj, Philippe A. Cassier,
Antonio Sica, Carlos Gomez-Roca, Karin E. de Visser, Antoine
Italiano, Christophe Le Tourneau, Jean-Pierre Delord, Hyam
Levitsky, Jean-Yves Blay, and Dominik Rüttinger

Woonyoung Choi, Sima Porten, Seungchan Kim, Daniel
Willis, Elizabeth R. Plimack, Jean Hoffman-Censits, Beat
Roth, Tiewei Cheng, Mai Tran, I-Ling Lee, Jonathan Melquist,
Jolanta Bondaruk, Tadeusz Majewski, Shizhen Zhang, Shanna
Pretzsch, Keith Baggerly, Arlene Siefker-Radtke, Bogdan
Czerniak, Colin P.N. Dinney, and David J. McConkey

Tania Valencia, Ji Young Kim, Shadi Abu-Baker, Jorge
Moscat-Pardos, Christopher S. Ahn, Miguel Reina-Campos,
Angeles Duran, Elias A. Castilla, Christian M. Metallo, Maria T.
Diaz-Meco, and Jorge Moscat
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Detect RNA and protein in millions of single cells
Enter a new dimension of single-cell analysis

Detect RNA and protein simultaneously by flow cytometry to:

See gene expression heterogeneity at the single-cell level

Compare RNA and protein in the same cell

Evaluate viral RNA within infected cells

Detect non-coding RNA in cell subsets

Analyze mRNA expression levels when antibody selection is limited

Real insight starts with single cells.
View webinar on demand “Detection of RNA with flow cytometry”

www.ebioscience.com/primeflow-tech-webinar-ccell



BakerRuskinn.com
Biological Safety Cabinets • Clean Benches • Fume Hoods • CO2 Incubators • Hypoxia & Anaerobic Workstations

From the moment when
the pieces fell into place,
and you saw the big picture,

through late nights reviewing literature,
designing procedures,
testing hypotheses —

nothing fell through the cracks,
because too much was at stake.

The work you did then
advanced your field,
and your career.

We are proud to have been there,
protecting your work, and you,
with the very best in air containment,
contamination control, and
controlled environment technology.

Now, as your work gives rise
to new discoveries —

bakerco.com

We can’t wait to see
what you do next.

 Incubators  •  Hypoxia & Anaerobic Workstations



1551 Eastlake Avenue East, Suite 200 • Seattle, WA 98102

P: 855.466.8667 W: adaptivebiotech.com

The Inquiry-to-Insight Solution
for Immune System Profiling

NOW available as a Research Use Only Kit,
offering you the convenience and control of
immunosequencing in your own lab

Harness the power of the adaptive immune
system - in our lab or yours - to profile
T- and B-cell receptors with groundbreaking
sensitivity, accuracy, and specificity

Learn more at adaptivebiotech.com or by calling 855-466-8667

For Research Use Only. Not for use in diagnostic procedures.

Copyright © 2014 Adaptive Biotechnologies
Corp. All rights reserved. 11/2014



transOMIC
t e c h n o l o g i e s

Enabling Discovery Across the Genomewww.transomic.com

Visit www.transomic.com/shERWOOD-UltramiR
for more information and to place your order

shERWOOD-UltramiR
shRNA

Introducing

Developed by Dr. Greg Hannon and colleagues at Cold Spring Harbor Laboratory, and

available exclusively through transOMIC technologies, new generation shERWOOD

UltramiR shRNA provide superior and more consistent gene knockdown than early

generation shRNA designs. By incorporating advances in shRNA design (shRNA-specific

shERWOOD algorithm) with optimized small RNA processing (UltramiR scaffold) these

shRNA reagents produce unparalleled knockdown efficiencies to provide greater

confidence in RNAi based studies-from single gene based phenotypes to large scale

screens in vitro and in vivo.

shERWOOD Algorithm designs - Potent single copy knockdown

UltramiR scaffold - Optimized small RNA processing for consistent knockdown

100% Guarantee - Every shRNA is guaranteed to knockdown its intended target

Sensor-based shERWOOD algorithm
+ UltramiR scaffold

= Unrivaled Knockdown Performance

Find shRNA-mir constructs
targeting your gene of interest using

www.transomic.comwww.transomic.com

shERWOOD-UltramiR shRNA are available in lentiviral, inducible lentiviral or retroviral vectors

to target human, mouse and rat genomes. Contact us at info@transomic.com to inquire about

testing new shERWOOD-UltramiR shRNA today!



KEY GENETIC ALTERATIONS
Telomere Maintanance
Genes: TERT
Cumulative frequency: 20%-60%

WnT/β-catenin
Genes: CTNNB1, AXIN1/2, APC
Cumulative frequency: 2%-33%

cell cycle
Genes: TP53, CKN2A/B, CCND/E1, CDKs, RB1
Cumulative frequency: 4%-35%

Apoptosis
Genes: TNFRSF10A/B, TRADD, CASP3/9, XIAP
Cumulative frequency: 8%-20%

epigenetic Modifiers
Genes: ARID1A, ARID2, MLL genes
Cumulative frequency: 10%-24%

Proliferation
Genes: FGF19, RPS6KA, IRF2, KRAS
Cumulative frequency: 2%-15%

Immune Response
Genes: IL6R, IL20, IL6, JAK1
Cumulative frequency: 2%-26%

Oxidative stress Regulation
Genes: NFEL2, KEAP1
Cumulative frequency: 6%-8%

CLINICAL PROGRESSION OF LIVER CANCER CELL TYPES OF ORIGIN FOR HCC
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PROGNOSTIC CLASSIFICATION

EMERGING MOLECULAR TARGETS

BCLC STAGING & THERAPY

CHALLENGES & OUTLOOK
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favorable Outcome

curative treatments

Hcc
suspected

Palliation

Epigenetics

Proliferation and survival

Tivantinib, cixutumumab,
erlotinib, everolimus, selumetinib

control of gene expression:
Activation of tumor suppressors

Repression of oncogenes

Resminostat, vorinostat,
belinostat, zebularine

Stemness

Dedifferentiation, progression
and metastatic properties

12-AA peptide, resminostat,
γ-secretase inhibitors

Angiogenesis

Median Os: >60 mo 20 mo 11 mo ~3 mo

Sorafenib, brivanib,
sunitinib, regorafenib

ECOG >2

Poor liver function
Poor differentiation
CK19 positive

Larger tumors
Vascular invasion
Extrahepatic spread

Genomic instability
Telomerase reactivation

Loss of 8p
Global hypomethylation

Low miR-122
High miR-517a

Stemness features:
EpCAM, SALL4

High Nault 5-gene score

Adverse subclass:
G1-G3, S1-2, proliferation,
HA subtype

Adverse metabolic profile:
stearoyl-CoA-desaturase
activity, palmitate signaling

Adverse signaling:
HGF/MET, TGF-β, CK19,
mTOR, IGF, MYC, AKT,
WNT, loss of p53

Genomic stability
Telomerase repression

CTNNB1 mutation
Polysomy 7

High miR-122
Low miR-517a

Expression of differentiation
factors: HNF4α, CYPs

Low Nault 5-gene score

Beneficial subclass:
G4-G5, S3

Beneficial metabolic profile

ECOG 0–1
Well-preserved liver function

High differentiation
Hepatocyte morphology

Smaller tumors
No vascular invasion

Very early
stage
CHILD A;

PST 0;
single <2 cm

Early
stage

CHILD A–B;
PST 0–2;

single nodule
or 3 nodules <2 cm

Single
nodule
(<2 cm)

3
nodules

(<3 cm)

Portal
pressure
normal

Associated
diseases

No

Resection Liver
transplant

RFA-PEI DC-BEAD
TACE

Sorafenib Best
supportive

care

Yes

Intermediate
stage

CHILD A–B;
PST 0–2;

multiple nodules

Advanced
stage

CHILD A–B;
PST 0–2;

portal
invasion,
N1:M1

Terminal
stage
CHILD C;
PST >2

Chromatin remodeling DNA methylation

PTEN

HCC develops on the basis of a predisposing
liver disease that causes a chronically altered
microenvironment.

HCC is characterized by phenotypic and
molecular heterogeneity reflecting a diverse
cellular origin.

Biopsies are not mandatory to establish the
diagnosis. However, biopsies are of utmost
importance for molecular classification and
individualized therapeutic approaches.

Our understanding of (epi)genetic
pathophysiology is incomplete.

The most common genetic alterations affect
hTERT, β-catenin, and p53. No clear evidence
for oncogene addiction has been demonstrated.

In clinical routine, liver function frequently limits
therapeutic options.

Recurrence rate is high despite curative
therapeutic intentions.

There is an unmet need for new therapies and
improved understanding of cancer biology.

Novel innovative therapeutic strategies involve
targeting of stem cell features as well as
immune response.

No Ye

Contrast MRI imaging illustrating
typical hyperenhancement (wash-in)

in the arterial phase followed by
wash-out in the venous phase.

chronicHealthy
Contrast MRI imaging illustrating Contrast MRI imaging illustrating 

UNIFOCAL HCC
Arterial Phase

Venous Phase

VEGF, FGF, PDGF

PI3K/AKT MAPK SRC PLC-γ

HGF/MET, IGF, EGFR, mTOR

PI3K

AKT

mTOR

MEK

RAS/RAF

ERK

HDAC MLL ARID1/2 DNMTs
PTEN/PI3K NURD complex NICD γ-secretase

SALL4 NOTCH

50 μm

SnapShot: Hepatocelluar Carinoma
Jens U. Marquardt1 and Snorri S. Thorgeirsson2

1Department of Medicine I, Johannes Gutenberg University of Mainz, 55131 Mainz, Germany
2Laboratory of Experimental Carcinogenesis, CCR/NCI/NIH, Bethesda, MD 20892, USA

See online version for legend and references.Cancer Cell 25, April 14, 2014 ©2014 Elsevier Inc. DOI 10.1016/j.ccr.2014.04.002



BEST ANSWER.

Because
there’s only

Eliminate cross-reactivity concerns: UltraMAB® uniquely validated antibodies.

Contact us at antibody@origene.com
OriGene Technologies, Inc • 9620 Medical Center Dr., Suite 200 • Rockville, MD 20850 • 1-888-267-4436

What is UltraMAB®?

OriGene UltraMAB® antibodies are highly
specific monoclonal antibodies directed towards
important diagnostic targets and known cancer
biomarkers. OriGene’s monoclonal antibodies are
systematically screened on high-density human
protein array chips (>17,000 proteins expressed).
UltraMAB® antibody performance is also tested
with over 25 types of normal and cancer human
tissues in applications including WB, IHC,
IF/ICC, and FACS.

Why use UltraMAB®?

Simply: High-specificity UltraMAB® antibodies
reduce the risk of false positive results.
(British J. of Cancer, 2013, v109 p2096-2105).

Antibodies were incubated on HIER pretreated paraffin
embedded tissue at a 1:100 (ALK and Her2) or 1:200 (Ki-67)
dilution for 30 minutes at room temperature. Detection was
done with RTU polymer detection kit (POLINK-2 Broad HRP,
GBI Labs) with the DAB chromogen.

IHC results of selected OriGene antibodies

Go to UltraMAB.com to review the
full list of RUO antibody offers.

anti-ALK, NSCLC anti-Ki-67, tonsilanti-Her2, breast cancer



Group 4
Most common in children
~75% survival
MYCN,CDK6, SNCAIP
~35%–40% metastasis

cerebellum

Dorsal brainstem

EGL

Ventricular zone

Histopathology

conventional Therapy

Long-Term effects of
conventional Therapy

Targeted Therapy Moving Beyond Genomics

Origins - embryo Medulloblastoma subgroups and subgroup-Based Risk stratification

Metastasis

Surgery
Radiation:
Craniospinal

Chemotherapy:
Cytotoxics e.g.,
Vincristine, Cisplatin,
Cyclophosphamide

Cognitive Decline
Endocrine Disorders
Secondary Cancers

Decoding the many genomic events
(gains, red; losses, blue) in each
subgroup by determining which are
driver events, and identifying new
targeted therapies, will transform how
MB patients are treated in the future.

Classic medulloblastoma
Uniform sheets of poorly
differentiated cells

Desmoplastic/nodular
medulloblastoma
Differentiated nodules surrounded by
more cellular internodular regions

Large Cell/Anaplastic
medulloblastoma
Round cells with prominent nucleoli

Local Spread vs. Distal Spread
Leptomeningeal metastases are usually impossible to surgically remove
and contain mutations distinct from those in the primary tumor.

sHH
Most common in Infants/Adults
~75% survival
PTCH, SUFU, GLI2, TP53
Cells of origin =

Group 3
Most common in children
~50% survival
MYC, GFI1/1B
~40%–45% metastasis
Cells of origin =

Rhombic Lip

Embryonic
mouse brain

*Not shown: Extensively nodular tumors are known as
medulloblastoma with extensive nodularity (MBEN)

GLI2 amplified
or

mutant p53

M+

14q loss No 14q loss

sHH

M0 M0M+

High risk Standard risk Low risk

Not GLI2 amplified
Subgroup-Specific
Risk Factors

chr11 loss
or

chr17 gainM+ M0

High risk Standard risk Low risk

Group 4

Neither

MYC amplified
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ERBB receptors were linked to human cancer pathogenesis approximately three decades ago. Biomedical
investigators have since developed substantial understanding of the biology underlying the dependence
of cancers on aberrant ERBB receptor signaling. An array of cancer-associated genetic alterations in
ERBB receptors has also been identified. These findings have led to the discovery and development ofmech-
anism-based therapies targeting ERBB receptors that have improved outcome for many cancer patients. In
this Perspective, we discuss current paradigms of targeting ERBB receptors with cancer therapeutics and
our understanding of mechanisms of action and resistance to these drugs. As current strategies still have
limitations, we also discuss challenges and opportunities that lie ahead as basic scientists and clinical inves-
tigators work toward more breakthroughs.

ERBB Family: EGFR, HER2, HER3, and HER4
The ERBB family of transmembrane receptor tyrosine kinases

(RTKs) consists of the epidermal growth factor receptor

EGFR (ERBB1), HER2 (ERBB2), HER3 (ERBB3), and HER4

(ERBB4). Binding of ligands to the extracellular domain of

EGFR, HER3, and HER4 induces the formation of kinase active

hetero-oligomers (Yarden and Sliwkowski, 2001). HER2 does

not bind any of the ERBB ligands directly, but it is in a confor-

mation that resembles a ligand-activated state and favors

dimerization (Cho et al., 2003; Garrett et al., 2003). Activation

of HER2 and EGFR induces transphosphorylation of the

ERBB dimer partner and stimulates intracellular pathways

such as RAS/RAF/MEK/ERK, PI3K/AKT/TOR, Src kinases,

and STAT transcription factors (reviewed in Yarden and Pines,

2012). Although HER3 can bind ATP and catalyze autophos-

phorylation, it has a weak kinase activity compared to that of

its ERBB coreceptors (Shi et al., 2010). However, upon trans-

phosphorylation by another ERBB family member, HER3 serves

as an efficient phosphotyrosine scaffold, leading to potent acti-

vation of downstream signaling. The specificity and potency of

intracellular signaling cascades are determined by the expres-

sion of positive and negative regulators, the specific composi-

tion of activating ligand(s), receptor dimer constituents, and the

array of proteins that associate with the tyrosine phosphory-

lated C-terminal domain of the ERBB receptors (Avraham and

Yarden, 2011).

Over the past several years, it has become evident the

ERBB family members have a prominent role in the initia-

tion and maintenance of several solid tumors. This has led

to the development and widespread implementation of spe-

cific ERBB inhibitors as cancer therapies. In this Perspective,

we will focus on the therapeutic approaches for targeting

ERBB family members in cancer, with a particular emphasis

on HER2-amplified breast cancer and EGFR mutant lung

cancer.

Links to Cancer
HER2

The first evidence for a role of ERBB2 or HER2 (for human

EGFR2) in cancer was inferred from the connection to its rat

ortholog, Neu, amutant cDNA isolated from carcinogen-induced

neuroblastomas (Schechter et al., 1984). (Please note that in this

Perspective, ERBB2 and HER2 will be used when discussing

mouse and human ERBB2, respectively.) Although rodent Neu

is mutated, human HER2 is typically amplified in human cancers

such as breast, gastric, and esophageal cancer (Table 1). Over-

expression of either rat or humanwild-type ERBB2was shown to

transform diploid cells. Consistent with its oncogenic activity,

overexpression of wild-type Neu or HER2 under the control of

a mammary-specific promoter leads to metastatic mammary

tumors in transgenic mice (Andrechek et al., 2000; Finkle et al.,

2004). In a seminal study, Slamon et al. found thatHER2 is ampli-

fied in about 20% of breast cancers (Slamon et al., 1987). This

was the first report of an oncogenic alteration associated with

poor outcome in cancer patients, suggesting a causal relation-

ship to cancer virulence. Further evidence linking HER2 with

cancer progression is the improvement in survival of patients

with HER2-amplified early-stage breast cancer treated with the

HER2 antibody trastuzumab. More-recent studies using next-

generation sequencing have identified less-frequent activating

mutations in HER2 in several cancer types without HER2 gene

amplification (discussed below).

A recent study of >500 breast tumors by The Cancer Genome

Atlas (TCGA) Network has shed light into the biological hetero-

geneity of clinical HER2-overexpressing cancers (HER2+ as

defined by gene amplification) by further parsing into HER2-

enriched (HER2E) and luminal subtypes as defined by gene

expression (Cancer Genome Atlas Network, 2012). HER2E-

HER2+ tumors had higher frequencies of aneuploidy, somatic

mutation, and TP53mutation, as well as amplification of FGFRs,

EGFR, CDK4, and cyclin D1. Luminal-HER2+ breast cancers
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showed higher expression of a luminal gene cluster including

GATA3, BCL2, and ESR1 and harbored a higher rate of GATA3

mutations. It is anticipated that because of these molecular dif-

ferences, the clinical management of HER2E and luminal sub-

types of HER2+ breast cancers will also be different. Finally,

not all tumors of the HER2E gene expression subtype are

HER2 amplified. One implication of these data is that some

breast cancers with a single copy of HER2 harbor an expression

signature of HER2 dependence and, as such, may benefit from

anti-HER2 therapy. Consistent with this speculation are the re-

sults of the NSABP B-31 adjuvant trastuzumab trial, in which

9.7% of patients that did not meet criteria for HER2 overexpres-

sion by fluorescence in situ hybridization (FISH) or immunohisto-

chemistry (IHC) also benefitted from adjuvant trastuzumab (Paik

et al., 2008).

Somatic mutations in HER2 have been reported in several

human cancers (Table 1). Most are missense mutations in

the tyrosine kinase and extracellular domains or duplications/

insertions in a small stretch within exon 20. HER2 mutations

are almost exclusively observed in cancers without HER2

gene amplification. Several of these mutants have increased

signaling activity, and are most commonly associated with

lung adenocarcinoma and lobular breast, bladder, gastric,

and endometrial cancers (Cancer Genome Atlas Network,

2012).

EGFR

The EGF receptor was originally identified as an oncogene

because of its homology to v-ERBB, a retroviral protein that

enables the avian erythroblastosis virus to transform chicken

cells (Downward et al., 1984). Subsequently, EGFR overexpres-

sion was shown to be transforming in laboratory models, and

EGFR gene amplification was reported in a wide range of carci-

nomas. Early studies by Mendelsohn and colleagues demon-

strated that antibodies directed against EGFR block growth of

A431 cells, demonstrating that EGFR signaling could drive can-

cer cell growth and setting the stage for clinical use of EGFR in-

hibitors (Kawamoto et al., 1983).

An oncogenic mutation that deletes exons 2–7 in the receptor

ectodomain, denoted EGFRvIII, is found in about 40% of high-

grade gliomas with wild-type EGFR amplification (Sugawa

et al., 1990). EGFRvIII exhibits constitutive dimerization, im-

paired downregulation, and aberrant tyrosine kinase activity, all

resulting in enhanced tumorigenicity (Nishikawa et al., 1994). In

addition to glioblastoma multiforme (GBM), EGFRvIII has been

found in a fraction of breast, lung, head and neck, ovarian, and

prostate cancers (Moscatello et al., 1995). Because its expres-

sion is restricted to tumor tissues, EGFRvIII has been therapeu-

tically targeted with specific antibodies and vaccines. There is

clinical evidence suggesting that the presence of EGFRvIII can

predict clinical responses of GBMs to the EGFR tyrosine kinase

inhibitors (TKIs) gefitinib and erlotinib (Haas-Kogan et al., 2005;

Mellinghoff et al., 2005). The second most common EGFR

variant in GBM is EGFRc958, observed in about 20% of tumors

with wild-type EGFR amplification. EGFRc958 lacks amino acids

521–603 and displays increased, ligand-dependent kinase

activity (Frederick et al., 2000).

The causal role of EGFR in tumorigenesis was further solidified

in 2004 when somatic, activating mutations in EGFR were

discovered in a subset of non-small-cell lung cancers (NSCLCs)

(Lynch et al., 2004; Paez et al., 2004; Pao et al., 2004) (Table 1).

The discovery was spurred by efforts to understand why occa-

sional NSCLCs were highly sensitive to small-molecule EGFR

TKIs. It is nowwell established that lung cancers harboring these

EGFR mutations are highly responsive to single-agent EGFR in-

hibitors with RECIST response rates of $55%–75% (Mok et al.,

2009; Rosell et al., 2012; Sequist et al., 2013b). EGFRmutations

are primarily localized within two hot spots of the kinase

domains, a series of overlapping deletions in exon 19 and a

leucine-to-arginine substitution at amino acid position 858

(L858R) (reviewed in Pao and Chmielecki, 2010). In addition,

Table 1. Alterations of ERBB Receptors and Ligands in Human Cancer

Molecule Alteration Cancer Types Notes References

EGFR mutation

(L858R, etc.)

NSCLC (adenocarcinoma) substitutions, deletions and insertions Lynch et al., 2004; Paez et al., 2004;

Pao et al., 2004

EGFR vIII glioma deletion of exons 2–7 in the

ectodomain

Sugawa et al., 1990

EGFR amplification NSCLC (squamous), head and

neck, glioma, esophageal,

colorectal, anal (?)

Yarden and Pines, 2012

HER2 amplification breast, gastric, esophageal Cancer Genome Atlas Network,

2012

HER2 mutation breast (lobular), lung, gastric,

bladder, endometrial

unclear whether all those reported

are activating or gain of function

Cancer Genome Atlas Network,

2012

HER3 mutation breast, gastric Jaiswal et al., 2013

HER4 mutation melanoma, NSCLC,

medulloblastoma

Gilbertson et al., 2001; Prickett et al.,

2009

TGF-a overexpression prostate, lung, pancreas, ovary,

colon, head and neck

androgen-independent prostate

cancer; poor prognosis when

associated with high EGFR

Rubin Grandis et al., 1998; Yarden

and Sliwkowski, 2001

Neuregulin-1 overexpression colorectal, head and neck linked to sensitivity to ERBB3 inhibitors

and resistance to EGFR inhibitors

Wilson et al., 2011; Yonesaka et al.,

2011
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mutations are also rarely observed elsewhere in the kinase

domain, including insertions in exon 20 (Yasuda et al., 2013).

The prevalence of the mutations differs among distinct human

populations. They are found in $8%–10% of Caucasians, but

in a higher proportion of East Asians. Lung cancers with EGFR

mutations are most highly associated with adenocarcinoma his-

tology and in patients with a minimal smoking history. Of note,

cancers with EGFR mutations often have amplification of the

mutant EGFR allele as well (Cappuzzo et al., 2005). Cell culture

and transgenic mouse model studies have shown that mutant

EGFR has transforming activity (Greulich et al., 2005; Ji et al.,

2006; Politi et al., 2006).

EGFR is important for the growth of some colorectal cancers

(CRCs) and head and neck cancers. In these cancers, genetic

alterations in EGFR have not been consistently identified. How-

ever, the efficacy of the EGFR antibody cetuximab demonstrates

the importance of EGFR signaling in these tumors. Although

some reports suggest that EGFR amplification correlates with

response to cetuximab (Moroni et al., 2005), this alteration is

not currently used as a predictive biomarker. Importantly, cetux-

imab provides clinical benefit primarily in colorectal cancers that

do not harbor KRAS mutations (Cunningham et al., 2004) and in

those with high expression of the EGFR ligands amphiregulin

and epiregulin (Khambata-Ford et al., 2007). Presumably, cetux-

imab is effective in sensitive cancers because it blocks ligand-

dependent activation of EGFR and downregulates the receptor

from the cell surface (Fan et al., 1994). Thus, in these colorectal

cancers, we suspect that ligand-dependent activation of EGFR

drives progression of these cancers. Currently, cetuximab is

most often administered with chemotherapy in KRAS wild-type

colorectal cancers. Similarly, in head and neck cancers, cetuxi-

mab is primarily used in conjunction with chemotherapy (Ver-

morken et al., 2008) and radiotherapy (Bonner et al., 2006).

Despite conflicting reports on the utility of EGFR expression by

IHC for patient selection in head and neck cancers (and

CRCs), there currently are no validated predictive biomarkers

of response to EGFR inhibitors in head and neck cancers (Burt-

ness et al., 2005; Cunningham et al., 2004; Licitra et al., 2011,

2013; Vermorken et al., 2008). It is notable that cetuximab

appears to be more effective than EGFR TKIs in cancers with

ligand-dependent activation of EGFR, whereas TKIs are more

effective in cancers with EGFR mutations. We speculate that

this is so because mutant EGFR activation is not ligand depen-

dent and because TKIs have higher affinity for mutant EGFR

than for wild-type EGFR, thus leading to a significant therapeutic

window. In contrast, antibodies such as cetuximab are more

effective in EGFR wild-type cancers because they are highly

effective at blocking ligand-dependent activation of EGFR and

are pharmacologically stable.

ERBB3 and ERBB4

ERBB3hasbeen linked tocancer, primarily due to itsmechanistic

role in promoting signaling from oncogenic HER2 and EGFR

(discussed below). However, somatic mutations scattered

throughout the ERBB3 gene were recently identified in subsets

of breast and gastric cancers (Table 1). Many of the mutations

were located in the extracellular domain, and they appear to

have oncogenic potential, function in a ligand-independent

manner, and require heterodimerizationwithHER2 for transform-

ing activity (Jaiswal et al., 2013). Future studies are needed to

determine whether cancers with ERBB3 mutations are particu-

larly sensitive to ERBB3- and/or HER2-targeted drugs. Similarly,

mutations in ERBB4 were identified in cancer, particularly mela-

noma (Prickett et al., 2009), lung adenocarcinoma (Ding et al.,

2008), and medulloblastoma (Gilbertson et al., 2001). Although

laboratory studies demonstrated that melanoma cell lines

harboringERBB4mutationswere sensitive to lapatinib, it remains

unknown whether targeting of ERBB4, or any other ERBB family

member, will have therapeutic value in these cancers.

ERBB Ligands

Overproduction of ligands is one mechanism by which cancers

aberrantly activate ERBB receptors. The source of these can

be tumor cells or the tumor stroma. There are three groups of

ligands. One group specifically binds EGFR and includes EGF,

transforming growth factor a (TGF-a), amphiregulin (AR), and

epigen (EPG). A second group binds both EGFR and HER4

and includes betacellulin (BTC), HB-EGF, and epiregulin (EPR).

The third group includes all of the neuregulins (NRG1–NRG4),

of which NRG1 and NRG2 bind HER3 and HER4, whereas

NRG3 and NRG4 only bind HER4 (Hynes andMacDonald, 2009).

In transgenic mouse studies, mice that coexpress TGF-a and

Neu in mammary epithelium developed multifocal mammary

cancers that arise after a significantly shorter latency than those

expressing either gene alone (Muller et al., 1996). TGF-a is also

co-overexpressed with EGFR in lung, colorectal, ovary, and

head and neck squamous cancers, where it is associated with

poor patient prognosis (Rubin Grandis et al., 1998; Yarden and

Sliwkowski, 2001) (Table 1). Recent reports suggest that in

addition to overexpression, mistrafficking, and/or ‘‘extracrine’’

(exosomal targeting receptor activation) signaling by ERBB

ligands may also contribute to epithelial cell transformation

(Singh and Coffey, 2014). For example, altered trafficking of

EREG to the apical cell surface leads to prolonged EGFR phos-

phorylation and more proliferative and more invasive tumors

(Singh et al., 2013). Further, significantly enhanced levels of inva-

siveness are observed when breast cancer cells are incubated

with exosomes containing high levels of AREG compared to in-

cubation of cells with exosomes containing low levels of AREG

or recombinant EGFR ligands (Higginbotham et al., 2011), sug-

gesting a gain-of-function mode of EGFR signaling that might

act in more distant environments. Other roles of ligand-depen-

dent activation of EGFR were discussed above.

An autocrine loop has been described in ovarian cancer cells

and tumors that overexpress NRG1 and HER3, where suppres-

sion of HER3 with RNAi or with a neutralizing HER3 antibody

suppressed ovarian cancer growth in laboratory models (Sheng

et al., 2010) (Table 1). A NRG1-mediated autocrine loop inducing

HER3 activation was also discovered in head and neck cancer

cells without HER2 amplification. These cells were particularly

sensitive to the EGFR/HER2 TKI lapatinib (Wilson et al., 2011),

suggesting that NRG1-driven tumors depend on HER3 activated

by HER2 and/or EGFR. Finally, Hegde et al. found high levels of

NRG1 and its receptor, HER4, in NSCLC residual tumor cells that

remained after cytotoxic chemotherapy. Inhibition of HER3/

HER4 signaling with a NRG1-blocking antibody increased the

magnitude and duration of response to chemotherapy in these

in vivo models (Hegde et al., 2013). This causal association of

ERBB ligand overexpression and drug resistance is not limited

to NRG1 or to chemotherapy. For example, HGF has been found
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to confer resistance to the BRAF inhibitor vemurafenib in BRAF

mutant melanoma cells (Wilson et al., 2012).

Downstream Signaling
Oncogenic addiction to EGFR and HER2 are intimately linked to

regulation of downstream signaling. In cancers highly sensitive

to inhibition of EGFR or HER2 inhibitors, EGFR or HER2 is the

main driver of downstream signaling, particularly via the PI3K/

AKT and MEK/ERK pathways. Thus, in cancers addicted to

EGFR or HER2, inhibition of the respective RTK leads to

concomitant loss of flux through these pathways. Loss of these

signaling events leads to growth arrest and converges on the

BCL-2 family of proteins to promote apoptosis (reviewed in Nie-

derst and Engelman, 2013).

In EGFR and HER2 driven cancers, HER3 is an important

heterodimer partner because it potently activates the phospha-

tidylinositide-3 kinase (PI3K)/AKT survival pathway via its six

docking sites for the p85 regulatory subunit of PI3K. Although

HER2 potently activates ERK signaling, it does not bind p85 or

directly activate PI3K/AKT. Thus, HER2-mediated activation of

HER3 is essential for stimulation of the PI3K/AKT pathway. In

transgenic mice, genetic ablation of ERBB3 in the mammary

gland via Cre-mediated recombination abrogates ERBB2-driven

mammary hyperplasias, DCIS, invasive cancers, and metasta-

ses (Vaught et al., 2012). Similarly, small hairpin RNA (shRNA)-

mediated knockdown of HER3 but not EGFR inhibits viability of

HER2-overexpressing breast cancer cells. Further, HER3 but

not EGFR, is always phosphorylated in human HER2-amplified

breast cancers (Lee-Hoeflich et al., 2008), suggesting that it is

an obligatory cobiomarker of aberrant HER2 activity and depen-

dence. More recently, an inducible HER3 shRNA (Lee-Hoeflich

et al., 2008) and a HER3-neutralizing antibody (Garrett et al.,

2013b) were shown to inhibit growth of establishedHER2-ampli-

fied xenografts, further suggesting that HER3 is essential for

the survival of HER2-dependent tumors. Analogous to HER2-

induced signal transduction, mutant EGFR often activates PI3K

via HER3 (Engelman et al., 2005), and maintenance of HER3

signaling can promote resistance to EGFR inhibitors (Engelman

et al., 2007; Schoeberl et al., 2010). However, unlike HER2,

EGFR is also able to signal to PI3K via GAB1 in a HER3-indepen-

dentmanner (Mattoon et al., 2004; Turke et al., 2010), suggesting

that EGFR mutant cancers may be better equipped than HER2-

amplified cancers to adapt to the loss of HER3 function.

HER2-amplified tumors have a strong dependence on PI3K/

AKT signaling, as sustained blockade of this pathway appears

to be required for the antitumor effect of HER2 antagonists

(Chakrabarty et al., 2013; Yakes et al., 2002). Comprehensive

cancer cell line panels screened for sensitivity to pan-PI3K,

p110a-specific, and AKT inhibitors have consistently shown

preferential activity of these drugs against HER2-amplified

breast cancer lines (Heiser et al., 2012; O’Brien et al., 2010).

Further, genetic ablation of p110a has been shown to abrogate

ERBB2-induced mammary tumor formation in transgenic mice

(Utermark et al., 2012). Preclinical studies have shown that,

compared to HER2-amplified cancers, EGFR mutant cancers

are less sensitive to single-agent PI3K/AKT inhibitors. Rather, in-

hibition of the PI3K and MEK pathways is necessary in order to

induce apoptosis and cause tumor regressions (Faber et al.,

2010). Importantly, mechanisms of de novo and acquired

resistance to HER2- and EGFR-directed therapies involve

persistence or reactivation of PI3K/AKT signaling via alternate

amplified RTKs and/or mutations in the PI3K pathway (Rexer

and Arteaga, 2013).

Other downstream signaling pathways, such as Src kinases,

JAK/STAT, and WNT, are also activated by ERBB receptors

(Yarden and Sliwkowski, 2001). Examples below suggest that

they are involved in and/or mediate resistance to ERBB-recep-

tor-targeted therapies. However, evidence that ERBB receptors

depend on Src, JAK/STAT, or WNT for their effects on transfor-

mation and cancer progression is less clear and will not be dis-

cussed further.

Feedback Activation of ERBB Signaling Promoting

Resistance to Inhibition of Alternative Kinases

More recently, EGFR and HER3 activation have been observed

as important cellular adaptations to inhibitors of downstream

signaling. For example, in BRAF mutant CRC, BRAF inhibitors

fail to inhibit ERK signaling in sustained fashion due to activation

of EGFR which, in turn, reactivates ERK in the presence of the

BRAF inhibitor (Corcoran et al., 2012; Prahallad et al., 2012).

However, combined inhibition of EGFR and BRAF blocks reacti-

vation of ERK and leads to regressions of BRAF mutant CRC

in vivo. This combination is now being actively developed in

clinic for this subset of CRCs. Similarly, inhibition of the MEK

pathway in many cancers, including KRAS mutant cancers,

activates ERBB signaling by releasing a negative feedback on

ERBB dimerization (Turke et al., 2012). This further suggests

the ERBB activation could mitigate the responsiveness of other

cancers to MEK inhibition.

Analogous to the effects of inhibition of the MEK pathway,

inhibition of the PI3K pathway leads to potent activation of

HER3-dependent signaling in HER2-amplified breast cancers

(Chakrabarty et al., 2012; Chandarlapaty et al., 2011). In these

cancers, coinhibition of HER3 and PI3K provided substantially

greater antitumor efficacy. In other examples, EGFR activation

has been observed as a resistance mechanism to small mole-

cules targeting other tyrosine kinases. For example, EGFR acti-

vation is a resistance mechanism to ALK and MET inhibitors in

ALK-positive lung and MET-amplified gastric cancers, respec-

tively. Inhibition of EGFR resensitizes the resistant cancers to

their respective TKI (Katayama et al., 2012; McDermott et al.,

2010; Qi et al., 2011; Sasaki et al., 2011). Thus, activation of

ERBB family members has emerged as a common mechanism

of adaptation upon inhibition of downstream signaling, and inhi-

bition of ERBB family members may be used to augment the

efficacy of other pathway inhibitors.

Mechanisms of Action of EGFR and HER2 Inhibitors
HER2

Trastuzumab is a humanized immunoglobulin G1 (IgG1) antibody

that binds to an epitope in juxtamembrane region IV of the HER2

receptor. It inhibits cleavage of theHER2 ectodomain, uncouples

ligand-independent HER2-containing dimers leading to partial

inhibition of downstream signaling, and triggers antibody-

dependent, cell-mediated cytotoxicity (ADCC) (Clynes et al.,

2000; Ghosh et al., 2011; Junttila et al., 2009; Molina et al.,

2001; Yakes et al., 2002) (Table 2). This last mechanism

cooperates with the recruitment of a T cell population mediating

an adaptive immune (memory) response that enhances tumor
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eradication (Park et al., 2010; Stagg et al., 2011). The importance

of the immune response is underscored by the finding that the

therapeutic effect of trastuzumab was markedly diminished in

mice that were engineered to be deficient in natural killer (NK)

cells and macrophages capable of binding the Fc region of tras-

tuzumab (Clynes et al., 2000). Pertuzumab is a monoclonal anti-

body that recognizes an epitope in heterodimerization domain II

of HER2, thus blocking ligand-induced HER2-HER3 dimeriza-

tion, resulting in partial inhibition of PI3K/AKT signaling (Agus

et al., 2002). Because pertuzumab and trastuzumab bind to

different epitopes in the HER2 ectodomain (Franklin et al.,

2004), hence their complementary abilities to disrupt HER2-con-

taining dimers, the combination of pertuzumab and trastuzumab

has shown synergy in preclinical studies (Scheuer et al., 2009)

and clinical trials (Baselga et al., 2012b; Gianni et al., 2012) and

is now approved for treatment of patients with HER2+ breast

cancer. Trastuzumab-derivative ofmaytansine 1 (T-DM1 or tras-

tuzumab emtansine) is an antibody-drug conjugate in which one

molecule of trastuzumab is covalently bonded via a noncleavable

linker to 3.5 molecules of a maytansinoid that inhibits microtu-

bule polymerization (DM1). After binding to the receptor, the

T-DM1/HER2 complex is internalized followed by degradation

in lysosomes, release of DM1, and subsequent cell lysis (Lewis

Phillips et al., 2008). T-DM1 binds to HER2 with similar affinity

as trastuzumab, thus retaining the ability of the naked antibody

to inhibit ligand-independent HER2-containing dimers and signal

transduction as well as to mediate ADCC (Junttila et al., 2011).

Lapatinib is an ATP-competitive, reversible small-molecule in-

hibitor of the HER2 and EGFR tyrosine kinases (Konecny et al.,

2006). In HER2+ breast cancers, lapatinib quickly disables HER2

signaling, resulting in inhibition of the PI3K/AKT and MAPK path-

ways, and it has shown clinical activity in HER2+ breast cancers

that have progressed on trastuzumab (Geyer et al., 2006). Lapati-

nib also binds the inactive conformation of EGFR (Wood et al.,

2004), but it has not been active against cancers for which

EGFR antibodies or TKIs are approved. Afatinib (Minkovsky and

Berezov, 2008) andneratinib (Bursteinet al., 2010) are irreversible,

covalent HER2/EGFR TKIs with activity against HER2, HER4,

Table 2. ERBB Receptor Inhibitors: Mechanisms of Action and Key Clinical Trials

Drug Type of Molecule Mechanism of Action FDA Approval Key Clinical Trial(s)

Trastuzumab humanized IgG1, binds

juxtamembrane

domain IV

inhibits ectodomain cleavage

and ligand-independent HER2-

containing dimers; ADCC and

adaptive immunity to HER2

1998 (metastatic breast);

2006 (adjuvant early breast);

2010 (advanced gastric)

Slamon et al., 2001; Piccart-

Gebhart et al., 2005; Robert

et al., 2006; Romond et al.,

2005; Bang et al., 2010

Pertuzumab humanized IgG1, binds

heterodimerization

domain II

inhibits ligand-induced HER2-

containing dimers

2012 (metastatic breast);

2013 (neoadjuvant breast)

Baselga et al., 2012b; Gianni

et al., 2012; Schneeweiss

et al., 2013

Lapatinib small molecule reversible, ATP-competitive TKI 2006 (advanced breast) Geyer et al., 2006

Trastuzumab

emtansine (T-DM1)

antibody-drug conjugate same as trastuzumab plus

inhibition of microtubules and

cell lysis (DM-1)

2013 (advanced breast) Verma et al., 2012

Erlotinib small molecule reversible, ATP-competitive TKI

of EGFR

2004 (third-line advanced

NSCLC); 2005 (pancreas

cancer); 2013 (first-line

EGFR mutant NSCLC)

Mok et al., 2009; Moore et al.,

2007; Shepherd et al., 2005

Afatinib small molecule irreversible, ATP-competitive

TKI of EGFR and HER2

2013 (metastatic EGFR

mutant NSCLC)

Sequist et al., 2013b

Neratinib small molecule irreversible, ATP-competitive

TKI of HER2

N/A trials in patients with HER2

mutant tumors in progress

Cetuximab human-murine chimeric

IgG2, binds ligand-binding

domain

inhibits ligand-dependent

activation of EGFR

2004 (originally for late line

EGFR+ CRC, but now only

used in earlier-line wild-type

KRAS CRC); 2006 (head and

neck with radiotherapy or

chemotherapy)

Van Cutsem et al., 2009;

Vermorken et al., 2008;

Bonner et al., 2006

Panitumumab human IgG1, binds

ligand-binding domain

inhibits ligand-dependent

activation of EGFR

2006 (originally for late-line

EGFR+ CRC, but now only

used in earlier-line wild-type

KRAS CRC)

Van Cutsem et al., 2007

AZD9291 small molecule irreversible, ATP-competitive

TKI of mutant EGFR

(third generation)

NA trials in EGFR mutant lung

cancer in progress

CLO-1686 small molecule irreversible, ATP-competitive

TKI of mutant EGFR

(third generation)

NA trials in EGFR mutant lung

cancer in progress

NA, not applicable.
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EGFR, and some HER2 insertion mutants (Bose et al., 2013). Of

note, the clinical efficacy of all therapeutic inhibitors of HER2

has been predominantly limited to breast cancers that overex-

press HER2 as measured by intense membrane staining in the

majority of tumor cellswithHER2antibodies (3+by IHC)or excess

copies of the HER2 gene determined by FISH.

EGFR

Gefitinib and erlotinib are ATP-competitive EGFR TKIs (Table 2).

Biochemical and crystallography analyses demonstrate that the

mutants possess a higher affinity for the first-generation EGFR

inhibitors gefitinib and erlotinib compared to thewild-type recep-

tor (Carey et al., 2006; Yun et al., 2007). Thus, the mutant en-

zymes are inhibited at lower concentrations of drug, which leads

to a favorable therapeutic index. As will be discussed in greater

detail below, EGFR mutant lung cancers often develop a second

mutation in the gatekeeper residue, T790M, as they become

resistant to gefitinib or erlotinib. Thus, there have been intense

efforts to develop a drug that can inhibit T790M EGFR to over-

come resistance. One such effort was the development of

second-generation EGFR inhibitors, such as afatinib and daco-

mitinib. These drugs are irreversible ATP competitors that form

covalent links with the Cys773 residue of EGFR. Although these

second-generation drugs have the capacity to inhibit the EGFR

T790M, they do so at concentrations that also inhibit wild-type

EGFR. Thus, there is not a favorable therapeutic index, and

dose-limiting toxicities due to inhibition of wild-type EGFR

(such as rash and diarrhea) prevent increasing doses high

enough to fully suppress T790M. Thus, they have been largely

ineffective at overcoming T790M-mediated resistance in the

clinic. Pao et al. found that mouse lung transgenic tumors ex-

pressing T790M EGFR are sensitive to the combination of afati-

nib and cetuximab (Regales et al., 2009). This combination has

progressed to the clinic, where it has demonstrated significant

clinical activity against T790M EGFR lung cancers, although it

is also associated with significant toxicity (Janjigian et al., 2011).

More recently, third-generation EGFR inhibitors have been

developed.Thefirst of suchcompounds,WZ-4002,wasdesigned

to be much more potent against the resistant T790M mutation

than thewild-type receptor, thus restoring a favorable therapeutic

index in which the drugs can be dosed high enough to inhibit

T790M without inducing toxicity from inhibiting wild-type EGFR

(Walter et al., 2013; Zhou et al., 2009). Of note, this drug is not a

quinazoline derivative like the first- and second-generation

EGFR inhibitors. WZ-4002 has not been developed clinically,

whereas two drugs with similar properties, AZD9291 and CLO-

1686, have been (Walter et al., 2013). Clinical data are emerging

for these compounds, and the high rate of clinical responses,

with minimal toxicity, is increasing enthusiasm for the class of

drugs (Ransonetal., 2013;Sequistet al., 2013a;Soria et al., 2013).

In contrast to the EGFR TKIs, the EGFR-neutralizing antibody

cetuximab blocks ligand binding to the EGFR. Thus, it is most

effective in cancers that harbor ligand-activated, wild-type

EGFR. In colorectal cancers with wild-type KRAS, inhibition of

EGFR leads mainly to loss of downstream ERK signaling. How-

ever, since mutant KRAS directly activates ERK, cetuximab fails

to suppress ERK in these cancers, most likely explaining the lack

of clinical activity (Ebi et al., 2011). As a result, cetuximab is now

used primarily in cancers with wild-type KRAS. Panitumumab is

another EGFR-targeted antibody that has activity in wild-type

KRAS CRC. Unlike cetuximab, it is an IgG2, and is predicted

not to engage immune effector cells to mediate ADCC. Despite

this difference, phase III studies have demonstrated clinical effi-

cacy similar to that of cetuximab (Douillard et al., 2014; Jonker

et al., 2007; Van Cutsem et al., 2007, 2009). Thus, it seems plau-

sible that the primary mechanism of action of cetuximab and

panitumumab is due to its inhibition of EGFR signaling and not

engagement of ADCC.

HER3 Inhibitors

Several HER3-neutralizing antibodies are in clinical develop-

ment. MM-121 and U3-1287 (formerly AMG-888) bind the

extracellular domain of HER3, block heregulin-induced phos-

phorylation, and reduce expression of HER3 at the cell surface

(Garrett et al., 2011; Schoeberl et al., 2010). MM-121 (IgG2) is

most effective against tumors with ligand-dependent activation

of HER3 (Sheng et al., 2010). U3-1287 synergizes with trastuzu-

mab and lapatinib to suppress the growth of HER2-amplified

xenografts (Garrett et al., 2013a) and has single-agent activity

against transgenic mouse mammary cancers induced by

Polyomavirus middle T antigen (Cook et al., 2011). RG7116 is

an IgG1 that selectively binds domain 1 of human HER3. It blocks

ligand binding and downregulates HER3 from the cell surface.

Through glycoengineering of its Fc moiety, RG7116 mediates

enhanced ADCC that correlates with HER3 receptor density

(Mirschberger et al., 2013). At this time, these antibodies have

completed phase I safety and dose-finding trials, but their clin-

ical efficacy remains to be shown.

LJM716 is a novel anti-HER3 antibody that binds an epitope

within domains 2 and 4 in the receptor’s extracellular domain,

thus trapping HER3 in an inactive conformation. In contrast to

the other anti-HER3 antibodies, it blocks both ligand-induced

and ligand-independent HER3 dimerization and activation

(Garner et al., 2013). This property may be particularly advanta-

geous in HER2-amplified breast cancers, in which HER2

appears to activate HER3 in a ligand-independent manner.

Accordingly, in laboratory studies, LJM716 reduced growth of

established HER2-amplified xenografts when given as a single

agent and synergized with PI3K inhibitors to suppress growth

ofHER2-amplified/PIK3CAmutant tumors (Garrett et al., 2013b).

More recently, bispecific antibodies targeting HER3 have been

introduced. MM-111 is an antibody that docks onto HER2 and

subsequently binds HER3, thus blocking ligand-dependent acti-

vation of HER2/HER3 dimers (McDonagh et al., 2012). Finally,

MEHD7945A is a two-in-one IgG1 generated by phage display

engineering that specifically binds HER3 and EGFR with high

affinity, thus blocking TGF-a- and HRG-induced activation of

both receptors and downstream PI3K/AKT and ERK signaling.

MEHD7945Amediates ADCC in vivo and demonstrates superior

antitumor activity against multiple tumor models compared to

monospecific antibodies (Schaefer et al., 2011). Currently,

HER3 inhibitors are being developed in combination with trastu-

zumab, EGFR antibodies and TKIs, PI3K inhibitors, and cytotoxic

chemotherapy. In addition to HER2 amplification and EGFRmu-

tation, high heregulin expression and HER3 mutations are being

explored as predictive biomarkers of response in clinical trials.

Mechanisms of Resistance to ERBB Inhibitors
Although ERBB-targeted therapies have provided substantial

benefit to patients with advanced cancer, cancers ultimately
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have developed resistance to the current approaches. In this

Perspective, we will discuss both de novo and acquired resis-

tance. The distinction is primarily a clinical one: de novo or

intrinsic resistance refers to cancers that do not exhibit an initial

response, whereas acquired resistance develops after an initial,

often marked and durable, clinical response. It is important to

appreciate that the same molecular mechanism may cause

both types of resistance, underscoring the robustness of the bio-

logical principles underlying how cancers evade these therapies.

Mechanisms of resistance have been discovered by several

approaches, including the maintenance of cell lines and xeno-

grafts in the presence of drug until resistance emerges or infec-

tion of sensitive cell lines with open reading frame (ORF) or

shRNA libraries to identify genes whose expression or loss leads

to resistance. These efforts have also been coupled to biopsy

programs, in which cancers are systematically biopsied upon

the development of resistance to interrogate acquired molecular

changes upon treatment pressures (Sequist et al., 2011; Yano

et al., 2011; Yu et al., 2013). However, there are significant limi-

tations with many of the laboratory studies. Although EGFR TKIs

are primarily used as single agents for EGFR mutant lung

cancers, HER2-directed therapies and EGFR antibodies are

generally used in combination with chemotherapy in the clinic.

However, most laboratory studies have modeled resistance to

these agents as single therapies, thus not recapitulating the se-

lective pressure of combination therapies applied in the clinic.

Other data about potential resistance mechanisms have been

derived from correlative clinical trials in which patients have

been treated with anti-HER2 drug(s) in combination with chemo-

therapy, a variable not always considered in the interpretation of

the studies of drug resistance. Finally, even though combina-

tions of HER2 antagonists are increasingly used in the clinic,

resistance to these combinations has yet to be modeled widely

in the laboratory.

Intrinsic HER2 Alterations

Some resistance mechanisms affect the capacity for HER2 in-

hibitors to directly engage HER2. Anido et al. described p95-

HER2, a truncated form of HER2 lacking the trastuzumab

binding region, which may arise from alternate transcription initi-

ation sites in HER2 (Anido et al., 2006) (Figure 1A). Patients with

metastatic breast cancer harboring cytosolic expression of p95-

HER2 exhibit a very low response rate to trastuzumab compared

to those patients without p95-HER2 in their tumors (Scaltriti

et al., 2007). This form of HER2 retains kinase activity, and tu-

mors with p95-HER2 may still be susceptible to kinase inhibition

with a TKI, as suggested by the observation that p95-HER2 tu-

mors exhibit a similar response rate to the combination of cape-

citabine and lapatinib compared to breast cancers expressing

full-length HER2 (Scaltriti et al., 2010).

A splice variant that eliminates exon 16 in the extracellular

domain of the HER2 receptor has also been identified in

HER2+ primary breast cancers and cell lines (Kwong and

Hung, 1998) (Figure 1A). This variant does not eliminate the tras-

tuzumab epitope on HER2, but stabilizes HER2 homodimers and

prevents their disruption upon binding by the antibody, resulting

in trastuzumab resistance in cell lines. The D16 isoform was

found to interact directly with Src, and treatment with the Src

inhibitor dasatinib overcame the resistance to the antibody

Figure 1. Schema Depicting Intragenic Alterations Leading to Resistance to HER2 and EGFR Inhibitors
(A) HER2 truncations (p95) and splice variants (D16) are not inhibited by trastuzumab. In addition, expression of specific mucin isoforms can prevent trastuzumab
from binding HER2 (Price-Schiavi et al., 2002). Not shown in the figure, pertuzumab and T-DM1 cannot recognize p95 either.
(B) HER2s harboring exon 20 insertions are not inhibited by lapatinib, but may be sensitive to irreversible HER2 inhibitors afatinib and neratinib. They are also
resistant to trastuzumab.
(C) The EGFR T790M gatekeeper mutation leads to acquired resistance to first generation EGFR inhibitors, but is effectively inhibited by third-generation EGFR
inhibitors.
(D) An EGFR mutation in the extracellular domain is associated with acquired resistance to cetuximab, but may still be sensitive to another anti-EGFR antibody,
panitumumab. Dashed lines indicate inhibition via alternative antibodies and inhibitors.
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conferred by the alternative splicing variant (Mitra et al., 2009).

However, clinical evidence of an association between HER2-

D16 and resistance to trastuzumab has not been shown.

HER2mutations have been found in a small proportion of lung,

gastric, colorectal, breast, and head and neck cancers (Lee

et al., 2006; Ross et al., 2013; Stephens et al., 2004; Willmore-

Payne et al., 2006). These mutants of HER2 are resistant to

lapatinib and trastuzumab (Figure 1B), but are sensitive to the

covalent HER2 TKI neratinib (Bose et al., 2013; Wang et al.,

2006). To the best of our knowledge, HER2 mutations in HER2

gene-amplified breast tumors are very rare. As such, they have

not been identified as a resistance mechanism to trastuzumab.

One possible reason is that these mutations may comprise

only a portion of the amplified HER2 alleles and, therefore, exist

below the limits of sensitivity of traditional DNA sequencing

methods (Zito et al., 2008). It is possible that cancer cells

harboring these mutations will be selected, or acquired, after

the selective pressure of anti-HER2 treatment. If so, they may

only be detected in tumors that are progressing after primary

HER2-targeted therapy. However, comprehensive studies pro-

filing HER2+ tumors that have progressed on primary anti-

HER2 therapies have not been reported.

Intrinsic EGFR Alterations

In EGFR mutant lung cancer, the most common mechanism of

acquired resistance to EGFR inhibitors is the development of a

mutation in the gatekeeper residue of EGFR, T790M (Kobayashi

et al., 2005; Pao et al., 2005). T790M abrogates the inhibitor

effects of gefitinib and erlotinib by increasing the affinity of the

receptor for ATP (Yun et al., 2008), thereby lessening the potency

of first-generation EGRF inhibitors (Figure 1C). At least 50% of

biopsies from patients with acquired resistance harbor the

T790M mutation. Recent studies suggest that highly sensitive

methods can detect the T790M mutation in $35% of pretreat-

mentbiopsies. This suggests, but doesnot prove, that it preexists

in a small fraction of cells and that those cells are selected for dur-

ing thecourseof treatment (Maheswaranet al., 2008;Rosell et al.,

2011). Currently, the third-generation EGFR inhibitors (discussed

above) are in early clinical trials to overcome this resistance.

An analogous finding has been observed in wild-type KRAS

CRCs that develop resistance to cetuximab. A small study re-

ported the development of a S492R mutation in the extracellular

domain of EGFR that interferes with cetuximab binding, but does

not interfere with ligand-dependent activation or abrogate re-

ceptor engagement by panitumumab (Montagut et al., 2012)

(Figure 1D).

Bypass Track Resistance

Other than the immune effects of ERBB antibodies, it is believed

that most of activity of these drugs is due to suppression of

downstream signaling, particularly PI3K/AKT and MEK/ERK.

Thus, many cancers are resistant to single-agent ERBB inhibi-

tors because at least one of these critical downstream pathways

is maintained despite inhibition of the targeted receptor. This

type of resistance, also termed ‘‘bypass track’’ resistance, is

often used to describe resistance resulting from maintenance

of these key downstream signaling pathways despite adequate

inhibition of the respective RTK (reviewed in Niederst and

Engelman, 2013; Figure 2).

Ligand- and RTK-Mediated Resistance. One of the earliest

validated observations that RTK bypass signaling induces resis-

tance to ERBB inhibitors was in EGFR-mutant NSCLCs. Amplifi-

cation of theMET gene was found in EGFRmutant cancers with

acquired resistance to EGFR TKIs but not in pretreatment

biopsies (Bean et al., 2007; Engelman et al., 2007). In these resis-

tant cancers, MET reactivates both PI3K/AKT and MEK/ERK

signaling despite the inhibition of EGFR. The combination of

MET and EGFR inhibitors was sufficient to block downstream

signaling and induce marked tumor regressions (Engelman

et al., 2007; Turke et al., 2010). Activation ofMET by its ligand he-

patic growth factor (HGF) was also sufficient to promote resis-

tance through activation of downstream signaling (Yano et al.,

2008). MET has also been implicated in trastuzumab resistance.

HGF-induced signaling through MET was shown to abrogate the

action of trastuzumab (Shattuck et al., 2008; Turke et al., 2010).

Further, gene amplification of MET and HGF was reported in a

cohort of HER2+ patients who did not respond to trastuzumab

and chemotherapy (Minuti et al., 2012). Thus, MET activation

by either gene amplification or ligand stimulation can cause

bypass resistance to EGFR and HER2 inhibitors.

Reactivation of EGFR and HER3 can also serve as a mecha-

nism of resistance to ERBB inhibitors. In laboratory models

of HER2-amplified breast cancer treated with trastuzumab,

increased levels of EGFR and ERBB ligands led to an increase

in active EGFR/HER3 and EGFR/HER2 dimers to promote resis-

tance (Ritter et al., 2007). This is consistent with data showing

that trastuzumab is unable to block ligand-induced HER2-con-

taining heterodimers (Agus et al., 2002). Similarly, activation of

TGFb receptors can increase ERBB ligand production and cleav-

age, particularly TGF-a, amphiregulin, and heregulin, via activa-

tion of the TACE/ADAM17 sheddase; this results in activation of

HER3 and PI3K and promotes drug resistance (Wang et al.,

2008). Further, a gene signature of TGFb activity was developed

and shown to correlate with resistance to trastuzumab and poor

clinical outcome in patients (Wang et al., 2008).

Similarly, in EGFRmutant cancers,MET amplification leads to

resistance to EGFR TKIs through reactivation of HER3 (Engel-

man et al., 2007). In a subset of EGFR mutant lung cancers,

amplification of HER2, presumably involving HER3 reactivation,

was also identified as a resistance mechanism to EGFR TKIs

(Takezawa et al., 2012). Consistent with these data, blockade

of HER3 with the neutralizing antibody MM-121 increases the

efficacy of cetuximab in a mouse model of EGFR mutant lung

cancer (Schoeberl et al., 2010). Along those lines, a selective

ADAM inhibitor, INCB3619, which prevents the processing and

activation of multiple ERBB ligands including heregulin, inhibits

HER3 signaling and enhances gefitinib-mediated inhibition of

EGFR in NSCLC (Zhou et al., 2006). Further supporting a role

of amplified HER2-HER3 signaling in resistance to EGFR-

targeted therapies, colorectal cancer patients with de novo or

acquired resistance to cetuximab-based therapy exhibit HER2

amplification in their tumor or high levels of circulating heregulin

(Yonesaka et al., 2011). Finally, using patient-derived colon can-

cer xenografts, Bertotti et al. identified HER2 gene amplification

as a predictor of resistance to cetuximab among KRASwild-type

tumors (Bertotti et al., 2011).

IGF-I receptors have also been implicated in driving resistance

to both EGFR and HER2 inhibitors. Overexpression of IGF-1R

or an increase in levels of IGF-1R/HER2 heterodimers can

potently activate PI3K/AKT signaling and confer resistance to
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trastuzumab in laboratory studies (Huang et al., 2010). Inhibition

of IGF-1Rwith a neutralizing antibody or a small-molecule TKI, or

targeting of the HER2 kinase with lapatinib was found to

overcome IGF-1R-mediated resistance to trastuzumab (Nahta

et al., 2007). In a neoadjuvant trial of chemotherapy plus trastu-

zumab, a high level of IGF-1R expression measured by IHC

correlated with a poor clinical response (Harris et al., 2007). Simi-

larly, activation of IGFIR, via loss of expression of IGFBP3 and

IGFBP4, which encode insulin-like growth factor binding pro-

teins 3 and 4, respectively, maintains PI3K/AKT signaling despite

blockade of EGFR and promotes resistance to EGFR inhibitors in

multiple cell lines (Guix et al., 2008). In these cases, inhibition of

IGF1R resensitized to EGFR inhibition. In addition, inhibition of

IGF-IR also suppressed the development of ‘‘persistor cells,’’

the small population of PC9 EGFR mutant cells that survives

the initial inhibition of EGFR, described by Settleman and col-

leagues (Sharma et al., 2010).

In addition to the bypass pathways mentioned above,

numerous other RTK-mediated resistance mechanisms have

been observed. The EphA2 receptor has been shown to confer

resistance to trastuzumab in cell lines, and EphA2 expression

was shown to predict poor outcome patients with HER2+ breast

cancer (Zhuang et al., 2010). Most recently, the erythropoietin

(Epo) receptor was found to be coexpressed in cell lines and

primary tumors that overexpress HER2. In these cell lines, con-

current treatment with recombinant erythropoietin conferred

trastuzumab resistance. In patients with HER2+ breast cancer,

the concurrent administration of erythropoietin and trastuzumab

correlated with a shorter progression-free and overall survival

compared to patients not receiving erythropoietin (Liang et al.,

2010). Finally, in erlotinib-resistant EGFR mutant lung cancer

cells and lapatinib-resistant HER2-amplified breast cancer cells,

levels of the AXL RTK were markedly increased (Liu et al., 2009;

Zhang et al., 2012). Targeting of AXL was able to resensitize

some of these resistant cancers to the original TKI.

We should note that most of these RTK-mediated mecha-

nisms do not necessarily involve genetic activation of the RTK,

as mainly protein assays (i.e., IHC for IGF-IR, AXL, EphA2, etc.)

have been employed to measure their levels in tumor tissues.

Such correlations do not prove that the putative bypass RTK is

causal to drug resistance in the clinic or in a particular patient.

Ultimately, clinical efficacy using specific drugs that target the

bypass RTK will be needed for true validation.

Intracellular Kinases. Molecules in the pathways downstream

of RTKs can be aberrantly activated as a result of genetic alter-

ations, also resulting in drug resistance (Figure 2). Somatic alter-

ations in the PI3K/AKT pathway are the most frequent in breast

cancer, occurring in approximately 30%of HER2+ tumors. These

Figure 2. Schematic Depicting Resistance to EGFR and HER2 Inhibitors due to Activation of Bypass Track Signaling
(A) Model of a sensitive EGFR or HER2-addicted cancer treated with an ERBB small-molecule inhibitor or antibody resulting in suppression of downstream
signaling. EGFR or HER2 homodimers and heterodimers are shown.
(B) Model of a EGFR mutant or HER2-amplified cancer with resistance due to maintenance of downstream signaling in the presence of the EGFR or HER2 in-
hibitors. Activation of signaling can be caused by activation of other RTKs or mutational activation of downstream signaling.
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include mutation and/or amplification of the genes encoding the

PI3K catalytic subunits p110a (PIK3CA) and p110b (PIK3CB), the

PI3K regulatory subunit p85a (PIK3R1), the PI3K effectors AKT1,

AKT2, and PDK1, and loss of the lipid phosphatases PTEN and

INPP4B (reviewed in Engelman, 2009). It is generally accepted

that the antitumor activity of HER2 inhibitors depends on inhibi-

tion of PI3K-AKT downstream of HER2. Thus, one would expect

that activatingmutations in the PI3K pathwaywould confer resis-

tance to HER2 inhibitors.

Constitutive activation of PI3K, via overexpression of PIK3CA

mutants, conferred resistance to the antibody in laboratory

studies (Chakrabarty et al., 2010; Eichhorn et al., 2008; Serra

et al., 2008). Patients with ‘‘hot-spot’’ PIK3CAmutations and un-

detectable or low PTEN measured by IHC exhibited a poorer

outcome after treatment with chemotherapy and trastuzumab

compared to patients without those alterations (Berns et al.,

2007; Dave et al., 2011; Esteva et al., 2010). In the EMILIA and

Neo-ALTTO randomized trials in HER2+ breast cancer, patients

with PIK3CA mutant tumors did not benefit from lapatinib and

capecitabine (Baselga et al., 2013b) and from lapatinib and tras-

tuzumab (Baselga et al., 2013a), respectively. It remains to be

determined whether T-DM1, because of its ability to deliver

high levels of cytotoxic chemotherapy to HER2-overexpressing

cells, trumps this mechanism of resistance.

One of the first discoveries linking constitutive activation of

PI3K signaling and resistance to HER2 inhibitors was accom-

plished by Berns et al. Using a large-scale small interfering

RNA genetic screen, they identified PTEN as the only gene

whose knockdown conferred trastuzumab resistance (Berns

et al., 2007). However, the association of PTEN loss with drug

resistance in the clinic is less clear. In one early study in patients

with metastatic breast cancer, loss or low levels of PTEN corre-

lated with a lower response to trastuzumab (Nagata et al.,

2004). This correlation was not found in patients with early

breast cancer treated with adjuvant trastuzumab (Perez et al.,

2013). We speculate that this was because of the concomitant

administration of chemotherapy in an adjuvant setting (Rexer

et al., 2013).

Similar findings have been observed in cancers with acquired

resistance to EGFR inhibitors. Introduction of PIK3CAmutations

into EGFR mutant lung cancer cell lines is sufficient to maintain

PI3K signaling and promote resistance (Engelman et al., 2006).

Accordingly, PIK3CA mutations have been identified in biopsies

of EGFRmutant cancers with acquired resistance to EGFR inhib-

itors (Sequist et al., 2011). Similarly, a report found that PTEN

loss may be associated with resistance to EGFR inhibitors (Sos

et al., 2009). In addition to reactivation of PI3K, reactivation of

ERK signaling can promote resistance to EGFR inhibitors, as evi-

denced by the finding of a BRAF mutation in an EGFR mutant

lung cancer with acquired resistance (Ohashi et al., 2012). In a

second example, an EGFR mutant cell line made resistant to

third-generation EGFR inhibitors developed amplification of

ERK and was resensitized upon inhibition of MEK (Ercan et al.,

2012).

A compelling recent discovery underlying this type of resis-

tance mechanism was the study of KRAS wild-type colorectal

cancers that had developed resistance to cetuximab. By per-

forming repeat biopsies and evaluating circulating tumor DNA,

investigators observed the emergence of KRAS mutations as a

resistance mechanism (Diaz et al., 2012; Misale et al., 2012).

From a signaling perspective, one would expect that the KRAS

mutant clones fail to downregulate the ERK pathway in response

to cetuximab, underlying the resistance. As the presence of

KRAS mutations predicts for lack of initial response to cetuxi-

mab, these findings underscore the convergence of intrinsic

and acquired resistance mechanisms.

Src family kinase (SFK) signaling has been implicated by

several studies in promoting resistance to HER2 inhibitors. In

HER2+ breast cancer cells with acquired resistance to lapatinib,

upregulation of SFK activity, particularly Yes, was observed in

several resistant cell lines. Resistance was associated with

recovery of PI3K/AKT signaling despite inhibition of HER2. Addi-

tion of a Src TKI partially blocked PI3K/AKT and restored

sensitivity to lapatinib (Rexer et al., 2011). In another study, the

authors suggest that PTEN was no longer capable of dephos-

phorylating and suppressing Src in trastuzumab-resistant

HER2+ cells, and the addition of a Src kinase inhibitor overcame

trastuzumab resistance (Zhang et al., 2011). Src activity is also

involved in the resistance conferred by the D16 HER2 isoform

and the EpoR (Mitra et al., 2009). Src is thought to mediate resis-

tance in part via phosphorylation and inhibition of PTEN, leading

to constitutive PI3K signaling (Liang et al., 2010).

Defects in Apoptosis and Cell-Cycle Control

Inhibition of a driver oncogene such as EGFR and HER2 results

in proliferation arrest and apoptosis. Therefore, alterations in

the normal apoptotic machinery can also induce resistance to

EGFR- and HER2-targeted therapies. Indeed, we observed

that levels of the proapoptotic BH3-only Bcl2 family member,

BIM, are predictive of response to targeted therapy in EGFR

mutant lung cancers, HER2-amplified breast cancers, and

PIK3CA mutant cancers (Faber et al., 2011). BIM protein nor-

mally is induced after inhibition of EGFR and HER2 in these can-

cers. In this study, although erlotinib or lapatinib inhibited EGFR

and HER2 and downstream signaling in EGFR mutant and

HER2-amplified cancers, respectively, only those cell lines with

high levels of BIM underwent marked apoptosis. This suggests

that BIM levels are a biomarker predictive of response to a TKI

in an oncogene-addicted cancer. Other groups have reported

similar results in EGFR mutant lung cancers (Ng et al., 2012)

and HER2 gene-amplified breast cell lines with and without acti-

vating mutations (Tanizaki et al., 2011). In cancers with concur-

rent PIK3CA mutant cells, however, both the growth inhibitory

effect and induction of BIM after treatment with lapatinib were

blunted (Tanizaki et al., 2011).

Survivin, a member of the inhibitor of apoptosis (IAP) protein

family that inhibits the activity of caspases, has been shown to

be a point of convergence of several pathways that can lead to

resistance to HER2 inhibitors. In HER2+ breast cancer cells, inhi-

bition of HER2-PI3K reduces survivin expression resulting in

apoptosis. HER2-amplified breast cancer cells with acquired

resistance to lapatinib upregulate ERa, which, in turn, induces

FoxO3a-mediated transcription of survivin (Xia et al., 2006). In

turn, high survivin levels allow for escape from lapatinib. Accord-

ingly, elevated levels of survivin and MCL-1 have been found in

trastuzumab-resistant cells (Chakrabarty et al., 2013).

Altered control of progression through the cell cycle in

response to HER2 inhibition also plays a role in resistance.

Cell lines made resistant to trastuzumab by chronic exposure
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exhibited focal amplification of cyclin E. CDK2 inhibitors reduced

growth of these trastuzumab-resistant xenografts (Scaltriti et al.,

2011). Further, in a cohort of patients with HER2+ breast cancers

treated with trastuzumab, amplification of cyclin E was associ-

ated with a diminished clinical response. Downregulation of the

Cdk inhibitor p27KIP1 and a resulting increase in Cdk activity

has also been associated with trastuzumab resistance (Nahta

et al., 2004; Yakes et al., 2002). Indeed, modulation of levels of

p27KIP1 appears to be a common endpoint for several of the

resistance pathways noted above, including signaling from

IGF-1R and MET (Nahta et al., 2005; Shattuck et al., 2008).

Tumor Host Factors

Host factors that affect the immunomodulatory function of tras-

tuzumab can also contribute to trastuzumab resistance. In mice

lacking FcgRIII and, thus, deficient in NK cells and macrophages

capable of binding the Fc region of trastuzumab, the therapeutic

effect of trastuzumab was markedly diminished (Clynes et al.,

2000). Polymorphisms in the gene encoding FcgRIII in humans

were associated with resistance to trastuzumab in patients

with metastatic HER2+ breast cancer (Musolino et al., 2008). In

the same study, PBMCs from patients with FCGR3 polymor-

phisms associated with an improved outcome after trastuzumab

induce a stronger trastuzumab-mediated ADCC in vitro. A

follow-up study found that the quantity and lytic efficiency of

CD16+ lymphocytes are the major factors affecting the level of

ADCC induced by trastuzumab. This, in turn, correlates with tu-

mor response (Gennari et al., 2004). We should note, however,

that a large trial of trastuzumab-based adjuvant chemotherapy

in patients with early HER2+ breast cancer did not show an asso-

ciation between FCGR3A and FCGR2A polymorphisms with

patient outcome (Hurvitz et al., 2012).

Strategies to Overcome Resistance: Combination
Therapies
Clinical experience has validated EGFR and HER2 as effective

drug targets. However, in the metastatic setting, these inhibitors

do not lead to cures, and cancers ultimately develop resistance.

Thus, there is a great need to identify therapeutic strategies that

will improve upon the current approaches. We believe that one

strategy will include maximal blockade of the oncogene target

itself as well as inhibition of the key bypass tracks that promote

resistance. The growing number of escape routes will likely

necessitate combinations of multiple agents, whose delivery

will require innovative dosing and scheduling.

HER2

All currently available HER2 inhibitors target or exploit mecha-

nisms of HER2 function. As single drugs, however, they do not

potently suppress HER2 signaling. This may explain the generally

short-lived responses of metastatic HER2+ breast cancers to

single-agent HER2 inhibitors. Trastuzumab and pertuzumab, in

particular, are each weak signaling inhibitors, possibly because

they incompletely block HER2-containing dimers (Junttila et al.,

2009). Treatment with lapatinib (and most likely other HER2

TKIs) leads to an increase in HER2 and HER2-containing dimers

at the plasma membrane and fails to completely and persistently

inhibit the HER2 kinase (Garrett et al., 2011; Scaltriti et al., 2009).

This may be explained by both the narrow therapeutic index of

current HER2 TKIs and the challenge of complete and sustained

inhibition of an amplified drug target, i.e., HER2, with small mole-

cules. Moreover, inhibition of the HER2 kinase leads to an initial

reduction of PI3K/AKT signaling, which releases negative feed-

backs resulting in upregulation of HER3 and other RTKs, as well

as survival factors such as BCL2 and ERa, thereby mitigating

the efficacy ofHER2 inhibitors (Chakrabarty et al., 2012;Chandar-

lapaty et al., 2011; Garrett et al., 2011; Muranen et al., 2012; Xia

et al., 2006). We also recognize that HER2-amplified breast can-

cers vary with respect to their addiction to HER2 signaling,

although they are grouped together using clinical criteria (FISH,

IHC) for HER2 overexpression. Thus, we speculate many HER2-

gene-amplifiedcancersarenot truly ‘‘addicted’’ toHER2signaling

and, as such, are not sensitive to HER2 TKIs. Finally, resistance to

T-DM1 may be due to several reasons, including the sparing of

HER2" tumor cells within heterogeneous cancers containing

HER2+andHER" tumorcells, a scenarionot uncommon inclinical

practice. Finally, T-DM1, trastuzumab, and pertuzumab cannot

bind p95-HER2 and, thus, would be inactive against tumor cells

with an abundance of cytosolic fragments of HER2.

One strategy to address the limitations of anti-HER2 drugs as

single agents has been to combine multiple HER2 antagonists

that have different but complementary mechanisms of action.

Clinical experience had suggested that trastuzumab-refractory

tumors remained dependent on HER2 as continuing trastuzu-

mab in new treatment regimens beyond progression to trastuzu-

mab demonstrated clinical benefit (von Minckwitz et al., 2009).

Currently, dual blockade of HER2 is well entrenched in the clinic.

For example, the combination of trastuzumab and lapatinib is

superior to each agent alone in both the metastatic (Blackwell

et al., 2010) and neoadjuvant (Baselga et al., 2012a) settings.

Similarly, the combination of trastuzumab and pertuzumab was

shown to be superior to each antibody alone in both neoadjuvant

trials in patients with early disease (Gianni et al., 2012) and in

patients with advanced disease (Baselga et al., 2012b), as

assessed by progression-free survival. The combination of

T-DM1 and pertuzumab is also in progress. This novel approach

would incorporate dual receptor blockade with two HER2 anti-

bodies (trastuzumab and pertuzumab) plus the delivery of a

potent cytotoxic (DM1) to HER2-amplified cells while mostly

sparing host tissues (Phillips et al., 2014).

At the time of writing this Perspective, several novel anti-HER2

combinations are being tested in clinical trials. Some of these

include a third drug targeted to the HER2 network (Table 3). It

is anticipated that for a cohort of HER2+ breast cancers that

escape anti-HER2 dual therapy, a third drug targeted against a

signaling hub in the receptor network might be necessary. Sup-

porting this possibility, a recent study showed that transgenic

mammary tumors expressing HER2 and PIK3CAH1047R were

completely resistant to the combinations of trastuzumab plus

pertuzumab and trastuzumab plus lapatinib. Addition of the

pan-PI3K inhibitor BKM120 to each combination resulted in inhi-

bition of tumor growth, but only partially and temporarily (Hanker

et al., 2013). Currently, a main clinical focus is the addition of

PI3K inhibitors and/or HER3-neutralizing antibodies (Garrett

et al., 2013b) to the established combinations of anti-HER2 ther-

apies (Table 3). More-recent data suggest that blockade of

mTOR downstream HER2 with the TORC1 inhibitor everolimus,

while maintaining trastuzumab therapy, can induce clinical re-

sponses in HER2+ cancers that have progressed on trastuzumab

(Hurvitz et al., 2013; Morrow et al., 2011; O’Regan et al., 2013).
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Along the same lines, neratinib in combination with the TORC1

inhibitor temsirolimus recently demonstrated clinical activity in

HER2mutant lung cancers (Gandhi et al., 2014). Finally, one pro-

posed novel strategy is the combination of trastuzumab with

anti-PD1 and anti-CD37 monoclonal antibodies. In this case,

anti-PD1 would inhibit IFNg-activated T cells, and anti-CD37

would block CD8+ T cells; both of these T cell subtypes are

required for the adaptive immune response triggered by trastu-

zumab (Stagg et al., 2011).

EGFR

One major mechanism of resistance to EGFR inhibitors in EGFR

mutant cancers is the development of the T790M gatekeeper

residue. The newer third-generation EGFR TKIs that suppress

T790M are showing remarkable progress in this subset of can-

cers (Ranson et al., 2013; Sequist et al., 2013a; Soria et al.,

2013). Ultimately, clinical trials will be needed to determine

whether third-generation EGFR inhibitors become first-line ther-

apy forEGFRmutant lung cancers.We anticipate thatmetastatic

EGFR mutant lung cancers will likely become resistant to drugs

that target T790M since there are several additional potential

resistance mechanisms. Thus, it will most likely be necessary

to combine inhibitors of bypass tracks with T790M-specific in-

hibitors to provide greater durations of remission and prolonga-

tion of patient survival.

In general, combinations that overcome resistance to EGFR

inhibitors have generally required continued inhibition of EGFR

combined with a drug that blocks the bypass track (reviewed

in Niederst and Engelman, 2013). For example, in EGFR mutant

lung cancers that are resistant via MET amplification, combined

EGFR and MET inhibition is required to suppress downstream

PI3K/AKT and MEK/ERK and induce tumor regressions in vivo

(Turke et al., 2010). In similar examples of resistance mediated

by IGF-IR and AXL, inhibition of the bypass RTK in combination

with the EGFR is needed to overcome resistance (Cortot et al.,

2013; Guix et al., 2008; Zhang et al., 2012). Thus, one central

strategy involving combinations centers on maintaining potent

inhibition mutant EGFR while adding different inhibitors to these

accessory pathways. This has been employed in early clinical

trials that have combined EGFR inhibitors with MET inhibitors,

PI3K inhibitors, and IGF-IR inhibitors (Table 3). However, none

of these trials utilized third-generation EGFR inhibitors, which

are the only drugs that appear to be capable of overcoming

T790M. The advent of these third-generation inhibitors may

now unleash the potential of targeting bypass tracks once

T790M is effectively inhibited.

In KRAS wild-type colorectal cancers, the recent finding that

resistant cancers develop EGFR mutations that abrogate cetux-

imab binding or KRAS mutations suggests approaches analo-

gous to those discussed above. Again, the development of point

mutations in EGFR suggests that alternative approaches to

suppress EGFR may be warranted. Preclinical studies suggest

panitumumab may overcome this type of resistance (Montagut

et al., 2012). In colorectal cancers that develop KRASmutations

upon development of resistance, current trials are examining the

Table 3. Anti-ERBB Combinations

Combination Mechanism(s) of Action Relevant Clinical Trials

Trastuzumab + lapatinib (or neratinib, afatinib) ADCC, partial disruption of HER2-HER3 dimers, inhibition of

HER2 and EGFR tyrosine kinases

Baselga et al., 2012a;

Blackwell et al., 2010

Trastuzumab + pertuzumab (only approved

combination)

More-complete inhibition of ligand-induced and ligand-

independent HER2-containing heterodimers, ADCC,

downregulation of HER2 from cell surface

Baselga et al., 2012b;

Gianni et al., 2012;

Schneeweiss et al., 2013

T-DM1 + pertuzumab Same as above plus inhibition of polymerization of microtubules

with DM1

MARIANNE (NCT01120184)

Trastuzumab + everolimus ADCC, disruption of ligand-independent HER2-HER3 dimers,

inhibition of TORC1

BOLERO-3 (NCT01007942)

Trastuzumab + pertuzumab + PI3K inhibitor Inhibition of ligand-induced and ligand-independent HER2-

containing heterodimers, ADCC, ATP-competitive inhibition

of catalytic activity of p110

Trastuzumab + HER3-neutralizing antibody ADCC, partial disruption of HER2-HER3 dimers, inhibition of

heregulin binding, downregulation of HER3 and/or HER3

dimerization

Trastuzumab + HER3 antibody + PI3K inhibitor Same as above plus direct inhibition of p110

T-DM1 + PI3K inhibitor ADCC, partial disruption of HER2-HER3 dimers, inhibition of

polymerization of microtubules, direct inhibition of p110

Afatinib + cetuximab Combined targeting of EGFR T790M to compensate for

complete inhibition of target by either approach alone. Afatinib

may also target resistance due to HER2 activation

NCT01090011

EGFR + PI3K inhibitor Block resistance due to reactivation of PI3K signaling

Erlotinib + MET inhibitor Block MET-dependent resistance to EGFR inhibitors MetLung Trial and others

EGFR inhibitor + IGF-IR antibody Block IGF-IR-dependent resistance to EGFR inhibitors

Erlotinib + hydroxychloroquine Effort to block the survival of ‘‘drug-tolerant’’ cells after

treatment with EGFR TKIs (Sharma et al., 2010)

Goldberg et al., 2012

Irreversible EGFR inhibitor + MET inhibitor Overcome both T790M- and MET-mediated resistance
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efficacy of EGFR inhibitors in combination with inhibitors to over-

come resistance (Misale et al., 2014).

Projections to the Future: Novel Approaches
Monitoring Tumor Evolution

One of the major challenges will be to determine the optimal

combinations for individual patients. Some examples have clear

biomarkers pointing to specific combinations, such as the use of

combined HER2 and PI3K inhibitors for HER2-amplified breast

cancers harboring PIK3CA mutations, as well as EGFR and

MET inhibitors for EGFR mutant lung cancers harboring MET

amplifications. However, several of the other combinations do

not have straightforward biomarkers for patient selection. In

the cases of IGF-IR and AXL, it is quite unlikely that expression

of the RTK alone will accurately identify those cancers in

which those proteins are driving resistance. Thus, more-precise

assessments of RTK and signaling activation via novel proteomic

methods would be potentially valuable to identify the most

appropriate combinations.

As the cancers progress through therapies, there will be a

need to continually interrogate the cancer to understand how it

has adapted to treatment pressures and become drug resistant.

Many centers have utilized repeat biopsy programs to perform

biopsies after the development of resistance to targeted thera-

pies to determine how the cancer has evolved. Indeed, with

the increasing use of next-generation sequencing approaches,

it is likely that the genetic landscape for resistance mechanisms

will increase dramatically over the coming years. Even though

this approach has great promise to discover resistance mecha-

nism, it may also have potential limitations when the results are

used to determine the next course of therapy for an individual pa-

tient as the (acquired) alterations identified in a single biopsymay

not reflect all of the resistant clones in multiple metastatic sites in

an individual patient (Bean et al., 2007; Engelman et al., 2007;

Turke et al., 2010). Thus, noninvasive measures such as molec-

ular interrogation of circulating tumor cells or plasma DNA may

help capture the heterogeneity of resistance in patients, as

was done to identify the development ofKRASmutations in colo-

rectal cancers that acquire resistance to cetuximab (Diaz et al.,

2012; Misale et al., 2012). As efforts to identify new therapeutic

strategies to overcome resistance are intensified, the develop-

ment of cell lines and patient-derived xenografts from resistant

biopsies may facilitate the identification of new therapeutic stra-

tegies. Recent advances in technology may help bring these

‘‘live’’ biopsies directly into the laboratory for interrogation (Liu

et al., 2012). Such models could be interrogated by high-

throughput shRNA and drug screens to identify novel therapeu-

tic approaches to overcome resistance (Figure 3).

Figure 3. Developing Laboratory Models to Discover Mechanisms of Resistance
(A) Resistancemechanisms can be discovered by culture of sensitive cell lines in the presence of a specific HER2 or EGFR inhibitor until resistance develops or by
introduction of shRNA or ORF libraries to determine genes whose overexpression or suppression will lead to resistance.
(B) Alternatively, when resistance develops in the clinic, a cell line can be generated from a biopsy of the resistant lesion, and the resulting resistant line can be
screened with drugs and/or shRNA libraries to determine strategies to resensitize them.
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In addition to profiling of metastatic recurrences, the in-

creasing use of neoadjuvant anti-HER2 therapy in patients with

newly diagnosed HER2+ breast cancers provides a novel plat-

form for discovery of mechanisms of resistance and tumor het-

erogeneity. At least two studies have shown that some patients

with HER2+ tumors convert to HER2" after neoadjuvant trastu-

zumab and chemotherapy, and these patients exhibit a shorter

relapse-free survival compared to those with residual tumors

that remain HER2 amplified (Hurley et al., 2006; Mittendorf

et al., 2009). These results suggest, first, that with heterogeneity

in HER2 overexpression in the primary tumor, the antioncogene

therapy eliminates the HER2-dependent compartment and en-

riches for HER2-negative clones. Second, patients with HER2+

tumors that change to HER2" upon primary anti-HER2 therapy

are at a high risk of early recurrence. This neoadjuvant approach

facilitates interrogation of the drug-resistant cancer and the

identification of targetable mechanisms potentiallly driving sub-

sequent metastatic recurrences (discussed below).

Innovative Trial Designs

For both HER2- and EGFR-driven cancers, it is becoming

apparent that new treatment paradigms will be necessary to

lead to durable remissions or even cures. Ultimately, we posit

that combination therapies will be needed and that it is more

rational to consider a proactive regimen that employs alternating

regimens of combinations that eliminate cancer cells before they

adapt and become resistant rather than treating cancers after

the development of clinically overt resistance. However, the

large number of potential resistance mechanisms will most likely

necessitate the use ofmore drugs thanwill be tolerable if they are

all delivered simultaneously and each drug is dosed to achieve

continual target suppression. In the development of combina-

tions, the use of mutant specific inhibitors will be highly attractive

components because of their greater therapeutic windows.

However, even with such an approach, given the large number

of potential resistance mechanisms, it may become necessary

to use even more-creative approaches to proactively kill the

various resistant clones as they emerge. In the future, we envi-

sion developing regimens that rotate and intercalate tolerable

combinations to prevent or substantially delay the development

of resistance. In particular, regimens that include immuno-

therapy and other disparate approaches may be needed.

In breast cancer, the increasing use of neoadjuvant therapy

lends itself to some innovative possibilities to develop novel

therapeutic regimens, accelerate drug approvals, and discover

mechanisms of drug resistance. Achievement of a pathological

complete response (path CR) in the breast and axillary lymph

nodes after neoadjuvant trastuzumab or chemotherapy has

been associated with improved long-term outcome (Gianni

et al., 2010; Liedtke et al., 2008). Because of this association,

the FDA recently proposed that randomized neoadjuvant

trials can be considered for accelerated drug approval using

path CR as a surrogate that is ‘‘reasonably likely to predict

longer term benefit,’’ at least for some subtypes of breast

cancer, particularly the HER2+ subtype (Prowell and Pazdur,

2012). Recently, the FDA approved the HER2 antibody pertuzu-

mab as neoadjuvant treatment in patients with HER2+ early

breast cancer (http://www.fda.gov/NewsEvents/Newsroom/

PressAnnouncements/ucm370393.htm). This approval was

based on the results of two neoadjuvant studies, NeoSphere

and TRYPHAENA, where the combination of pertuzumab and

trastuzumab was superior to trastuzumab alone. The potential

impact of this recommendation is quite transformative, as it

can accelerate the approval of novel and effective combinations.

Further, the early delivery of these anti-HER2 combinations to

patients with treatment-naive HER2+ tumors should at least

Figure 4. Targetable Alterations in Residual Breast Cancers after
Neoadjuvant Anti-HER2 Therapy May Identify Actionable
Mechanisms of Drug Resistance
Systemic neoadjuvant anti-HER2 therapy reduces or eliminates the primary
HER2+ tumor as well as micrometastases (top row). We propose that ‘‘drug-
resistant’’ residual cancers in the breast after neoadjuvant therapy harbor
targetable genomic alterations causally associated with resistance to HER2
inhibitors. Molecular profiling of these residual tumors should identify these
genomic alterations. Further, patient-derived xenografts (PDXs) generated
with these residual cancers can be used to test novel combinations with ac-
tivity against these drug-resistant cancers that can be later applied to patients
on an individual basis. Drugs that target novel mechanisms of resistance
identified in the residual tumors can be examined in subsequent neoadjuvant
trials (bottom row).
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partially trump acquired drug resistance. The use of the preoper-

ative therapy setting as a clinical research platform in which

novel combinations and regimens can be compared and triaged

using path CR as a clinical endpoint predictive of long-term

outcome has been discussed recently (Bardia and Baselga,

2013).

Another benefit of a preoperative approach is that, except for

patients who experience a complete response, tumor tissue is

always available at the time of surgery. These ‘‘drug-resistant’’

residual cancers should harbor mechanisms and/or biomarkers

of resistance to the primary therapy and, potentially, a similar

molecular profile to that of drug-resistant micrometastases that

can be interrogated with massive parallel sequencing of DNA ex-

tracted from the mastectomy specimen (Balko et al., 2012,

2014). Thus, we propose that ‘‘drug-resistant’’ HER2+ residual

cancers in the breast harbor targetable genomic alterations

causally associated with resistance to neoadjuvant anti-HER2

therapy (Figure 4). Molecular profiling of these residual tumors

should identify these alterations. In addition, patient-derived xe-

nografts generated with these residual cancers can be used to

test novel combinations with activity against these drug-resis-

tant cancers that can be later applied to patients on an individual

basis. Drugs that target novel mechanisms of resistance identi-

fied in the residual tumors can be examined in subsequent

randomized neoadjuvant trials. In the future, we anticipate that

tumor types other than HER2-overexpressing breast cancer

could also effectively utilize neoadjuvant trials to accelerate

drug development and discover mechanisms of resistance.

Conclusions
Ultimately, to cure ERBB-dependent cancers, we will most likely

have to incorporate therapeutics that are toxic to cancer cells via

mechanisms that are not solely based on suppressing ERBB

signaling, the associated bypass tracks, and antibodies target-

ing ERBB receptors to induce ADCC. The timing of treatment

may also make a difference. For example, deploying ERBB-tar-

geted combinations early in the natural history of these cancers,

i.e., in the adjuvant setting to treat micrometastatic subclinical

disease, may yield better outcomes than treating patients with

metastatic disease, where the effect will not be curative. We

feel that optimizing the timing and intensity of this approach

will provide substantial clinical benefit to patients and will serve

as the foundation for incorporating complementary, indepen-

dent therapeutic strategies that may ultimately lead to highly

durable responses and further cures.

ACKNOWLEDGMENTS

This work was supported by NCI grants R01 CA80195 (C.L.A.), R01 CA137008
(J.A.E.), R01 CA164273 (J.A.E.), and R01 CA140954 (J.A.E.), ACS Clinical
Research Professorship Grant CRP-07-234 (C.L.A.), Breast Cancer SPORE
grant P50 CA98131, GI Cancer SPORE grant P50 CA127003, the Department
of Defense (J.A.E.), and Vanderbilt-Ingram Cancer Center Support grant P30
CA68485.

REFERENCES

Agus, D.B., Akita, R.W., Fox, W.D., Lewis, G.D., Higgins, B., Pisacane, P.I.,
Lofgren, J.A., Tindell, C., Evans, D.P., Maiese, K., et al. (2002). Targeting
ligand-activated ErbB2 signaling inhibits breast and prostate tumor growth.
Cancer Cell 2, 127–137.

Andrechek, E.R., Hardy, W.R., Siegel, P.M., Rudnicki, M.A., Cardiff, R.D., and
Muller, W.J. (2000). Amplification of the neu/erbB-2 oncogene in a mouse
model of mammary tumorigenesis. Proc. Natl. Acad. Sci. USA 97, 3444–3449.

Anido, J., Scaltriti, M., Bech Serra, J.J., Santiago Josefat, B., Todo, F.R., Base-
lga, J., and Arribas, J. (2006). Biosynthesis of tumorigenic HER2 C-terminal
fragments by alternative initiation of translation. EMBO J. 25, 3234–3244.

Avraham, R., and Yarden, Y. (2011). Feedback regulation of EGFR signalling:
decision making by early and delayed loops. Nat. Rev. Mol. Cell Biol. 12,
104–117.

Balko, J.M., Cook, R.S., Vaught, D.B., Kuba, M.G., Miller, T.W., Bhola, N.E.,
Sanders, M.E., Granja-Ingram, N.M., Smith, J.J., Meszoely, I.M., et al.
(2012). Profiling of residual breast cancers after neoadjuvant chemotherapy
identifies DUSP4 deficiency as a mechanism of drug resistance. Nat. Med.
18, 1052–1059.

Balko, J.M., Giltnane, J.M., Wang, K., Schwarz, L.J., Young, C.D., Cook, R.S.,
Owens, P., Sanders, M.E., Kuba, M.G., Sánchez, V., et al. (2014). Molecular
profiling of the residual disease of triple-negative breast cancers after neoad-
juvant chemotherapy identifies actionable therapeutic targets. Cancer Discov.
4, 232–245.

Bang, Y.J., Van Cutsem, E., Feyereislova, A., Chung, H.C., Shen, L., Sawaki,
A., Lordick, F., Ohtsu, A., Omuro, Y., Satoh, T., et al.; ToGA Trial Investigators
(2010). Trastuzumab in combination with chemotherapy versus chemotherapy
alone for treatment of HER2-positive advanced gastric or gastro-oesophageal
junction cancer (ToGA): a phase 3, open-label, randomised controlled trial.
Lancet 376, 687–697.

Bardia, A., and Baselga, J. (2013). Neoadjuvant therapy as a platform for drug
development and approval in breast cancer. Clin. Cancer Res. 19, 6360–6370.

Baselga, J., Bradbury, I., Eidtmann, H., Di Cosimo, S., de Azambuja, E., Aura,
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Many different types of cancer show a high incidence of TP53mutations, leading to the expression of mutant
p53 proteins. There is growing evidence that thesemutant p53s have both lost wild-type p53 tumor suppres-
sor activity and gained functions that help to contribute to malignant progression. Understanding the func-
tions of mutant p53 will help in the development of new therapeutic approaches that may be useful in a broad
range of cancer types.

p53 is one of the most intensively studied tumor suppressor pro-

teins, with mutations that lead to loss of wild-type p53 activity

frequently detected in many different tumor types. Perturbations

in p53 signaling pathways are believed to be required for the

development of most cancers, and there is evidence to suggest

that restoration or reactivation of p53 function will have signifi-

cant therapeutic benefit. For the first 10 years of investigation,

p53 was considered to be the product of an oncogene, with

many studies describing proliferative and transforming activities

for p53. This mistake in the initial classification of p53 was the

result of a simple error; the TP53 gene that had been cloned

and used in the initial experiments encoded a mutant version

of the wild-type gene. The tumor suppressor credentials of

wild-type p53 are no longer in doubt, but the early studies pro-

vided a tantalizing hint of what has become an extremely active

area of study—the suggestion that mutations in p53 can result in

both loss of wild-type activity and gain of a novel transforming

function. Moving in a circle in the past 30 years, we have come

back around to considering that p53, albeit mutant versions of

p53, can function as oncoproteins. In this review, we highlight

recent progress in our understanding of how mutant p53 func-

tions, discuss the avenues that are being explored to target

mutant p53 tumors, and explore future directions for mutant

p53 research.

TP53 is the most commonly mutated gene in human cancer

(Kandoth et al., 2013). Alterations have been found in virtually

every region of the protein (Leroy et al., 2013), but only a handful

of the most frequently occurring mutations have been studied in

depth for their contribution to cancer progression. In some

cases, frameshift or nonsense mutations result in the loss of

p53 protein expression, as seen with other tumor suppressors.

However, more frequently, the tumor-associated alterations in

p53 result in missense mutations, leading to the substitution of

a single amino acid in the p53 protein that can be stably ex-

pressed in the tumor cell. These substitutions occur throughout

the p53 protein, butmost commonly cluster within the DNA bind-

ing region of p53, with six ‘‘hotspot’’ amino acids that are most

frequently substituted. These mutations generally lead to a loss

or diminution of the wild-type activity of p53, and because p53

normally acts as a tetramer, these mutant proteins may also

function as dominant negative inhibitors over any remaining

wild-type p53. Indeed, in a mouse model, the expression of

mutant p53 has been shown to dampen (but not prevent) the

therapeutic response to restoration of wild-type p53 (Wang

et al., 2011). However, it is becoming clear that at least some

of these mutant p53 proteins give rise to a more aggressive tu-

mor profile, indicating that they have acquired novel functions

in promoting tumorigenesis.

Gain of Function of Mutant p53
The concept that mutant p53 may show a neomorphic gain of

function (GOF) was first suggested 20 years ago (Dittmer et al.,

1993), when the introduction of mutant p53 into p53 null cells

was shown to give rise to a new phenotype. Since then, a large

number of publications have demonstrated many GOFs in

numerous cell lines with a variety of p53 mutations, summarized

in Table 1. The GOF acquired by mutant p53 is further supported

by the finding that patients carrying a TP53 missense mutation

(leading to expression of a mutant p53 protein) in the germline

have a significantly earlier cancer onset than patients with muta-

tions in TP53 that result in loss of p53 protein expression (Bou-

geard et al., 2008; Zerdoumi et al., 2013). Consistently, in vivo

experiments showed that mice expressing mutant p53 display

a tumor profile that is more aggressive and metastatic than

p53 null or p53 wild-type mice (Doyle et al., 2010; Lang et al.,

2004; Morton et al., 2010; Olive et al., 2004), although some tis-

sue specificity of this effect has been suggested by further

studies showing that introduction of similar p53 mutations in

the lung did not reveal any detectable GOF activity over p53

loss (Jackson et al., 2005). Nevertheless, numerous in vitro and

xenograft models have confirmed the ability of mutant p53s to

drive enhanced invasion and motility, with evidence that mutant

p53 can enhance signaling through receptors such as transform-

ing growth factor b (TGF-b) receptor, epidermal growth factor re-

ceptor, and MET (Adorno et al., 2009; Grugan et al., 2013; Muller

et al., 2009, 2012; Sauer et al., 2010; Wang et al., 2013a). In part,
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Table 1. The Different GOF Roles of Mutant p53 in Cells

Mutation Cell Line Mutant p53 Expression Reference

Invasion

R172H (human R175H),

175H

PDAC endogenous (also stable/

transient)

Muller et al., 2012

R175H KLE endogenous (also stable/

transient)

Dong et al., 2009

R175H, R273H, R248Q,

R280K,

H1299 stable/transient Adorno et al., 2009; Coffill et al., 2012; Muller et al.,

2009; Noll et al., 2012; Yoshikawa et al., 2010

G266E MDA MB435 endogenous Yeudall et al., 2012

R273H A431 endogenous Muller et al., 2009

R280K MDA MB231 endogenous Coffill et al., 2012; Girardini et al., 2011; Muller

et al., 2009

Increased (Altered) Migrationa

R172H MEF endogenous Adorno et al., 2009

R175H, H179L, R248Q,

R273H, D281G

H1299 stable/transient Adorno et al., 2009; Muller et al., 2009, 2012;

Noll et al., 2012; Yeudall et al., 2012

R175H, R248Q HEC-50 stable/transient Dong et al., 2012

R248Q HEC-1 endogenous Dong et al., 2012

R248W HCT116"/" endogenous Muller et al., 2012

R249S KNS-62 endogenous Vaughan et al., 2012b

R267P H1437 endogenous Vaughan et al., 2012b

R273H HT29, A431, U373,

SNB19

endogenous Huang et al., 2013; Muller et al., 2012

R280K MDA MB231 endogenous Adorno et al., 2009; Girardini et al., 2011;

Li et al., 2011a

Proliferation, Propagation of Cell Cycle

P278S ABC1 endogenous Vaughan et al., 2012a

R172H (human R175H) MEF endogenous Lang et al., 2004

R175H SK-BR3, VMRC endogenous Bossi et al., 2006; Vaughan et al., 2012a

R175H, R248H BE-13 stable/transient Hsiao et al., 1994

R175H, R273H, D281G H1299 stable/transient Liu et al., 2011; Scian et al., 2004b)

C176F, P223L, R273H,

R282Q

PC-3 stable/transient Shi et al., 2002

M246I H23 endogenous Vaughan et al., 2012b

R248W, D281G 10(3) stable/transient Loging and Reisman, 1999; Scian et al., 2004a

R249S KNS-62 endogenous Vaughan et al., 2012a

R267P H1437 endogenous Vaughan et al., 2012a; Vaughan et al., 2012b

R273C H1048 endogenous Vaughan et al., 2012b

R273H HT-29, MDA MB468,

H2405

endogenous Bossi et al., 2006; Gurtner et al., 2010; Vaughan

et al., 2012a; Wang et al., 2013a

R273H/ P309S SW480 endogenous Bossi et al., 2006; Yan et al., 2008

R273H/ R248W Mia-Paca-2 endogenous Yan et al., 2008

R280T SWO-38 endogenous Lin et al., 2012

Drug Resistance/Avoidance of Cell Death

A135V, R248W, R273H M1/2 cells, LN-308 stable/transient Li et al., 1998; Matas et al., 2001; Pohl et al.,

1999; Trepel et al., 1998

R175H MEC, 10(3), HEC-50 stable/transient Dong et al., 2012; Murphy et al., 2000; Pugacheva

et al., 2002

R175H SK-BR3 endogenous Bossi et al., 2006; Di Agostino et al., 2006;

Vaughan et al., 2012b

R175H, P223L + V274F Pc-3 stable/transient Gurova et al., 2003; Zalcenstein et al., 2003

(Continued on next page)
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Table 1. Continued

Mutation Cell Line Mutant p53 Expression Reference

R175H, R245S, R273H,

D281G

Saos-2 stable/transient Atema and Chène, 2002; El-Hizawi et al., 2002;

Kawamata et al., 2007; Tsang et al., 2005; Wong

et al., 2007

R175H, R248W, R273H SKOV-3 stable/transient Buganim et al., 2006; Liu et al., 2011; Pugacheva

et al., 2002

R175H, R248W, R273H H1299 stable/ transient Blandino et al., 1999; Di Como et al., 1999;

Pugacheva et al., 2002; Zalcenstein et al., 2006

Y220S fibroblasts stable/transient Capponcelli et al., 2005

M237? T98G endogenous Wang et al., 2013b

R248Q HEC-1 endogenous Dong et al., 2012

G266E MDA MB435 endogenous Vaughan et al., 2012b

R273? U138 endogenous Wang et al., 2013b

R273C C33A, H1048 endogenous Liu et al., 2011; Vaughan et al., 2012b

R273H C33A endogenous Liu et al., 2011

R273H HT-29, MDA MB468 endogenous Bossi et al., 2006; Vaughan et al., 2012b

R273H/ P309S SW480 endogenous Bossi et al., 2006; Di Agostino et al., 2006

R273H/ R248W Mia-Paca-2 endogenous Do et al., 2012

V143A, R175H, R248W,

R273H

Hep3B stable/transient Schilling et al., 2010

Anchorage-Independent Growth/Anoikis

Y126C, R175H, H214R,

G245S, R273C, R273H,

V273F, R280T, R282Q

SAOS-2 stable/transient Dittmer et al., 1993; Shi et al., 2002; Sun et al., 1993

P151S TU-138 endogenous Xie et al., 2013

Increased Colony Formation

V143A BEAS-2B stable/transient Gerwin et al., 1992

V143A, R175H, R248W,

R273H

H1299 stable/transient Kalo et al., 2012; Liu et al., 2011; Weisz et al., 2004

V143A, Y163C, R175H,

L194R, R273H, D281G,

R282W

10(3) stable/transient Scian et al., 2004a

G144P, R158H, Y163N,

H168Y, V173L, Y234C,

R248W

REFb stable/transient Smith et al., 1999

C174Y Saos-2 stable/transient Preuss et al., 2000

R172H (human R175H) MEF endogenous Lang et al., 2004

R175H SK-BR3 endogenous Bossi et al., 2006

C194T T47D endogenous Nguyen et al., 2013; Vikhanskaya et al., 2007

A220G Huh-7 endogenous Vikhanskaya et al., 2007

R270C IP3 stable/transient Halevy et al., 1990

R273H HT-29, MDA MB 468,

U373, SNB19

endogenous Bossi et al., 2006, 2008; Huang et al., 2013; Wang

et al., 2013a

R273H MCF10Ab stable/transient Nguyen et al., 2013

R273H/ P309S SW480 endogenous Bossi et al., 2006; Yan and Chen, 2009, 2010;

Yan et al., 2008

R273H/ R248W Mia-Paca-2 endogenous Yan and Chen, 2009; Yan et al., 2008

Genomic Instability

R172H (human R175H) primary mouse oral

tumor

endogenous Acin et al., 2011

R175H MEC stable/transient Murphy et al., 2000

R175H, R248W, R273H MEF stable/transient Agapova et al., 1996

N236S (human N239S) MEF endogenous Jia et al., 2012

(Continued on next page)
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Table 1. Continued

Mutation Cell Line Mutant p53 Expression Reference

R248W primary mouse cells endogenous Song et al., 2007

R248W, R273H K562 KMV stable/transient Restle et al., 2008

Spheroid Disorganization/Mammary Architecture Disruption

R273H, R280K MDA MB 468, MDA

MB231

endogenous Freed-Pastor et al., 2012

R175H, G245S, R248W,

R273H

MCF10Ab stable/transient Zhang et al., 2011

Stem Cell Dedifferentiation/Propagation

V143A, R175H, R273H 10(3) stable/transient Yi et al., 2012

R172H (human R175H) MEF endogenous Sarig et al., 2010

Xenograft Growth (Cell Line Injected Subcutaneously or in the Mammary Fat Pad)

V143A, R175H, R248W,

R273H, R281D, D281G

(10) 3 stable/transient Dittmer et al., 1993; Lányi et al., 1998

R172H (human R175H) primary mouse oral

tumor

endogenous Acin et al., 2011

R175H, R273H, H1299 stable/transient Liu et al., 2011

N236S (human N239S) MEF endogenous Jia et al., 2012

R267P H1437 endogenous Vaughan et al., 2012a

R273C H1048 endogenous Vaughan et al., 2012b

R273H HT29, MDA MB 468 endogenous Bossi et al., 2008; Wang et al., 2013a

P278S ABC1 endogenous Vaughan et al., 2012a

R280K MDA MB 231 endogenous Adorno et al., 2009

R280T SAOS-2 stable/transient Sun et al., 1993

Intravenous Injection (Formation of Lung Metastasis)

R175H, R248G, R213G BE-13c stable/transient Hsiao et al., 1994

C236F D3S2 endogenous Adorno et al., 2009

R280K MDA MB231 endogenous Adorno et al., 2009

Elongated Cell Morphology/EMT

C135Y, R175H, R273H HEC-50 stable/transient Dong et al., 2012

V143A HCT116"/" stable/transient Roger et al., 2010

R175H H1299 stable/transient Adorno et al., 2009

R175H, R273H 10(3) stable/transient Gloushankova et al., 1997

R248Q HEC-1 endogenous Dong et al., 2012

R273H SW620 endogenous Roger et al., 2010

R175H, G245S, R248W,

R273H

MCF10Ab stable/transient Zhang et al., 2011

Polyploidy

V143A NHF3 cellsb stable/transient Gualberto et al., 1998

R248W, R249S, R175H H1299 stable/transient Noll et al., 2012

Angiogenesis

D126 T24 endogenous Zhu et al., 2013

R175Hd H1299 stable/transient Fontemaggi et al., 2009

Y220S fibroblasts stable/transient Capponcelli et al., 2005

Cell Survival

V157F Hs578T endogenous Braicu et al., 2013

C194T T47D endogenous Lim et al., 2009

P223L/V274F DU-145 endogenous Zhu et al., 2011

R273H MDA MB468, U373,

SNB19

endogenous Huang et al., 2013; Lim et al., 2009

R273H H1299 stable/transient Kalo et al., 2012

(Continued on next page)
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these responses reflect an ability of mutant p53 to promote in-

tegrin/RCP driven recycling (Muller et al., 2009, 2012) or increase

the expression of growth factor receptors (Sauer et al., 2010;

Wang et al., 2013a). Although mutant p53s have generally lost

the ability to bind consensus p53 DNA binding regions in target

gene promoters, their activity appears to reflect an ability to

regulate gene expression directly (Weisz et al., 2007), although

cytoplasmic and mitochondrial activities of mutant p53 in regu-

lating apoptosis and autophagy have also been described

(Chee et al., 2013; Frank et al., 2011; Morselli et al., 2008).

Whereas various different mutant p53s can bind directly to

DNAwith some degree of selectivity (Brázdová et al., 2013; Göh-

ler et al., 2005; Quante et al., 2012) andmay thereby directly con-

trol the transcription of some genes (Weisz et al., 2007), there is

increasing evidence that an indirect effect on gene expression

through binding to other transcription factors underlies the novel

activities of mutant p53s. For example, several studies have re-

vealed a role for TAp63, a p53 family protein and transcription

factor, which interacts with mutant but not wild-type p53 (Gaid-

don et al., 2001; Strano et al., 2002). By inhibiting TAp63, mutant

p53 can regulate a pro-invasive transcription program that in-

cludes regulation of the expression of Dicer, DEPDC1, Cyclin

G2, and Sharp1 (Adorno et al., 2009; Girardini et al., 2011). The

Dicer regulation by mutant p53 may be of particular importance,

because several miRNAs that can in turn regulate genes involved

in invasion have been described to be regulated by mutant p53,

although this may not always involve TAp63 or Dicer inhibition

(Dong et al., 2012; Neilsen et al., 2012; Tucci et al., 2012;

Wang et al., 2013a).

Mutant p53 inhibition of TAp63 can be modeled by deletion of

TAp63, which results in an aggressive tumor profile and metas-

tases similar to that seen in mice expressing mutant p53 (Su

et al., 2010). However, a direct comparison of mutant p53

expression with loss of TAp63 in a mouse model of pancreatic

ductal adenocarcinoma (PDAC) showed that loss of TAp63 is

less potent in inducing metastases, suggesting that mutant

p53 does more than inhibiting TAp63 (Tan et al., 2013). This is

not surprising, because mutant p53 interacts with a wide variety

of other proteins, resulting in interference in a multitude of

cellular pathways, some of which are likely to contribute to

metastasis (Freed-Pastor and Prives, 2012; Muller and Vousden,

2013; Walerych et al., 2012). Besides inhibiting p63, mutant p53

inhibits and interacts with other proteins including the MRE11-

Rad51-NSB complex, p73, and SP-1 to induce genomic insta-

bility, chemoresistance, or proliferation (Chicas et al., 2000;

Gaiddon et al., 2001; Song et al., 2007). Furthermore, mutant

p53 can also promote the function of proteins including SREBP,

NF-Y, VDR, ETS2, or NRF2, resulting in increased proliferation,

cholesterol synthesis, accumulation of reactive oxygen species,

and enhanced cell survival (Do et al., 2012; Freed-Pastor et al.,

2012; Kalo et al., 2012; Liu et al., 2011; Stambolsky et al.,

2010). All of these proteins and pathways affected by mutant

p53 are thoroughly described in three recent reviews (Freed-

Pastor and Prives, 2012; Muller and Vousden, 2013; Walerych

et al., 2012).

More recent studies are identifying further GOF activities of

mutant p53, such as a role in cell reprogramming and expansion

or in the maintenance and interaction with tumor stroma. Wild-

type p53 was characterized as a suppressor of somatic stem

cell reprogramming, the process in which differentiated somatic

cells can be reprogrammed into a pluripotent stem cell to allow

for unlimited expansion (Kawamura et al., 2009; Marión et al.,

2009). Loss of p53 promoted the dedifferentiation of somatic

cells and some, but not all, mutant p53s could potentiate the re-

programming (Sarig et al., 2010; Yi et al., 2012). An expansion of

hematopoietic and mesenchymal stem cell progenitors is also

seen in mutant p53 R248Q transgenic mice (Hanel et al., 2013).

Consistently, in breast tissue with a Wnt transgene, loss of

wild-type p53 generally promoted the formation of one distinct

tumor, whereas mutant p53 R175H expression promoted the

initiation of multiple different tumors that could be expanded in

mammosphere assays (Lu et al., 2013). Together, these data

suggest that mutant p53 can initiate tumor formation by promot-

ing the generation and expansion of pluripotent stem cells.

Table 1. Continued

Mutation Cell Line Mutant p53 Expression Reference

R280K MDA MB231 endogenous Ali et al., 2013; Hui et al., 2006

R280T 5637 endogenous Zhu et al., 2013

Mammosphere Formation

R175H MESC, HEC-50 endogenous Lu et al., 2013; Dong et al., 2012

R248Q HEC-1 endogenous Dong et al., 2012

The different cellular processes in whichmutant p53 has been shown to play a role are indicated. Literature was selected based on the following search

criteria in Pubmed: ‘‘Mutant p53’’ and ‘‘Gain of Function’’ or ‘‘Mutant p53’’ and ‘‘acquired functions.’’ Only studies in which a clear gain of function effect

was shown are included (i.e., mutant p53 compared to a p53 null in the same cell line). These comprise studies in whichmutant p53was overexpressed

in a p53 null cell line and compared to a vector control, or studies in which endogenous mutant p53 was knocked down or knocked out compared to

control cells. Studies describing the activity of mutant p53 in cells that express wild-type p53 are not included to avoid complications from possible

dominant negative effects. Indicated are the different mutations, cell lines, endogenous expression, or stable/transient transfection, and the refer-

ences. The studies in this table weremanually selected from >400 publications andwe apologize to those authors whose papers we have inadvertently

missed.
aIncreased (altered) migration comprises wound scratch assays, scattering, migration in three-dimensional culture conditions, and Boyden chamber

migration (frequently referred to as transwell invasion without addition of a matrix such as Matrigel).
bCells were depleted for endogenous wild-type p53 expression.
cThese are T cell acute lymphoblastic leukemia cells and therefore increased hematological disease rather than promoted lung metastases.
dH1299 cells expressing p53 R175H promoted the angiogenesis of HUVEC cells.
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The role of stroma tissue, including extracellular matrix, prote-

ases, cytokines, immune cells, epithelial cells, and cancer-asso-

ciated fibroblasts (CAFs), in tumorigenesis has become very

evident (Pietras and Ostman, 2010). CAFs, the most abundant

cell type in the stroma, secrete cytokines, hormones, and growth

factors including hepatocyte growth factor and TGF-b (Bhow-

mick et al., 2004; Ostman and Augsten, 2009), both of which

have been shown to mediate mutant p53-dependent invasion

and metastasis (Adorno et al., 2009; Muller et al., 2012). In addi-

tion, a recent report highlights an important function for mutant

p53 in promoting the inflammatory environment of colorectal tu-

mors by prolonging NF-kB activation and cell survival (Cooks

et al., 2013). It seems clear, therefore, that the presence of a

mutant p53 in tumor cells will have an influence on how the tumor

and stromal cells interact. In co-culture experiments, H1299 cells

(regardless of p53 status) upregulated interferon-b (IFN-b) secre-

tion in CAFs. This would normally cause inhibition of cell migra-

tion, but mutant p53-expressing tumor cells counteracted this

response by enhancing STAT phosphorylation to promote inva-

sion (Madar et al., 2013). Although interesting, these experi-

ments are difficult to interpret, because the IFN-b secreted by

the fibroblasts also reduced mutant p53 expression (Madar

et al., 2013). Alternatively, it is possible that TP53 mutations

occur in the stroma surrounding tumors to promote tumor

growth (Narendran et al., 2003; Patocs et al., 2007). Mutant

p53-expressing fibroblasts were shown to promote tumor

growth better than p53 null fibroblasts, suggesting that mutant

p53 has a pro-oncogenic GOF role not only in tumor cells, but

also in stromal cells (Addadi et al., 2010). However, whether stro-

mal cells that have sustained mutations in p53 are prevalent, and

how they are affected by (or affect) tumor cells remains unclear.

Are All Mutant p53s the Same?
Althoughmost experimental studies have focused on the activity

of a few most commonly detected p53 mutations that are clus-

tered at codons 175, 245, 248, 249, 273, and 282, almost every

codon within the DNA binding domain of p53 has been found to

be mutated in cancer. Mutations have also been found in other

domains, but their contribution to carcinogenesis is largely un-

known (Leroy et al., 2013). Different tumor types show different

spectra of TP53mutations—in some cases, reflecting the muta-

genic event was thought to contribute to that type of cancer (e.g.,

aflatoxin and liver, UV light, and skin) or geographic variation in

other cases. The frequency of missense mutations also differs

in different subclasses of tumors of the same organ. For

example, luminal breast cancers almost all carry point mutations

in TP53, while alterations resulting in p53 truncations were more

frequently detected in basal breast tumors (Dumay et al., 2013).

Whereas p53 mutants are often considered to be equivalent,

evidence is accumulating to indicate that different mutants

show a distinct profile with respect to loss of wild-type p53 activ-

ity, the ability to inhibit wild-type p53, and the acquisition of gain

of function (Table 1; Halevy et al., 1990; Petitjean et al., 2007).

The large number of p53 mutations complicates such analyses,

as does the realization that different mutants may function differ-

ently in different tissues, potentially reflecting differences in the

expression of targets of mutant p53 such as TAp63. To date,

mutant p53s have been considered in two different categories:

the first affecting amino acids that contact DNA and so pre-

venting wild-type transcriptional activity without dramatically

affecting the conformation of the p53 protein (known as contact

mutants), and the second comprising mutations that clearly

disrupt the three-dimensional structure of the protein (termed

conformational mutants). Data from cell lines suggest that

conformational and contact mutants can cooperate via different

mechanismswith theH-Ras signaling pathway, leading to similar

gene expression profiles and tumorigenesis (Solomon et al.,

2012). However, this classification of mutants is clearly an over-

simplification, because different mutations can lead to subtly

different alterations in the structure and conformational stability

of the p53 protein (Joerger and Fersht, 2007). Various mouse

models have shown that both conformational and contact mu-

tants can promote metastasis compared to p53 null mice. These

differences appear to be dependent on the nature of the substi-

tution, but caution should be taken when interpreting data from

mouse models using different strain backgrounds that are being

studied in different laboratories, and in some cases mutate the

mouse gene and in others examine humanized TP53 sequences

in the mouse. Models of R172H or R270H (prototype examples

of a conformation and a contact hotspot mutation, equivalent

to R175H and R273H in humans) both showed GOF activity

(Lang et al., 2004; Olive et al., 2004), whereas no GOF was

seen in R246S (the mouse equivalent of human R249S) and the

humanized G245S mutant p53 mouse models, although the

R246S could dominant-negatively inhibit wild-type p53 to pro-

mote cell survival after radiation exposure (Hanel et al., 2013;

Lee et al., 2012). R248Q (humanized) p53 knock-in mice showed

an earlier onset of tumor formation with a significantly reduced

lifespan compared to p53 null mice (Hanel et al., 2013), although

this reduction in overall survival was not evident in any of the

other mutant p53 models. Consistently, Li-Fraumeni patients

carrying an R248Q mutation display an earlier onset of cancer

compared to inherited null mutations or the G245Smutation (Ha-

nel et al., 2013). These findings suggest that the R248Q p53

functions in a different manner than other p53 mutants that

have been studied so far. Remarkably, not only the position of

the mutation, but also the nature of the substitution may influ-

ence the activity of the resulting mutant protein. For example,

both R248Q and R248W are structural mutants, but the

humanized R248W p53 knock-in mouse does not display

reduced lifespan or earlier disease onset (Song et al., 2007). Un-

derstanding the consequences of each p53 mutation in relation-

ship to disease progression and response to therapy therefore

promises to be an extremely complex undertaking.

Consequences of Mutant p53 Expression to Tumor
Therapy
The realization that loss of p53 and expression of mutant p53

may not be analogous has also raised the question of whether

the presence of a mutant p53 protein may affect the response

to therapy. Whereas there is evidence that the presence of

mutant p53 may dampen the response to restoration of wild-

type p53 (Wang et al., 2011), reflecting a dominant negative

activity of mutant p53, more recent studies have indicated that

the retention of wild-type p53 can be detrimental to the thera-

peutic response in breast cancer. This effect is seen in tumors

that express both mutant and wild-type p53 alleles (Jackson

et al., 2012). Such studies highlight the possibility that in some
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tumor types wild-type p53 can be dominant over mutant, and

that studies of patient response based on p53 status must

take into account heterozygosity at the TP53 locus, as well as

the presence of mutant or wild-type p53 (Jackson and Lozano,

2013).

Therapeutic Strategies to Restore Wild-Type Activity to
Mutant p53
With so many different mutations and phenotypes it is not sur-

prising that a variety of strategies are being explored to target

tumors expressing mutant p53s (summarized in Figure 1).

Wild-type p53 is a potent inducer of apoptosis and senescence

when expressed in tumor cells, making the reactivation of some

level of wild-type function in mutant p53 (which is generally ex-

pressed at high levels in cancer cells) an attractive therapeutic

avenue. Interestingly, loss of wild-type function introduced by

some destabilizing tumor-derived mutations can be rescued by

additional point mutations that serve to stabilize the conforma-

tion of p53 protein, showing that the loss of structure is intrinsi-

cally reversible (Joerger and Fersht, 2008). In addition, a variety

of compounds that might restore wild-type p53 function have

been characterized and are reviewed in several recent publica-

tions (Lehmann and Pietenpol, 2012; Maslon and Hupp, 2010;

Wiman, 2010). Small molecules that bind to a site in p53 formed

in the Y220C mutant (PhiKan083 and PK7088) function by stabi-

lizing the structure of this mutant p53, and so increasing the level

of p53 with a wild-type conformation and activity (Boeckler et al.,

2008; Liu et al., 2013). Other compounds bind to multiple mutant

p53 proteins (e.g., PRIMA-1, or the soluble derivative PRIMA-

met/APR-246, CP-31398, and SCH29074; Bykov et al., 2002;

Demma et al., 2010; Foster et al., 1999), interacting with the

DNA binding domain, thereby promoting proper folding of

the mutant protein and restoration of p53 function. However,

the precise mechanistic function of these compounds and

others, such as maleimide analogs and STIMA-1, remain to be

elucidated (Bykov et al., 2005; Zache et al., 2008).

Whereas wild-type p53 requires binding to the metal ion

Zn(2+) to fold correctly (Loh, 2010; Verhaegh et al., 1998), the

R175H p53 mutant was found to be impaired in zinc binding

(Butler and Loh, 2003). Loss of metallothioneins that chelate

and store intracellular zinc promotes a wild-type conformation

of misfolded p53 (Puca et al., 2009) and addition of zinc to the

conformational mutants G245C and G245D p53 partially

restored the wild-type conformation (Pintus et al., 2013). The

potential use of zinc to recover wild-type folding has therefore

been explored and this approach has been shown to restore

chemosensitivity to anticancer drugs in cells expressing endog-

enous mutant p53 (Puca et al., 2011). In addition, the thiosemi-

carbazone metal ion chelator NSC31926 was found to restore

wild-type function in a variety of different mutant p53-expressing

cell lines, possibly through increasing the bioavailability of zinc to

(mutant) p53 (Yu et al., 2012).

Of all the compounds that restore wild-type activity, the

most progress has been made with PRIMA-1 analogs, with the
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Figure 1. Strategies that Are Currently Being Explored to Target Mutant p53
Depicted in red are schematics of the strategies that are currently being explored to target p53mutant-expressing cancers. These strategies include promotion of
mutant p53 degradation through the proteasome and autophagy pathways, restoration of wild-type p53 activity, interference with the interaction betweenmutant
p53 and other proteins, and interference in signaling pathways downstream of mutant p53.
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demonstration of safety in a phase I clinical study (Lehmann

et al., 2012). PRIMA-1 is rapidly converted to other compounds,

including MQ, which can bind to both mutant p53 and wild-type

p53 (Lambert et al., 2009), although the precise mechanisms

underlying the p53 reactivation are currently unknown. Under

some circumstances, p53 can adopt an unfolded conformation

and behave like a mutant p53 protein to promote invasion (Trini-

dad et al., 2013). Unfolded wild-type p53 seen in tumor cells

grown under hypoxia (Gogna et al., 2012) could be restored by

PRIMA-1 treatment (Rieber and Strasberg-Rieber, 2012). It will

therefore be interesting to explore whether both wild-type and

mutant p53 tumors might benefit from PRIMA-1 treatment.

Therapeutic Strategies to Promote Mutant p53
Degradation
An alternative approach to targeting mutant p53 is to remove the

proteins by enhancing turnover (Figure 1). Both wild-type and

mutant p53 can be targeted for proteasomal degradation in

otherwise normal cells by the ubiquitin ligase MDM2. Inhibition

of MDM2 in response to stress underlies the activation of wild-

type p53, but is also thought to lead to the overexpression of

mutant p53 seen in cancer cells. Indeed, stress induced stabili-

zation of mutant p53 seems to be a prerequisite for its GOF (Suh

et al., 2011). In addition to MDM2, another chaperone-associ-

ated E3 ubiquitin ligase, CHIP, was shown to be important for

mutant p53 degradation (Esser et al., 2005; Lukashchuk and

Vousden, 2007). To be stabilized, mutant p53 interacts with the

Hsp70 and Hsp90 chaperone complex that requires an interac-

tion with HDAC6 for proper functioning (Li et al., 2011b). Abroga-

tion of HDAC6 binding results in the dissociation of the heat

shock proteins from mutant p53 and allows for mutant p53

degradation by MDM2 and CHIP (Li et al., 2011b). HDAC inhibi-

tors such as SAHA show promise in destabilizing mutant p53 by

preventing HDAC6 from interacting with Hsp90 (Li et al., 2011a).

However, SAHA and the pan-HDAC inhibitor NaB were recently

shown to not only regulate mutant p53 stability, but also its tran-

scription via the p53 activator HoxA5 (Yan et al., 2013). This

activity was not confined to mutant p53 and also extended to

decreasing wild-type p53 expression (Yan et al., 2013), indi-

cating that care should be taken to determine the p53 status of

tumors when HDAC inhibitors are used as therapeutic agents.

Small molecule activators of SIRT1 have also been shown to

lead to the deacetylation of p53 and reduction of overall mutant

p53 levels (Yi et al., 2013). In other studies, Stathmin—a tran-

scriptional target of wild-type p53 and mutant p53 (through the

regulation of miR-223)—promoted mutant p53 activity by regu-

lating phosphorylation and stability in ovarian cancers (Sonego

et al., 2013).

Autophagy also plays a role in mutant p53 degradation.

Macro-autophagy is the process by which intracellular contents

such as proteins or organelles are engulfed and degraded

through lysosomes. This can provide a means to recycling intra-

cellular content, providing an alternative energy source to allow

cells to survive transient starvation, and also functioning to re-

move damaged or excess organelles (Mizushima et al., 2008).

The role of autophagy in cancer is complex and can both pro-

mote and inhibit tumor development, depending on the targets

of the autophagic process and the timing during tumor evolution

(Liu and Ryan, 2012). Macro-autophagy induced by glucose re-

striction selectively promoted mutant p53 degradation, whereas

wild-type p53 was stabilized under similar conditions (Rodriguez

et al., 2012). The degradation of mutant p53 was promoted by

proteasomal inhibition and depended on functional autophagy

machinery (Choudhury et al., 2013; Rodriguez et al., 2012).

Glucose starvation combined with confluent growth conditions

could promote mutant p53 degradation by a specialized form

of autophagy known as chaperone-mediated autophagy (Vaki-

fahmetoglu-Norberg et al., 2013). In contrast to the findings of

Rodriguez et al. (2012), degradation of mutant p53 via this

specialized autophagy pathway was enhanced by inhibition of

macro-autophagy (Vakifahmetoglu-Norberg et al., 2013), sug-

gesting conditional aspects to glucose deprived mutant p53

degradation. Furthermore, both mutant and wild-type p53 can

inhibit autophagy when localized in the cytoplasm (Morselli

et al., 2008; Tasdemir et al., 2008), indicating that the relationship

between autophagy and mutant p53 is complex.

Therefore, while targeting mutant p53 for degradation seems

feasible, there remains a concern as to how effective simple

removal of mutant p53 (without replacement by degradation-

resistant wild-type p53) might be in driving a therapeutic

response. Some comfort has been provided by many studies

showing reduction of mutant p53 levels (either by siRNA or

spautin treatment) results in increased apoptosis, indicating

that these cells may have become dependent on mutant p53

for their survival (Table 1; Ali et al., 2013; Braicu et al., 2013;

Huang et al., 2013; Hui et al., 2006; Lim et al., 2009; Vakifahme-

toglu-Norberg et al., 2013; Xie et al., 2013; Zhu et al., 2011,

2013). However, whether decreasing mutant p53 levels is suffi-

cient as a means of therapy in vivo and in the long term requires

confirmation.

Targeting Mutant p53 Regulated Pathways
Instead of targeting mutant p53 directly, another approach is to

identify commonalities in the mechanisms through which mutant

p53 proteins function and to target and exploit these down-

stream pathways (Figure 1). Despite the clear differences be-

tween mutant p53s, a large number of them interact and inhibit

p63 and p73. A small molecule named RETRA, identified by

serendipity in a screen to identify drugs to stabilize wild-type

p53, has been suggested to destabilize the p73mutant p53 inter-

action (Kravchenko et al., 2008). RETRA-induced release of p73

resulted in the activation of p73 target genes and a concomitant

decreased tumor cell survival and suppression of xenograft

tumor growth (Kravchenko et al., 2008). Whether RETRA impairs

the interaction of mutant p53s with other target proteins has not

been reported, but this could be a more general approach to

block the oncogenic effect of mutant p53s that share binding

partners.

Downstream pathways activated by mutant p53 may also be

targets for therapeutic intervention. An attractive possibility

here is the cholesterol synthesis pathway through which mutant

p53 disrupts the morphology of mammary tumors (Freed-Pastor

et al., 2012). Inhibition of cholesterol synthesis restored the mor-

phology and decreased survival of mutant p53 cells (Freed-

Pastor et al., 2012). This is of particular interest because statins

(cholesterol inhibitors) are among the most commonly pre-

scribed drugs worldwide to prevent cardiovascular diseases

and have shown promise as preventive anticancer agents (Singh
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and Singh, 2013). It will therefore be interesting and relatively

straightforward to determine the utility of statins as a therapeutic

strategy for mutant p53 tumors.

Finally, several studies have described a role for mutant p53 in

enhancing receptor tyrosine kinase (RTK) signaling (Adorno

et al., 2009; Muller et al., 2009; Sauer et al., 2010; Wang et al.,

2013a). A multitude of inhibitors of the kinase activity of RTKs

or their downstream mediators have been described, including

EGFR inhibitors, MET inhibitors and MAPK inhibitors. Selective

efficacy of these compounds in the treatment of mutant p53 ex-

pressing cancers remains to be explored. The specific role of

RTK and integrin recycling may also provide an additional attrac-

tive target, since various integrin antibodies and drugs that

inhibit integrin recycling are currently on the market and have

shown some promise as anticancer agents (Desgrosellier and

Cheresh, 2010).

Future Directions
A number of hurdles still need to be overcome before the studies

of mutant p53 can be translated into clinical practice. While there

is clear evidence that mutant p53 promotes various oncogenic

responses, the relative importance of survival, motility, invasion,

and metabolic changes, or the critical pathways through which

these responses are mediated remain unclear. How different

mutations affect p53 function also remains underexplored, as

does the comparative importance of loss of wild-type, domi-

nant-negative, and GOF phenotypes. The fact that most mutant

p53s are expressed at very high levels in cancer cells (leading to

the immunohistochemical detection of p53 being used as a

proxy for the presence of mutant p53) makes these proteins

tremendously attractive therapeutic targets, and the efficacy of

inhibiting the activity of these mutant p53s or even re-establish-

ing some wild-type function, as described above, holds great

promise. Such approaches depend, however, on designing

efficient mechanisms through which to target mutant p53, an

understanding of the activities and function of the many different

mutants, and the capacity to identify which mutation a tumor

carries (the latter likely to be the most easily attainable goal).

Maybe a more effective approach will be to explore the possi-

bility of synthetic lethality as a therapeutic strategy. Recently, a

computational approach using gene expression from the NCI-

60 panel, the GBM (glioblastoma multiforme) project and the

TCGA (the cancer genome) project revealed a number of genes

and pathways that may result in synthetic lethality when targeted

in mutant p53-expressing tumors (Wang and Simon, 2013). The

majority of these genes were involved in the cell cycle, perhaps

reflecting the loss of wild-type p53 function, and an interesting

candidate identified in several of the data sets is polo-like kinase

1 (PLK1), which is involved in the regulation of mitosis. PLK1 was

found to be upregulated in breast cancers with mutant p53

expression; the presence of both coincided with a worse prog-

nosis than cancers with either PLK1 upregulation or mutant

p53 expression alone (King et al., 2012). Because PLK1 can be

inhibited by a variety of compounds (Strebhardt, 2010), it will

be interesting to follow up this lead.

Conclusions
Recent data reveal that mutant p53 is not just one protein, but a

multitude of proteins that can contribute to awide range of onco-

genic processes. Designing drug strategies to target mutant p53

tumors is therefore highly challenging and will require a deeper

understanding of the degradation pathways, interaction part-

ners, and downstream signaling pathways in mutant p53 cells.

However, we are optimistic that our ever-expanding knowledge

of mutant p53 function will translate into some useful therapeutic

strategies in the future.
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The combination of relative nutrient deprivation and dysregulation of protein synthesis make malignant cells
especially prone to protein misfolding. Endoplasmic reticulum stress, which results from protein misfolding
within the secretory pathway, has a profound effect on cancer cell proliferation and survival. In this review, we
examine the evidence implicating endoplasmic reticulum dysfunction in the pathology of cancer and discuss
how recent findings may help to identify novel therapeutic targets.

In the crowded molecular environment of the endoplasmic retic-

ulum (ER), protein maturation requires the coordinated activity of

many chaperones and folding enzymes. BiP is an abundant ER

HSP70 chaperone that binds to exposed stretches of hydro-

phobic residues of immature polypeptide chains, while GRP94

is an HSP90 chaperone involved in subsequent folding steps

for a subset of ER client proteins. When the efficiency of secre-

tory protein folding is threatened, the cell is said to experience

‘‘ER stress’’ and elicits a homeostatic ‘‘unfolded protein

response’’ (UPR) (Figure 1) (Walter and Ron, 2011). The diverse

substrate repertoire of BiP enables it to function as a master

regulator of the UPR by binding to and inactivating the three

ER stress sensors, PERK, IRE1, and ATF6. During ER stress,

increased levels of unfolded substrates lead to the sequestration

of BiP, freeing the sensors to initiate UPR signaling. PERK

ameliorates ER stress through phosphorylation of the translation

initiation factor eIF2a. This causes generalized attenuation of

protein synthesis while also promoting the translation of a subset

of UPR target proteins, including the transcription factor ATF4.

ATF4 induces expression of the transcription factor CHOP and,

subsequently, the phosphatase subunit GADD34, which specif-

ically dephosphorylates eIF2a, enabling the recovery of protein

translation (Marciniak et al., 2004). The induction of ER oxidase

1a (ERO1a) by CHOP promotes oxidative protein folding in the

ER, but this increased formation of disulphide bonds can

contribute to worsening cellular stress through the generation

of reactive oxygen species (ROS). However, additional targets

of ATF4 include enzymes necessary to withstand oxidative

stress, which tend to limit this toxicity. Additional targets of

ATF4 promote amino acid import and synthesis, thus playing a

cytoprotective role during a variety of stressful insults. Because

other eIF2a kinases responding to different stresses can trigger

this pathway—for example, GCN2 responds to amino acid

deprivation—it has been named the integrated stress response

(ISR; Figure 2) (Harding et al., 2003).

Tumor Growth
As solid cancers grow, their nutrient requirements eventually

exceed the capacity of the existing vascular bed. Although

many cancers adapt by triggering angiogenesis, inevitably the

cores of most tumors become hypoxic and nutrient depleted.

Impaired generation of ATP compromises ER protein folding,

thus leading to activation of the UPR and ISR, while amino

acid starvation further contributes to ISR activation. Indeed,

phosphorylation of eIF2a by PERK has been shown to be neces-

sary for the growth of larger solid tumors (Bi et al., 2005).

During hypoxia, generation of ROS increases both in mito-

chondria (Brunelle et al., 2005) and the ER, partly through

UPR-mediated induction of ERO1a (Marciniak et al., 2004;

Song et al., 2008). Accordingly, a key function of the ISR is to

defend against oxidative stress, primarily by increasing biosyn-

thesis of the antioxidant glutathione (Harding et al., 2003). The

resulting increased capacity for oxidative protein folding is bene-

ficial for tumor growth. Levels of ERO1a correlate with a worse

prognosis in breast cancer (Kutomi et al., 2013), and depleting

breast carcinoma cells of PERK increases ROS production and

impairs cell growth (Bobrovnikova-Marjon et al., 2010). More-

over, the loss of PERK promotes G2/M cell cycle delay due to

oxidative damage of DNA (Bobrovnikova-Marjon et al., 2010).

This PERK-mediated resistance to oxidative stress is also

implicated in resistance to radiotherapy (Rouschop et al.,

2013; Rouschop et al., 2010), an effect of tumor adaptation to

preconditioned ER stress.

In addition to the ATF4-dependent antioxidant response, cells

can induce antioxidant pathways via Nrf2. This transcription fac-

tor is normally held inactive within the cytosol through binding to

Keap1, which promotes its ubiquitination by Cul3 and subse-

quent proteasomal degradation. Upon oxidative stress, Keap1

releases Nrf2 to transactivate target genes within the nucleus.

It has been suggested that this interaction is modulated by

PERK. Two early reports suggested that Nrf2 could be phos-

phorylated by PERK during ER stress, triggering dissociation

from Keap1 and induction of antioxidant genes (Cullinan and

Diehl, 2004; Cullinan et al., 2003). Indeed, Nrf2 appears to be

beneficial during ER stress-induced oxidative stress. However,

activation of PERK’s kinase domain in the absence of ER stress

leads to induction of ISR target genes in a manner that is entirely

dependent on phosphorylation of eIF2a (Lu et al., 2004). This

suggests either that phosphorylation of Nrf2 plays a minor role

in the transcriptional response to ER stress or that it is important

only when additional arms of the UPR are active.

Recent observations suggest that activation of the UPR in

hypoxic tumors leads to increased autophagy (Rouschop

et al., 2010). Autophagy is cytoprotective during stress by liber-

ating amino acids from long-lived proteins and the removal of

damaged organelles. Accordingly, hypoxic regions of human
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tumor xenografts demonstrate increased expression of

autophagy factors, such as LC3, and increased autophagy. In

multiple cell lines, PERK mediates the upregulation of LC3 and

autophagy-related gene 5 via ATF4 and CHOP, respectively,

promoting phagophore formation (Rouschop et al., 2010). The

inability of PERK-deficient cells to replenish LC3 correlates

with impaired survival when subjected to hypoxia. Although

PERK clearly plays an important role in the survival of hypoxic

tumor cells, the IRE1 arm of the UPR is also important. During

hypoxia-induced ER stress, IRE1-driven XBP1 splicing (to

generate XBP1s) increases tumor cell tolerance to hypoxia,

whereas loss of XBP1 impairs hypoxic tumor growth (Romero-

Ramirez et al., 2004). Indeed, in breast cancer, increased

splicing of XBP1 is associated with a worse prognosis, perhaps

reflecting an increased tolerance of tumor cells to hypoxia

(Davies et al., 2008).

Angiogenesis and Invasion
It is well established that tumor hypoxia and glucose deprivation

induce angiogenesis. Hypoxia achieves this via HIF, but the

mechanism of nutrient limitation has remained obscure until

recently. Evidence suggests that the PERK-ATF4 arm of the

UPR directly upregulates vascular endothelial growth factor

(VEGF) while downregulating inhibitors of angiogenesis (Blais

et al., 2006; Wang et al., 2012). Depleting cells of PERK prevents

upregulation of VEGF by glucose deprivation, whereas antago-

nism of HIF1a does not (Wang et al., 2012). Similarly, inhibition

Figure 1. The UPR
Nascent secretory proteins synthesized by ER-
bound ribosomes enter the ER lumen. When the
load of unfolded protein threatens to exceed the
capacity of the organelle to fold them, the cell is
said to experience ER stress. This triggers three
UPR signal transducers: PERK, IRE1, and ATF6.
Activated PERK dimerizes, autophosphorylates,
and then phosphorylates the translation initiation
factor subunit eIF2a, causing general attenuation
of translation that lessens ER protein client load
while also increasing the translation of a subset of
genes, including the transcription factor ATF4.
Activated IRE1 oligomerizes, triggering its endo-
nuclease activity to initiate splicing of XBP1mRNA
and synthesis of the UPR transcription factor
XBP1s. Activated IRE1 can also degrade a variety
of mRNAs in proximity to the ER to reduced ER
client protein load; a process termed regulated
IRE1-dependent decay (RIDD). ATF6 traffics from
the ER to the Golgi apparatus during stress and is
cleaved to release a soluble UPR transcription
factor, ATF6c.

of PERK, which reduces the growth of

xenograft tumors in mice, decreases

tumor vascularity and perfusion (Wang

et al., 2012). In addition, hypoxia-induced

vascularization is modulated by IRE1a

(Drogat et al., 2007). Ire1a"/" mouse em-

bryonic fibroblasts and glioblastoma cells

expressing dominant-negative IRE1a

induce less VEGFA in ischemic condi-

tions, limiting growth and angiogenesis

of xenografts. In a human glioma

model, it has been demonstrated that IRE1a is involved in

the expression of angiogenic factors, including VEGFA and

interleukin-6 (IL6), while suppressing the expression of antian-

giogenic factors (Auf et al., 2010). Consequently, loss of IRE1a

impairs glioma growth with increased overall survival of

glioma-implanted animals. However, the relationship between

IRE1a signaling and angiogenesis appears to be complex since,

in nonmalignant models of ischemia, IRE1 has been shown to

impair vascular regeneration by degrading mRNA encoding

the neurovascular guidance cue netrin-1 via the process of regu-

lated IRE1 dependent decay (RIDD) (Binet et al., 2013).

It is surprising that, although antagonism of IRE1 can impair

tumor vascularity and improve survival, it may promote tumor

invasion (Auf et al., 2010). Hypovascularity may contribute to

invasiveness, but a more complex picture is likely, as the induc-

tion of angiogensis does not fully suppress the infiltrative proper-

ties of IRE1-deficient glioma cells. Recent analysis has revealed

that the increased migratory phenotype likely reflects changes in

the secretome via a reduction in RIDD (Dejeans et al., 2012b). For

example, antagonism of IRE1 increases levels of the RIDD

target BM-40, promoting cell adhesion and migration (Dejeans

et al., 2012b). This suggests that, while suppression of IRE1

signalingmay offer a novel approach to target tumor vasculariza-

tion, it also risks promoting tumor invasion and so deserves

further study.

Tumor invasion is also influenced by epithelial-to-mesen-

chymal transition (EMT), a known characteristic of ER-stressed
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cells. During embryonic development and in malignancy, HIF1a

and Notch signaling link hypoxia with EMT, causing loss of

epithelial integrity through downregulation of adhesion mole-

cules such as E-cadherin (Lester et al., 2007; Sahlgren et al.,

2008). Simultaneously, increased chemotaxis accompanies the

induction of the chemokine receptor CXCR4 (Azab et al., 2012;

Barriga et al., 2013). Thus, EMT promotes metastasis by

removing impediments to the egress of cells from their original

tumor while also honing them to new niches (reviewed in Hana-

han and Weinberg, 2011). ER stress has been shown to drive

EMT in vitro and in animal models of fibrosis through src-

mediated signaling (Tanjore et al., 2011; Ulianich et al., 2008).

It is therefore plausible that ER stress may contribute to EMT in

cancer invasion, although more formal examinations of this are

needed. A further consideration is that phenotypic change

from epithelium to mesenchyme will affect the secretory capac-

ity of a cell, thus altering its vulnerability to ER stress. Consistent

with this, evidence suggests that expression of the ER stress

markers CHOP and GADD34 change during dedifferentiation

of mesothelioma cells (Dalton et al., 2013).

ER-Mitochondrial Communication
Through a proteostatic network, impaired protein folding in one

cellular location leads to the propagation of cell-wide responses.

The interplay between the mitochondrial HSP90 chaperone net-

works and the protein-folding environment of the ER exemplifies

such a mechanism. HSP90 and its related chaperone, TRAP-1,

are abundant in the mitochondria of tumor cells but not in those

of most normal tissues, and they appear to antagonize mito-

chondrial death pathways (Chae et al., 2012). It is not surprising

that impaired function of mitochondrial HSP90 leads to a mito-

chondrial UPR and the induction of autophagy (Siegelin et al.,

2011). More recently, it has been shown that inhibition of mito-

chondrial HSP90 using the small molecule gamitrinib disrupts

tumor bioenergetics to such an extent that ER stress pathways

are activated (Chae et al., 2012). Notably, activation of the clas-

sical UPR of the ER was necessary for survival of mitochondrial

proteotoxicity.

Direct communication between the mitochondrion and ER

during stress serves to modulate the function of both organ-

elles. PERK is enriched at mitochondrial-ER contact sites

and appears to tether mitochondria to the ER membrane

(Figure 3) (Verfaillie et al., 2012). Mitofusin 2 (Mfn2), a GTPase

of the mitochondrial outer membrane that mediates mitochon-

drial fusion, has recently been shown to bind directly to PERK

(Muñoz et al., 2013). Because cells lacking Mfn2 experience

basal activation of PERK, it has been suggested that Mfn2

may normally inhibit PERK signaling. However, enhanced

signaling in all three branches of the UPR in Mfn2"/" cells is

difficult to explain by this dysinhibition of PERK alone, since

exaggerated phosphorylation of eIF2a would reduce ER stress

by attenuating protein translation. It therefore seems likely that

ER-mitochondrial signaling is affected more extensively.

Indeed, PERK modulates mitochondrial morphology and func-

tion, with overexpression of PERK causing mitochondrial frag-

mentation and reduced respiration, while depletion of PERK

reduces mitochondrial calcium overload and ROS production

in Mfn2-deficient cells (Muñoz et al., 2013). It is interesting

that the tethering function of PERK appears independent

of its kinase activity and facilitates ROS-mediated proapop-

totic signaling between the ER and mitochondrion (Verfaillie

et al., 2012). These organelles therefore function in tandem

and can both contribute to oxidative stress through production

of ROS.

Figure 2. The ISR
Phosphorylation of eIF2a serves as a hub for
integration of signals mediated by a family of
kinases: PERK responds to ER stress, HRI re-
sponds to iron deficiency and to oxidative stress,
PKR is activated by dsRNA during some viral in-
fections, and GCN2 is activated during amino acid
starvation (Harding et al., 2003). In unstressed
conditions, eIF2a supports new protein synthesis
as a component of the eIF2 complex that recruits
initiator methionyl-tRNA to the ribosome. During
its catalytic cycle, the eIF2 complex hydrolyzes
bound GTP and must interact with the guanine
nucleotide exchange factor eIF2B to be recharged
with GTP. Once eIF2a is phosphorylated, it
becomes a potent antagonist of eIF2B and thus
attenuates the rate of protein translation. Low
basal levels of eIF2a phosphorylation are antago-
nized by the constitutively expressed eIF2a
phosphatase CReP, but during stress, this is
overwhelmed and phospho-eIF2a accumulates.
While translation of most mRNAs is reduced by
phosphorylation of eIF2a, a subset is translated
more efficiently, most notably, the transcript factor
ATF4. This transactivates most genes of the ISR,
including amino acid transporters and synthe-
tases, which help counter amino acid limitation
while providing the thiol moieties necessary for
synthesis of the antioxidant glutathione. Subse-
quently, ATF4 induces another transcription factor

CHOP, which induces the eIF2a phosphatase GADD34 leading to dephosphorylation of eIF2a and the resumption of normal rates of cap-dependent translation.
CHOP also induces the ER oxidase ERO1a, thus promoting oxidative protein folding. While the induction of GADD34 and ERO1a can be seen as adaptive during
the response to transient ER stress, their induction during chronic stressful circumstances can contributes to worsening stress and result in exaggerated toxicity.
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Intercellular Signaling
In addition to communication between organelles during failure

of proteostasis, it has been suggested that, in cancer, ER

stress signals may be transmissible from cell to cell. One pro-

posed mechanism involves the tumor suppressor PAWR, which

is known to promote prostate cancer cell apoptosis via WT1.

Brief exposure to ER stress causes the secretion of PAWR

into the extracellular space that can trigger the apoptosis of

nearby cancer cells (Burikhanov et al., 2009). Controversially,

the ‘‘receptor’’ on nearby cells has been reported to be the

chaperone BiP (Burikhanov et al., 2009), and it has been sug-

gested that ER stress induces surface presentation of ER

chaperones that can then modulate the activity of other plasma

membrane proteins, such as cripto (Kelber et al., 2009). The

apparent surface translocation of ER chaperones in cancer

cells must be subjected to further rigorous validation and would

be greatly strengthened by further mechanistic insight. How-

ever, the observation that cripto-dependent SMAD signaling

can be blocked by an antibody recognizing surface-exposed

BiP raises the possibility that this putative cancer-cell-specific

mechanism may offer novel therapeutic targets (Kelber et al.,

2009).

Cancer Cell Death
Depending on the context of ER stress, including intensity and

duration, the UPR can promote survival or trigger cell death. In

B cell chronic lymphocytic lymphoma, ER stress has been impli-

cated in causing spontaneous tumor cell apoptosis (Rosati et al.,

Figure 3. ER-Mitochondrial Communication during ER Stress
During ER stress, IRE1mediates activation of c-Jun N-terminal kinase (JNK) and apoptosis via activation of pro-apoptotic BH3 only family Bcl-2 proteins, such as
Bid, and inhibition of anti-apoptotic Bcl-2 (reviewed in Tabas and Ron, 2011). Calcium released from the ER is taken up by the mitochondrion to stimulate the
production of ROS and the release of cytochrome c, both of which promote apoptosis. Prolonged PERK activation induces ERO1a leading to increased pro-
duction of ROS within the ER. Mfn2, which along with mitofusin 1 (Mfn1) tethers mitochondria to the ER membrane (de Brito and Scorrano, 2008), is thought to
inhibit PERK by direct interaction. Ablation of Mfn2 leads to gross mitochondrial dysfunction in a PERK dependent manner, suggesting the existence of further,
yet to be discovered, interactions.
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2010). The initiation of cell death by ER stress involves several

partially redundant parallel pathways (reviewed in Tabas and

Ron, 2011), but evidence implicates PERK as a major effector

(Marciniak et al., 2004). Because loss of CHOP, a downstream

target of PERK, renders cells and mice more resistant to ER

stress, for some time it was believed that CHOP regulates a

cell death program, a theory that was not supported by tran-

scriptional analysis (Han et al., 2013; Marciniak et al., 2004).

Instead, CHOP regulates a complex array of more than 200

genes, which promote ongoing protein secretion and autophagy

(Marciniak et al., 2004; Rouschop et al., 2010). For example, by

inducing the ISR targets GADD34 and ERO1a, PERK and CHOP

trigger the upregulation of protein translation and protein oxida-

tion that, in the face of ongoing protein misfolding, represent a

worsening to the original toxic insult (Han et al., 2013; Marciniak

et al., 2004). Although recovery of protein translation is a neces-

sary part of the adaptive response to acute ER stress,

in situations of chronic stress, increased protein synthesis can

contribute to toxicity (Figure 2). Recovery of protein translation

is brought about by dephosphorylation of eIF2a by GADD34

(Marciniak et al., 2004), and so antagonism of GADD34 protects

cells from chronic ER-stress-induced cell death (Tsaytler et al.,

2011). In a murine model of medulloblastoma, loss of GADD34

increased eIF2a phosphorylation and promoted tumor growth,

invasiveness, and angiogenesis (Lin et al., 2011). Thismay reflect

the increased induction of VEGFA observed inmice lacking func-

tional GADD34.

Although mutation of the GADD34 gene is a rare event in

human carcinogenesis, there is increasing evidence that sup-

pression of the CHOP-GADD34 axis may be a tumor survival

mechanism. For example, in malignant mesothelioma, loss of

GADD34 expression correlates well with the degree of tumor

dedifferentiation and a worse prognosis (Dalton et al., 2013).

Reduced expression ofCHOP inmammary carcinoma,mediated

by the PERK-induced microRNA mir211, promotes tumor cell

survival (Chitnis et al., 2012), while attenuation of PERK-CHOP

signaling by overexpression of the DNAJ cochaperone p58IPK

enables malignant progression under conditions of nutrient limi-

tation (Huber et al., 2013). It therefore appears likely that, while

PERK-ATF4 signaling may promote tumor survival, the induction

of GADD34 may have broadly tumor-suppressive effects

(Figure 2). This hypothesis is testable, since Gadd34 null mice

are viable (Marciniak et al., 2004). It is noteworthy that, in addition

to GADD34, which is normally induced by ER stress, cells also

possess a constitutively expressed eIF2a phosphatase called

CReP. Recently, this has been shown to be downregulated in

cells deficient in the tumor suppressor PTEN (Zeng et al.,

2011). The resulting increase in phosphorylated eIF2a in these

cells leads to increased resistance to oxidative stress.

Tumor-Specific Mechanisms for the Induction
of Endoplasmic Stress
A number of mechanisms contribute to cancer-specific induc-

tion of the UPR. For example, deficiencies of the tumor sup-

pressors tuberous sclerosis complex (Tsc)-1 or Tsc2, which

negatively regulate mTORC1, cause ER stress through uncon-

trolled protein synthesis (Ozcan et al., 2008). Constitutive activa-

tion of the serine/threonine kinase mTORC1 is common to many

cancers and stimulates protein synthesis and cell growth. How-

ever, mTORC1 activity is often also repressed by homeostatic

responses to features of the tumor microenvironment, such as

hypoxia and nutrient deprivation, to promote cancer cell survival

(Figure 4) (Brugarolas et al., 2004; Inoki et al., 2003). Recently, it

has been recognized that an important function of Tsc2 is to

enable the cell to regulate its rate of protein synthesis to match

the availability of lipids (Düvel et al., 2010). In the secretory

pathway, these two processes are intimately linked, since an

increased demand for ER protein flux triggers an IRE1-XBP1-

dependent expansion of ER membrane to accommodate more

folding proteins. Defects in mTORC1 signaling can render

hypoxic tumors dependent on exogenous desaturated lipids,

an essential nutrient for hypoxic Tsc2"/" tumors (Young et al.,

2013). Lipid-deprived Tsc2"/" cells experience an exaggerated

ER stress response because IRE-1 activation fails to trigger

adequate expansion of the ER (Young et al., 2013). When lipids

are limiting, this leads to ER stress-induced cell death that can

be blocked by inhibition of mTORC1 with rapamycin. This

phenomenon was also seen in kidney tumors arising in Tsc2+/"

mice, as well as inmultiple cancer cell lines, suggesting that ther-

apies targeting lipid desaturation machinery might enhance ER

stress-induced cell death in a tumor-specific manner (Young

et al., 2013).

Frequently, transformed cells depend on the activation of

prosurvival pathways such as those mediated by the oncogene

Myc (reviewed in Dang, 2010), which enhance proliferation

through cell cycle deregulation and increased protein synthesis.

Increased protein load leads to activation of the UPR, which

promotes malignant transformation through PERK-mediated

cytoprotective autophagy. Limiting protein synthesis by genetic

manipulation abrogates UPR activation by Myc and attenu-

ates lymphomagenesis in a murine model (Hart et al., 2012).

Accordingly, PERK inhibition diminished the level of autophagy

accompanyingMyc activation, leading to reduced colony forma-

tion in vitro and decreasing tumor formation in vivo (Hart et al.,

2012).

In some situations, ER stress responses appear to be used as

antioncogenic mechanisms. In naevi of the skin, components of

the MAPK pathways are commonly dysregulated, but although

many naevi have oncogenic mutations, few develop into

malignant melanomas. Instead, they senesce through incom-

pletely understood mechanisms (Michaloglou et al., 2005).

Oncogenic mutations of HRAS have been shown to trigger the

UPR via activation of the AKT pathway (Denoyelle et al., 2006),

and while the link between AKT and ER stress is unclear, the

consequence of UPR activation is to induce senescence and

prevent transformation.

The Role of Endoplasmic Reticulum Stress in Tumor
Immunogenicity
In cancer, ER stress has the capacity to activate cells of the

adaptive immune system (Wheeler et al., 2008) and is sufficient

to trigger systemic inflammation by proteolytic activation of the

transcription factor CREBH at the ER membrane (Zhang et al.,

2006). ER stress in prostate cancer causes the release of proin-

flammatory cytokines such as IL6 and tumor necrosis factor a

(Mahadevan et al., 2010), the promoters of which contain func-

tional XBP1s binding sites (Martinon et al., 2010). These cyto-

kines not only stimulate inflammation but also have been
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implicated in promoting tumor survival (Kim et al., 2009; Pikarsky

et al., 2004). Remarkably, ER stress appears to be transmissible

from cancer cells to cells of the immune system. When cultured

in media conditioned by murine cancer cells experiencing ER

stress, macrophages show activation of the UPR in a TLR-

dependent manner (Mahadevan et al., 2011). It is plausible that

this acquired UPR of macrophages might cause the release

of proinflammatory mediators and thus contribute to tumor

inflammation.

Cell surface expression of damage-associated molecular

patterns (DAMPs) offers novel targeting strategies for immuno-

genic killing of cancer cells. ER-stress-mediated cell surface

presentation of calreticulin has emerged as a DAMP of potential

importance in cancer (Garg et al., 2012; Obeid et al., 2007). For

example, it has been proposed as a mechanism for immune

surveillance of hyperploid cancer cells, which display consti-

tutive ER stress (Senovilla et al., 2012). It is interesting that

anthracycline chemotherapeutics efficiently induce calreticulin

translocation to the cell surface, causing tumor immunogenicity,

while knockdown of calreticulin prevents phagocytosis and

Figure 4. Regulation of Protein Synthesis in
Cancer
mTORC1 stimulates protein translation at multiple
levels. Release of eukaryotic initiation factor 4E
(eIF4E) from its inhibitory binding partner 4E-BP is
promoted by 4E-BP phosphorylation by mTORC1,
while phosphorylation of S6K leads to activation
of eIF4A and eIF4B. Tsc1/2 complex inhibits
mTORC1 in response to cues from the tumor
microenvironments, while mitogenic factors inhibit
Tsc1/2 via PI3-kinase/Akt and Ras/Erk pathways
to promoting protein synthesis and growth (re-
viewed in Mendoza et al., 2011). PERK and IRE1
limit protein synthesis and expand the ER capacity
to match ER protein folding to the rate to protein
synthesis. GADD34-induced recovery of protein
synthesis can have toxic consequences during
chronic stress and so may mediate tumor-sup-
pressive effects. When glucose is limiting, reduced
cytosolic ATP:AMP ratios trigger Tsc1/2 via
AMPK, while hypoxia activates Tsc1/2 via HIF-1
and REDD1. Anoxia (O2 % 0.02%) additionally
activates PERK in a HIF-1 independent manner,
further limiting translation via eIF2a phosphoryla-
tion. Both hypoxia and nutrient deprivation alter
cell metabolism, promoting aerobic glycolysis,
lactate utilization, and glutaminolysis (reviewed in
Dang, 2012).

antigen presentation by dendritic cells

(Obeid et al., 2007). In contrast, agents

such as cisplatin that do not cause reloc-

alization of calreticulin fail to elicit an

anticancer immune response. This thera-

peutic limitation can be rectified by the

coadministration of ER-stress-inducing

agents (Martins et al., 2011). The com-

bined insult of ER stress and excess

reactive oxygen species appears to be

required for translocation of calreticulin

in a PERK-dependent process (Garg

et al., 2012; Martins et al., 2011; Panare-

takis et al., 2009). Phosphorylation of

eIF2a is likely to mediate this effect, although one report

suggested this to be nonessential (Garg et al., 2012). Although

calreticulin appears to be a key molecule in this response, the

combination of reactive oxygen species and ER stress also

causes surface exposure of additional DAMPs, the relative

importance of which remains unexplored (Fucikova et al.,

2011; Garg et al., 2012).

Endoplasmic Reticulum Stress as a Therapeutic Target
The homeostatic mechanisms that maintain proteostasis are

now sufficiently well understood to be legitimate targets of novel

anticancer strategies. For example, the HSP90 family of chaper-

ones are required for the proper folding and stability of many

kinases and transcription factors involved in tumor survival,

and HSP90 inhibitors have already entered clinical trials. Many

of the agents developed to target cytosolic HSP90s appear

also to inhibit the ER localized homolog GRP94, but it is currently

unclear which of these two targets is the most important for

cancer cell toxicity. Elevated levels of GRP94 have been

observed in many cancers and have been associated with

568 Cancer Cell 25, May 12, 2014 ª2014 Elsevier Inc.

Cancer Cell

Review



advanced clinical stage (Wang et al., 2005; Zheng et al., 2008).

Reduction of GRP94 levels has been shown to augment the

toxicity of etoposide (Reddy et al., 1999) and actinomycin D

(Pan et al., 2009), while overexpression of GRP94 in breast

cancer promoted cell proliferation and migration (Dejeans

et al., 2012a). Inhibition of GRP94 within the ER lumen was first

achieved with the prototype HSP90 inhibitor geldanamycin.

This agent and many of its derivatives have been shown to

induce ER stress and cell death (Marcu et al., 2002). Recently,

agents displaying selectivity for GRP94 were developed but ap-

peared to be less toxic than nonspecific inhibitors of HSP90

(Duerfeldt et al., 2012); however, drug combinations that

maximize ER stress and proteotoxicity may prove to be more

effective. When combined with rapamycin, the HSP90 inhibitor

retaspimycin, or IPI-504, caused catastrophic ER stress and

the regression of aggressive ras-driven tumors (De Raedt

et al., 2011). Since inhibition of HSP90 induces a robust heat

shock response through effects on cytosolic protein folding,

cytoprotective induction of cytosolic HSP70-class chaperones

is characteristically seen. Consequently, cells depleted of both

HSC70 and HSP72 show enhanced toxicity during inhibition of

HSP90 (Powers et al., 2008), offering further opportunities for

synergistic drug combinations.

Prolonged inhibition of HSP90 may also disable the cell’s

ability to mount a cytoprotective UPR, since PERK and IRE1

are stabilized by this chaperone (Marcu et al., 2002). These ER

stress sensors have been targets of a number of successful

small molecule inhibitor screening programs. The specific

PERK inhibitor GSK2656157 reduces cancer growth in vivo,

most likely via impaired angiogenesis and amino acid meta-

bolism (Atkins et al., 2013), while the inhibitors of IRE1, MKC-

3946 and STF-083010, both show antimyeloma activity in animal

models (Mimura et al., 2012; Papandreou et al., 2011). While it

has been noted that oncolytic viral therapy induces a prosurvival

UPR, the cytoprotective effects of this are diminished by inhibi-

tion of IRE1, leading to increased oncolytic efficacy (Mahoney

et al., 2011). This represents one of many potential utilities of

such compounds in combination therapies. It should be noted,

however, that agents that antagonize the UPR, such as PERK

inhibitors, are likely to cause some systemic toxicity, since con-

ditional ablation of PERK in the adult murine pancreas causes

diabetes through ER stress-induced b-cell death (Gao

et al., 2012). In addition, administration of the PERK inhibitor

GSK2656157 to mice for 2 weeks caused combined degenera-

tion of the endocrine and exocrine components of the pancreas

(Atkins et al., 2013). Following this brief treatment, the effects

appeared to be reversible on withdrawal of the drug, but longer

term effects have yet to be determined.

The proteasome inhibitor bortezomib can induce cell death in

Burkitt lymphoma (Shirley et al., 2011) and multiple myeloma

(Meister et al., 2007), at least in part via ER stress. It is likely

the highly secretory nature of myeloma cells that renders them

especially vulnerable to agents that promote ER stress, and

in vitro studies have shown that inhibition of the proteasome

synergizes with other therapies that increase the load of ER

misfolded proteins, such as photodynamic therapy (Szokalska

et al., 2009). In addition, bortezomib has been shown to kill

hypoxic tumor cells, preferentially through overactivation of the

UPR, since hypoxia is a cause of protein misfolding (Fels et al.,

2008). The relative selectivity of bortezomib for a subset of

cancer cells reflects the dependence of professional secretory

cells on their ability to degrade proteins that have terminally

misfolded within the ER; the process of ER-associated degrada-

tion (ERAD). In addition to direct inhibition of the proteasome,

ERAD can be blocked by other means. Eeyarestatin I inhibits

the p97-Ufd1-Npl4 complex that mediates dislocation of polyu-

biquitinated substrates out of the ER into the cytosol and also

impairs their deubiquitination (Wang et al., 2008). This agent

synergizes with bortezomib in tumor cell killing by inducing the

proapoptotic protein NOXA in an ISR-dependent manner

(Wang et al., 2009). Similar synergy has been observed with

the combination of bortezomib and another p97 inhibitor,

DBeQ (Auner et al., 2013).

While the introduction of bortezomib has led to an increased

rate of remission in myeloma patients, acquired drug resistance

has limited its use in the clinic. Cells cultured in the presence of

proteasome inhibitors have been shown to acquire mutations of

the bortezomib binding site on proteasome subunit PSMB5 or to

overexpress this subunit, although such mutations are rarely

observed in the clinical setting (Balsas et al., 2012; Oerlemans

et al., 2008). An alternative mechanism involves increased basal

expression levels of BiP that allows cells to withstand the accu-

mulation of more misfolded proteins without activation of a cyto-

toxic UPR (Schewe and Aguirre-Ghiso, 2009). More recently, a

subpopulation of bortezomib-refractory B-cell progenitors has

been identified in which IRE1-XBP1s signaling is suppressed

(Leung-Hagesteijn et al., 2013). It has been known for some

time that XBP1s is necessary for the differentiation of B lympho-

cytes into plasma cells by enabling a dramatic expansion of the

ER (Carrasco et al., 2007). Continued signaling by the IRE1-

XBP1s axis was thought necessary to maintain healthy plasma

cells, but a recent screen identified IRE1 loss of function as pro-

moting bortezomib resistance in myeloma (Leung-Hagesteijn

et al., 2013). Despite previous evidence that inhibition of IRE1

is toxic to myeloma (Mimura et al., 2012; Papandreou et al.,

2011), knockdown of either IRE1 or XBP1 was surprisingly well

tolerated by myeloma-derived cell lines and induced resistance

to inhibition of the proteasome, while overexpression of XBP1s

restored sensitivity (Leung-Hagesteijn et al., 2013). Moreover,

XBP1 target genes were depressed in clinical samples from pro-

gressive myeloma. The protective effect of depleting myeloma

cells of XBP1s correlated with a partial reversal of plasma cell

differentiation, both morphologically and functionally, with a

reduced capacity to secrete immunoglobin light chains. More-

over, XBP1s-deficient myeloma progenitors could be isolated

from the bone marrow of patients with progressive disease,

and it was suggested that these represent a pool of cells intrinsi-

cally resistant to proteasome inhibition owing to their arrested

development. This may explain the inability of proteasome

inhibition to induce an outright cure in myeloma and the appear-

ance of resistance following initial remission. It is encouraging,

however, that bortezomib resistance can be overcome inmodels

of disease by potentiating the degree of ER stress with coadmin-

istration of an HSP90 inhibitor (Roué et al., 2011). The suppres-

sion of the UPR in some bortezomib-resistant cells is thought

to be facilitated by reduced phosphorylation of eIF2a. Accord-

ingly, promotion of phosph-eIF2a levels with the agent salubrinal

was shown to enhance bortezomib-induced cell killing (Schewe
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and Aguirre-Ghiso, 2009). Conversely, it has also been sug-

gested that enhanced induction of ATF4 may have undesirable

effects in the treatment of myeloma. Inhibition of the proteasome

is associated with accumulation of the antiapoptotic protein

Mcl-1, which can confer resistance to bortezomib (Hu et al.,

2012). This accumulation does not reflect stabilization of the

protein; instead, Mcl-1 appears to be induced by ATF4. Newer,

more selective inhibitors of eIF2a phosphatases are under devel-

opment and should help to clarify which effect, cytotoxicity or

antiapoptotic, is dominant.

Concluding Remarks
Current understanding of the cellular responses to ER stress has

made this a valid target for the development of rational therapies,

but the role of the UPR in modulating many aspects of tumor

behavior from cell proliferation and death to angiogenesis and in-

vasion is becoming clearer (Figure 5). It is perhaps not surprising

that the cellular response to ER stress is neither fully oncogenic

nor completely tumor suppressive. For example, antioxidant

pathways induced downstream of ATF4 appear to promote

tumor survival and may largely account for the requirement for

PERK in models of solid tumors; while induction of GADD34

may be toxic to cancers experiencing chronic ER stress. Such

insights will contribute to better targeting of therapies while

also informing our appreciation of the cell biology of physiolog-

ical ER stress. Remarkably, the precise mechanisms of cell

death during ER stress remain unclear, and so better under-

standing will be required if death pathways are to be invoked

with selectivity to ER-stressed cancer cells. It is likely that the

relative importance of these death pathways will depend both

on the cancer type and on the tumor microenvironment, which

will offer further possibilities for personalization of treatment.

Finally, it is important to bear in mind the heterogeneity of

cancer as a disease, or rather as a group of diseases. The evo-

lution of an individual tumor over time frequently leads to loss

of differentiation and increased propensities for invasion and

metastasis, which will affect secretory capacity and reliance on

the UPR. Also, there is heterogeneity between subtypes of

cancer originating from a single tissue type such the breast,

which include basal-like, luminal-like, normal breast-like, and

HER2 positive. Given that subtype-dependent differences will

lead to differences in metabolic characteristics, it is to be

Figure 5. The UPR in Cancer
Activation of the UPR in malignancy results in complex signaling that is neither fully oncogenic nor tumor suppressive. The relative importance of each down-
stream pathway varies between cells depending on the chronicity of ER stress and on the relative expression of key factors; for example, GADD34. High rates of
protein synthesis during ER stress lead to cell death through the accumulation of misfolded protein, which would reduce tumormass. Loss of GADD34may serve
to antagonize this, leaving PERK unhindered in the attenuation of protein synthesis. Generation of ROS during ER stress, while potentially toxic, may help limit
tumor growth to match nutrient supply by initiating DNA damage checkpoints. Excess toxicity from ROS is limited by ATF4-mediated induction of antioxidant
pathways. Nutrient limitation within tumors is antagonized by autophagy and angiogenesis, which are induced by the PERK and IRE1 arms of the UPR. Reduced
expression of extracellular matrix molecules, such as BM-40, may limit migration and invasion.
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expected that the importance of ER protein homeostasis for

each subtype will vary accordingly. This has already been

demonstrated in the context of cytosolic protein folding. HER2

is a client protein of Hsp90, and so HER2-positive tumors are

especially sensitive to inhibition of HSP90 (Rodrigues et al.,

2012). The highly secretory natures of the rare mucinous and

secretory breast cancers make them likely candidates for UPR

dependence.

A number of areas require further study. Clearly, there is a

need for a more sophisticated appreciation of the oncogenic

and tumor-suppressive features of the UPR. This is well illus-

trated by the antagonism of IRE1 that, while attenuating

tumor growth through impaired angiogenesis, might promote

tumor invasion. It is unclear what role the mutational burden

of a tumor cell plays in the induction of ER stress. Are specific

mutations more likely to cause ER stress? A better understand-

ing of how the UPR influences chemo- and radiosensitivity may

also direct more effective interventions.
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Düvel, K., Yecies, J.L., Menon, S., Raman, P., Lipovsky, A.I., Souza, A.L.,
Triantafellow, E., Ma, Q., Gorski, R., Cleaver, S., et al. (2010). Activation of a
metabolic gene regulatory network downstream of mTOR complex 1. Mol.
Cell 39, 171–183.

Fels, D.R., Ye, J., Segan, A.T., Kridel, S.J., Spiotto, M., Olson, M., Koong, A.C.,
and Koumenis, C. (2008). Preferential cytotoxicity of bortezomib toward
hypoxic tumor cells via overactivation of endoplasmic reticulum stress
pathways. Cancer Res. 68, 9323–9330.

Fucikova, J., Kralikova, P., Fialova, A., Brtnicky, T., Rob, L., Bartunkova, J.,
and Spı́sek, R. (2011). Human tumor cells killed by anthracyclines induce
a tumor-specific immune response. Cancer Res. 71, 4821–4833.

Gao, Y., Sartori, D.J., Li, C., Yu, Q.C., Kushner, J.A., Simon, M.C., and Diehl,
J.A. (2012). PERK is required in the adult pancreas and is essential for mainte-
nance of glucose homeostasis. Mol. Cell. Biol. 32, 5129–5139.

Garg, A.D., Krysko, D.V., Verfaillie, T., Kaczmarek, A., Ferreira, G.B., Marysael,
T., Rubio, N., Firczuk, M., Mathieu, C., Roebroek, A.J., et al. (2012). A novel
pathway combining calreticulin exposure and ATP secretion in immunogenic
cancer cell death. EMBO J. 31, 1062–1079.

Han, J., Back, S.H., Hur, J., Lin, Y.H., Gildersleeve, R., Shan, J., Yuan, C.L.,
Krokowski, D., Wang, S., Hatzoglou, M., et al. (2013). ER-stress-induced tran-
scriptional regulation increases protein synthesis leading to cell death. Nat.
Cell Biol. 15, 481–490.

Hanahan, D., and Weinberg, R.A. (2011). Hallmarks of cancer: the next
generation. Cell 144, 646–674.

Harding, H.P., Zhang, Y., Zeng, H., Novoa, I., Lu, P.D., Calfon, M., Sadri, N.,
Yun, C., Popko, B., Paules, R., et al. (2003). An integrated stress response
regulates amino acid metabolism and resistance to oxidative stress. Mol.
Cell 11, 619–633.

Hart, L.S., Cunningham, J.T., Datta, T., Dey, S., Tameire, F., Lehman, S.L., Qiu,
B., Zhang, H., Cerniglia, G., Bi, M., et al. (2012). ER stress-mediated autophagy
promotes Myc-dependent transformation and tumor growth. J. Clin. Invest.
122, 4621–4634.

Hu, J., Dang, N., Menu, E., De Bryune, E., Xu, D., Van Camp, B., Van Valcken-
borgh, E., and Vanderkerken, K. (2012). Activation of ATF4mediates unwanted
Mcl-1 accumulation by proteasome inhibition. Blood 119, 826–837.

Huber, A.L., Lebeau, J., Guillaumot, P., Pétrilli, V., Malek, M., Chilloux, J.,
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SUMMARY

The role of TGF-b-induced epithelial-mesenchymal transition (EMT) in cancer cell dissemination is well
established, but the involvement of lncRNAs in TGF-b signaling is still unknown. In this study, we observed
that the lncRNA-activated by TGF-b (lncRNA-ATB) was upregulated in hepatocellular carcinoma (HCC)
metastases and associated with poor prognosis. lncRNA-ATB upregulated ZEB1 and ZEB2 by competitively
binding the miR-200 family and then induced EMT and invasion. In addition, lncRNA-ATB promoted organ
colonization of disseminated tumor cells by binding IL-11 mRNA, autocrine induction of IL-11, and triggering
STAT3 signaling. Globally, lncRNA-ATB promotes the invasion-metastasis cascade. Thus, these findings
suggest that lncRNA-ATB, a mediator of TGF-b signaling, could predispose HCC patients to metastases
and may serve as a potential target for antimetastatic therapies.

INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most common

and aggressive human malignancies in the world (Jemal et al.,

2011). The poor prognosis and high recurrence rate of HCC is

largely due to the high rate of intrahepatic and extrahepatic

metastases (Budhu et al., 2006). This emphasizes the urgency

of identifying these patients in advance and establishing new

therapeutic targets for successful intervention. Metastasis is a

complex process, and many cell-intrinsic identities and extrinsic

microenvironment factors influence the metastatic potential

of HCC cells (Fidler, 2003). However, the underlying molecular

mechanisms that mediate the metastatic cascade remain

largely unclear. Enhancing our understanding of the molecular

mechanisms may promote the development of effective metas-

tasis-targeted therapy and improve the overall prognosis of

patients with HCC.

The multifunctional cytokine transforming growth factor b

(TGF-b) orchestrates an intricate signaling network to modulate

tumorigenesis and progression (Majumdar et al., 2012; Mas-

sagué, 2008). TGF-b exerts its tumor-suppressive role by

inducing cell-cycle arrest and apoptosis (Pardali andMoustakas,

2007). Nevertheless, TGF-b also promotes tumor progression

through enhancing proliferation, migration, and invasion, in part

by its ability to induce epithelial-mesenchymal transition (EMT)

(Akhurst and Hata, 2012). EMT has been shown to be of critical

importance in the early events of tumor cell metastatic dissemi-

nation by endowing cells with a more motile, invasive potential

(Thiery et al., 2009). However, the involvement of EMT and its

reverse process, mesenchymal-epithelial transition (MET) in the

late events of tumor cell metastasis, such as distant colonization,

are still hotly debated (Ocaña et al., 2012; Tsai et al., 2012). The

multiple and often contradictory functions of TGF-b necessitate

both a better understanding of the special downstream effectors

Significance

Metastases account for the vast majority of cancer-associated deaths and TGF-b-induced EMT has been associated with
tumor invasion. However, the tumor-suppressive role of TGF-b hinders the application of anti-TGF-b cancer treatments. The
involvement of EMT inmetastatic colonization is still hotly debated.We found that lncRNA activated by TGF-b (lncRNA-ATB)
can mimic the prometastatic role of TGF-b. lncRNA-ATB induced EMT and tumor cell invasion and promoted the coloniza-
tion of disseminated tumor cells. High expression of lncRNA-ATB is a robust predictor of poor survival. Therefore, lncRNA-
ATBmay serve as a target for therapeutic intervention against cancer metastases early in the metastatic process and when
patients present with circulating tumor cells.
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of TGF-b and a search for specific inhibitors of the different TGF-

b-dependent pathways for HCC treatment.

Long noncoding RNAs (lncRNAs) are a class of transcripts

longer than 200 nucleotides with limited protein coding potential.

Recently, many studies have shown that lncRNAs are frequently

deregulated in various diseases and have multiple functions in

a wide range of biological processes, such as proliferation,

apoptosis, or cell migration (Mercer et al., 2009; Ponting et al.,

2009). Although several lncRNAs have been reported to modu-

late tumor metastases (Gupta et al., 2010; Prensner et al.,

2013), the specific roles of lncRNAs in mediating the prometa-

static role of TGF-b and regulating EMT are not well studied. In

this study, we report the identification of lncRNA-AL589182.3

(ENST00000493038), which we have named lncRNA-activated

by TGF-b (lncRNA-ATB), and focus on the role of lncRNA-

ATB in TGF-b signaling and in the invasion-metastasis cascade

of HCC.

RESULTS

lncRNA-ATB Is Upregulated by TGF-b and Is Physically
Associated with the miR-200 Family
To identify lncRNAs that are regulated by TGF-b and mediated

the role of TGF-b in inducing EMT, we treated SMMC-7721 hep-

atoma cells continuously with TGF-b for 21 days, which caused

SMMC-7721 cells to undergo EMT, as indicated by a spindle-

shaped appearance (Figure S1A available online), decreased

expression of the epithelial marker CDH1, and increased expres-

sion of the mesenchymal markers and transcription factors

CDH2, VIM, ZEB1, SNAI1, and TWIST1 (Figure S1B). We then

used microarray analysis to compare lncRNA expression levels

between TGF-b treated and untreated cells, and found 676

upregulated and 297 downregulated lncRNAs in the treated cells

(Table S1). Microarray results also indicated that TGF-b treat-

ment led to EMT gene expression signature (Figure S1C; Huang

et al., 2012) and gene set enrichment analysis (GSEA; Subrama-

nian et al., 2005) indicated that four published TGF-b response

signatures (Calon et al., 2012; Kang et al., 2003; Padua et al.,

2008) were significantly enriched in the treated cells (Figure S1D),

which further confirmed that the microarray results were trust-

able and TGF-b treatment for 21 days indeed induced EMT.

Recently, many RNA transcripts have been reported to func-

tion as competing endogenous RNAs (ceRNA) by competitively

binding common microRNAs (Cesana et al., 2011; Salmena

et al., 2011; Tay et al., 2011). The miR-200 family, including

miR-200a, miR-200b, miR-200c, miR-141, and miR-429, has

been reported to repress EMT and tumor invasion by targeting

the 30UTRs of ZEB1 and ZEB2 (Burk et al., 2008; Gregory

et al., 2008). Among the deregulated lncRNAs, we predicted 76

miR-200s targeting sites on 46 lncRNAs (Table S2) using the Tar-

getScan prediction algorithm (Lewis et al., 2005; http://www.

targetscan.org/). Interestingly, one of the upregulated lncRNAs,

lncRNA-ATB, which has a relatively large fold change, has three

predicted miR-200s targeting sites in a relatively short span (Fig-

ures 1A and 1B), indicating a strong possibility as a ceRNA (Tay

et al., 2011).

To confirm the microarray result, we treated SMMC-7721 and

the normal liver cell line QSG-7701 with TGF-b and measured

the expression of lncRNA-ATB at various time points. TGF-b

induced a robust increase of lncRNA-ATB in both cells, not

only in the long-term treatment, but also in short-term treatment

(Figures 1C–1F). In breast cancer cell line MCF7 and colorectal

cancer cell line SW480, TGF-b also upregulated lncRNA-ATB

(Figures S1E and S1F).

Thesequenceof full-length lncRNA-ATB ispresented inFigures

S1G and S1H. Northern blot analysis of lncRNA-ATB confirmed

the expected size (Figure 1G). Using a BLAST search of the

sequence of lncRNA-ATB against the human genome, we found

another three highly homologous lncRNA-ATB loci on chromo-

somes 13, 14, and 22, suggesting theremay be an lncRNA family,

which includes lncRNA-ATB. lncRNA-ATB was poly (A)-negative

and mainly located in the cytoplasm (Figures S1I and S1J).

Analysis of thesequencesbyORFFinder from theNationalCenter

for Biotechnology Information failed to predict a protein of

more than 55 amino acids (Figure S1K). Moreover, lncRNA-ATB

does not contain a valid Kozak sequence. In addition, we used

txCdsPredict fromUCSCandPhyloCSF (Lin et al., 2011) to calcu-

late its coding potential. The txCdsPredict score of lncRNA-ATB

is 309.5 and the codon substitution frequency score is lower

than "500 (Figure S1L), which further supports that lncRNA-

ATBhasnoprotein-codingpotential. Ananalysiswithquantitative

(q)RT-PCR revealed a significantly higher expression of lncRNA-

ATB in HCC cells than in normal liver cells, especially in highly

metastatic cells (Figures S1M and S1N).

To validate the direct binding between miR-200s and lncRNA-

ATBat endogenous levels,weperformedanRNA immunoprecip-

itation (RIP) to pull down endogenous microRNAs associated

with lncRNA-ATB and demonstrated via qPCR analysis that the

lncRNA-ATB RIP in SMMC-7721 cells was significantly enriched

for miR-200s compared to the empty vector (MS2), IgG, non-

targeting microRNA (miR-122), lncRNA-ATB with mutations

in miR-200s targeting sites (henceforth named ATB-mut(miR-

200)), and another lncRNA-ENST00000508851 (RP11-893F2.9;

henceforth named lncRNA-508851), which is also induced by

TGF-b, but does not have a predicated miR-200s targeting

site (Figure 1H; Figure S1O). The specific association between

miR-200s and lncRNA-ATB was further validated by affinity

pull-down of endogenous miR-200s using in vitro transcribed

biotin-labeled lncRNA-ATB (Figure 1I). For further confirmation,

we constructed luciferase reporters containing the 30 500nt of
lncRNA-ATB, which contains wild-type (WT) or mutated miR-

200s binding sites. We found that overexpression of miR-200s

reduced the luciferase activities of the WT reporter vector but

not empty vector or mutant reporter vector (Figure 1J). However,

we found no significant difference in lncRNA-ATB levels after

overexpression of miR-200s (Figure S1P). The microRNAs are

known to bind their targets and cause translational repression

and/or RNA degradation in an AGO2-dependent manner. To

determine whether lncRNA-ATB was regulated by miR-200s

in such a manner, we conducted anti-AGO2 RIP in SMMC-

7721 cells transiently overexpressing miR-200s. Endogenous

lncRNA-ATB pull-down by AGO2 was specifically enriched in

miR-200s-transfected cells (Figure 1K), supporting that miR-

200s are bona fide lncRNA-ATB-targeting microRNAs. These

data demonstrated that miR-200s bound to lncRNA-ATB but

did not induce the degradation of lncRNA-ATB. Ectopically

expressed lncRNA-ATB WT, but not the mutant or lncRNA-

508851, reduced the levels of miR-200s (Figure S1Q). To function
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asa ceRNA, theabundance of lncRNA-ATBandmiR-200s should

be comparable. We therefore used quantitative real-time PCR to

quantify the exact copy numbers of lncRNA-ATB and miR-200s

per cell in TGF-b treated and untreated SMMC-7721 cells. We

formulated standard curves with limit dilution approaches using

lncRNA-ATB expressing vector pcDNA3.1-ATB and reverse-

transcribed miR-200s cDNA as standard templates, and then

the exact copy numbers of lncRNA-ATB and miR-200s per cell

were calculated according to cell counts and molecular weights.

As a result, we found that in the untreated cells, the expression

level of lncRNA-ATB was approximately 100 copies per cell,

and mature miR-200s levels were approximately 200 copies per

cell. TGF-b treatment induced upregulation of lncRNA-ATB and

downregulation of miR-200s (Figure S1R). This result implied

that lncRNA-ATB may be able to function as a ceRNA for miR-

200s. All these data demonstrated that lncRNA-ATB physically

associatedwith themiR-200 family andmay function as a ceRNA.

lncRNA-ATB Upregulates ZEB1 and ZEB2 Levels
Because lncRNA-ATB shares regulatory miR-200s with ZEB1

and ZEB2, we wondered whether lncRNA-ATB could modulate

ZEB1 and ZEB2 and then EMT and invasion of HCC cells. We

stably overexpressed lncRNA-ATB WT, lncRNA-ATB-mut(miR-

200), and lncRNA-508851 in SMMC-7721 cells (Figure 2A; Fig-

ure S2A). The overexpression level of mutant clone is similar to

that of WT overexpression clone 1, which is also comparable

to that in highly metastatic HCCLM6 cells. For the rescue exper-

iment, we stably overexpressed miR-200a in lncRNA-ATB

overexpression clone 1 (Figure S2B). Overexpression of

lncRNA-ATB WT, but not the mutant or lncRNA-508851,

increased ZEB1 and ZEB2 transcript and protein levels in a

dose-dependent manner. Ectopic expression of miR-200a abro-

gated this increase (Figures 2B and 2C). In QSG-7701 cells, sta-

ble overexpression of lncRNA-ATB also upregulated ZEB1 and

ZEB2 (Figures 2D–2F). Additionally, HCCLM6 cells with stably

downregulated lncRNA-ATB or lncRNA-508851 were also con-

structed, which do not have any effect on other family members

of lncRNA-ATB (Figure 2G; Figures S2C andS2D). For the rescue

experiment, we inhibited miR-200a in lncRNA-ATB downregu-

lated HCCLM6 clone 1 (Figure S2E). The depletion of lncRNA-

ATB, but not lncRNA-508851, decreased ZEB1 and ZEB2 in a

dose-dependent manner. Inhibition of miR-200a overcame the

decrease of ZEB1 and ZEB2 (Figures 2H and 2I).

To ascertain whether this observed effect depends on regula-

tion of the ZEB1 and ZEB2 30UTR, we constructed luciferase

reporters containing either the ZEB1 or ZEB2 30UTR (pmirGLO-

ZEB1 or pmirGLO-ZEB2). Luciferase plasmid (pmirGLO-ZEB1,

pmirGLO-ZEB2, or the control reporter [pmirGLO]) was trans-

fected into the different SMMC-7721 and HCCLM6 cell clones.

Overexpression of lncRNA-ATB, but not the mutant or lncRNA-

508851, increased the luciferase activity of pmirGLO-ZEB1 and

pmirGLO-ZEB2 inadose-dependentmanner.Ectopic expression

of miR-200a abolished this upregulation (Figure 2J). Reciprocally,

the depletion of lncRNA-ATB, but not lncRNA-508851, decreased

the luciferase activity of pmirGLO-ZEB1 and pmirGLO-ZEB2,

which were rescued by inhibition of miR-200a (Figure 2K).

Because lncRNA-ATB could upregulate ZEB1 and ZEB2,

we next examined whether lncRNA-ATB is coexpressed with

ZEB1 and ZEB2 in human HCC samples. We measured the

expression levels of lncRNA-ATB, ZEB1, and ZEB2 in 86 human

HCC tissues. As shown in Figures 2L and 2M, lncRNA-ATB

transcript level was significantly correlated with ZEB1 or ZEB2

mRNA level. All these results suggest an important role of

lncRNA-ATB in modulating ZEB1 and ZEB2 by competitively

binding miR-200s.

lncRNA-ATB Induces EMT and Cell Invasion In Vitro
To investigate whether lncRNA-ATB regulates EMT through

modulating ZEB1 and ZEB2, we first examined the effect of

lncRNA-ATB on cell phenotypes. Overexpression of lncRNA-

ATBWT, but not the mutant or lncRNA-508851, induced mesen-

chymal-like morphological feature in SMMC-7721 cells. Ectopic

expression of miR-200a caused lncRNA-ATB overexpressed

cells to revert to an epithelial phenotype (Figure 3A). Analysis of

theepithelialmarkers E-cadherin andZO-1and themesenchymal

markers N-cadherin and vimentin revealed that overexpression

of lncRNA-ATB, but not the mutant or lncRNA-508851, reduced

E-cadherin and ZO-1 and increased N-cadherin and vimentin.

Consistently, ectopic expression of miR-200a abolished the

effects (Figures3Band3C). Immunofluorescencestainingalso re-

vealed that overexpression of lncRNA-ATB, but not themutant or

lncRNA-508851, induced lossof E-cadherin andZO-1expression

from the cell membrane, and increased N-cadherin and vimentin,

which was also abolished by overexpression of miR-200a (Fig-

ure 3D). Conversely, the depletion of lncRNA-ATB, but not

lncRNA-508851, induced an epithelial phenotype, upregulated

E-cadherin and ZO-1, as well as downregulated N-cadherin and

vimentin in HCCLM6 cells, which were also abrogated by

inhibition of miR-200a (Figures 3E–3G). Moreover, depletion of

lncRNA-ATB attenuated TGF-b-induced EMT in SMMC-7721

cells (Figure S3A; Figures 3H and 3I). Overexpression of

lncRNA-ATB also induced EMT in QSG-7701 cells and MCF7

cells (Figures S3B–S3H). To further support this conclusion, we

construct stable SMMC-7721 cell clone that overexpressed

Figure 1. lncRNA-ATB Is Upregulated by TGF-b and Interacts with miR-200s

(A) Schematic outlining the predicted binding sites of miR-200s on lncRNA-ATB.

(B) The prediction for miR-200s binding sites on lncRNA-ATB transcript. The red nucleotides are the seed sequences of microRNAs.

(C–F) Relative expression of lncRNA-ATB in SMMC-7721 cells or QSG-7701 cells treated with TGF-b1 for the indicated time was measured by qRT-PCR.

(G) Northern blot analysis of lncRNA-ATB in HCC cells.

(H) MS2-RIP followed by microRNA qRT-PCR to detect microRNAs endogenously associated with lncRNA-ATB.

(I) SMMC-7721 cell lysates were incubated with biotin-labeled lncRNA-ATB; after pull-down, microRNAs was extracted and assessed by qRT-PCR.

(J) Luciferase activity in SMMC-7721 cells cotransfected with miR-200s and luciferase reporters containing nothing, lncRNA-ATB or mutant transcript. Data are

presented as the relative ratio of firefly luciferase activity to renilla luciferase activity.

(K) Anti-AGO2 RIP was performed in SMMC-7721 cells transiently overexpressing miR-200s, followed by qRT-PCR to detect lncRNA-ATB or lncRNA-508851

associated with AGO2.

Data are shown as mean ± SD; n = 3. *p < 0.05, **p < 0.01, ***p < 0.001 (Student’s t test). See also Figure S1 and Tables S1 and S2.
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Figure 2. Regulation of ZEB1 and ZEB2 by lncRNA-ATB

(A) The expression of lncRNA-ATB in stable SMMC-7721 cell clones.

(B and C) The mRNA (B) or protein (C) levels of ZEB1 and ZEB2 in stable SMMC-7721 cell clones.

(D) The expression of lncRNA-ATB in stable QSG-7701 cell clones.

(E and F) The mRNA (E) or protein (F) levels of ZEB1 and ZEB2 in stable QSG-7701 cell clones.

(G) The expression of lncRNA-ATB in stable HCCLM6 cell clones.

(H and I) The mRNA (H) or protein (I) levels of ZEB1 and ZEB2 in stable HCCLM6 cell clones.

(legend continued on next page)
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miR-200a with a similar overexpression level to the lncRNA-ATB

andmiR-200a simultaneously overexpressedclone1 (FigureS3I).

Our results indicate that overexpression of lncRNA-ATB rescued

the downregulation of ZEB1 and ZEB2 and the inhibition of EMT

caused by ectopic expression of miR-200a (Figures S3J and

S3K). Taken together, these data suggest a functional role for

lncRNA-ATB in inducing EMT. This inducing effect depends on

the competitive binding of miR-200s.

Consistent with the different expression of lncRNA-ATB in the

four HCC cells in Figure S1M, the expression of ZEB1, ZEB2,

N-cadherin, and vimentin were higher and the expression of

E-cadherin and ZO-1 were lower in lncRNA-ATB high expression

cells (Figure S3L), indicating the expression of lncRNA-ATB was

correlated with ZEB1, ZEB2, and EMT features.

To evaluate whether lncRNA-ATB overexpression induced

global EMT-related changes, we performed gene expression mi-

croarray analysis on lncRNA-ATB overexpressed SMMC-7721

cells. GSEA indicated that three published EMT gene signatures

(Alonso et al., 2007; Gotzmann et al., 2006; Huang et al., 2012)

were significantly enriched in lncRNA-ATB overexpressed cells

(Figure 3J), strongly suggesting that lncRNA-ATB overexpres-

sion induces a pervasive and sustained EMT signaling program.

To ascertain the pathological correlation between lncRNA-

ATB and EMT in human HCC samples, we measured E-cadherin

mRNA level in the same set of 86 HCC tissues shown in Figure 2L

and found that lncRNA-ATB transcript level was inversely corre-

lated with E-cadherin mRNA level (Figure 3K), consistent with a

role of lncRNA-ATB in EMT.

To directly test whether lncRNA-ATB could promote inva-

sive behavior by promoting EMT-like morphological changes,

we determined the invasion ability of different SMMC-7721 and

HCCLM6 cell clones using Matrigel-coated transwell experi-

ments. We observed that overexpression of lncRNA-ATB, but

not the mutant or lncRNA-508851, significantly increased the in-

vasion potential of SMMC-7721 cells, and this invasion potential

was completely abolished when miR-200a was overexpressed

(Figure 3L). We also found that depletion of lncRNA-ATB, but

not lncRNA-508851, reduced the invasion potential of HCCLM6

cells, whichwas abrogated by inhibition ofmiR-200a (Figure 3M).

Altogether, these results show that lncRNA-ATB induces EMT

and promotes a more invasive phenotype by competitively bind-

ing miR-200s.

Aberrant Expression of lncRNA-ATB in Human HCC
Tissues
To further define the role of lncRNA-ATB in human HCC, we

measured lncRNA-ATB expression level in the same set of

HCC tissues shown in Figure 2L and in their pair-matched

noncancerous hepatic tissues. The lncRNA-ATB transcript level

was higher in the HCC tissues than in the paired adjacent

noncancerous hepatic tissues (Figure 4A). We next examined

the relationship between lncRNA-ATB expression levels and

the clinicopathological characteristics of the 86 HCC samples

(Table S3). Correlation regression analysis showed that high

expression of lncRNA-ATB was significantly correlated with liver

cirrhosis (p = 0.006), microvascular invasion (p = 0.000), macro-

vascular invasion (p = 0.000), and encapsulation (p = 0.007). Por-

tal vein tumor thrombus (PVTT) is the main route for intrahepatic

metastasis of HCC cells in human patients. We examined the

expression of lncRNA-ATB in 40 pairs of PVTT and pair-matched

primary tumor tissues. As shown in Figure 4B, the expression

level of lncRNA-ATB was significantly higher in the PVTT tissues

than in the primary tumor tissues. These data support that a high

level of lncRNA-ATB is strongly associated with the metastasis

of HCC cells.

We further examined whether the lncRNA-ATB expression

level was correlated with the outcome of HCC after hepatec-

tomy. Kaplan-Meier analysis in the 86 patients with HCC re-

vealed that high lncRNA-ATB expression level in HCC tissues

significantly correlated with a reduction in recurrence-free sur-

vival (p < 0.001; Figure 4C) and overall survival (p = 0.004; Fig-

ure 4D), consistent with the important roles of lncRNA-ATB in

the pathogenesis of HCC and the prognosis of HCC.

lncRNA-ATB Promotes the Invasion-Metastasis
Cascade of HCC Cells In Vivo
To evaluate the biological functions of lncRNA-ATB in vivo, we

inoculated different clones of SMMC-7721 and HCCLM6 cells

subcutaneously into nude mice. Neither the overexpression

nor the depletion of lncRNA-ATB had a measurable effect on

the growth of tumors and the proportion of proliferating (Ki67+)

cancer cells (Figures S4A and S4B; data not shown). We then

used subcutaneous tumor tissues to establish orthotopic tu-

mor models. In this model system, lncRNA-ATB overexpres-

sion effectively promoted intrahepatic, mesenteric, pulmonic,

and diaphragmatic metastases in SMMC-7721 cells. However,

mutating the miR-200s binding sites or overexpressing miR-

200a only partially abolished the prometastatic role of lncRNA-

ATB (Figure 5A; Figures S4C andS4D).We next included a stable

SMMC-7721 cell clone with inhibition of miR-200a (Figure S4E)

and found that inhibition of miR-200a promoted metastases

of SMMC-7721 cells, but the prometastatic role is weaker than

that of lncRNA-ATB (Figure 5A; Figure S4C). The depletion of

lncRNA-ATB inhibited intrahepatic, mesenteric, and pulmonic

metastases in HCCLM6 cells, which was also partially abolished

by inhibition of miR-200a (Figure 5B). This implies that miR-200s

is most likely not the only functional downstream effector of the

prometastatic role of lncRNA-ATB.

Because metastasis is a complex multistep process that in-

volves the early step of tumor invasion and the late step of met-

astatic colonization in distant organs, we aimed to explore the

influence of lncRNA-ATB and miR-200s on the different stages

of metastasis. We labeled the different clones with green fluores-

cent protein (GFP) and established orthotopic tumor models,

(J and K) Luciferase activity in stable SMMC-7721 cell clones (J) or HCCLM6 cell clones (K) transfected with luciferase reporters containing ZEB1 30UTR, ZEB2
30UTR or nothing. Data are presented as the relative ratio of firefly luciferase activity to renilla luciferase activity. For (A–K), n = 3, mean ± SD. *p < 0.05, **p < 0.01,

***p < 0.001 (Student’s t test).

(L and M) The correlation between lncRNA-ATB transcript level and ZEB1 (L) or ZEB2 (M) mRNA level was measured in 86 HCC tissues. The DCt values

(normalized to 18S rRNA) were subjected to Pearson correlation analysis.

See also Figure S2.
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and 5 weeks later examined circulating tumor cells (CTCs) by

flow cytometry from whole-blood samples. As shown in Fig-

ure 5C and Figure S4F, ectopic expression of lncRNA-ATB

significantly increased the number of CTCs, and the mutation

of the miR-200s binding sites or overexpressing miR-200a

completely abolished the increase. Inhibition of miR-200a also

increased the number of CTCs, which is comparable to that of

overexpression of lncRNA-ATB. Reciprocally, the depletion of

lncRNA-ATB significantly decreased the number of CTCs, which

was abolished by inhibition of miR-200a (Figure 5D). We also

analyzed the levels of human LINE1 DNA, another indicator of

CTCs, by qPCR of genomic DNA from whole-blood samples.

The results were consistent with that of measuring GFP-positive

CTCs (Figures 5E and 5F). These data demonstrated that

lncRNA-ATB promoted intravasation of HCC cells, which was

dependent on the competitive binding of miR-200s.

Consistent with in vitro results, ZEB1, ZEB2, N-cadherin,

and vimentin were upregulated, and E-cadherin and ZO-1 were

reduced in the orthotopic tumor tissues with lncRNA-ATB over-

expression or miR-200a inhibition. In addition, the mutation of

the miR-200s binding sites or overexpression of miR-200a

completely abolished the effects (Figures S4G–S4J). These

data suggest that lncRNA-ATB upregulates ZEB1 and ZEB2, in-

duces EMT, and promotes tumor invasion in vivo, all of which

depend on miR-200s.

To explore the influence of lncRNA-ATB on liver colonization,

we labeled the different clones with firefly luciferase and inocu-

lated cells intrasplenically into nude mice. Overexpression of

lncRNA-ATB resulted in greater livermetastasesburden. Themu-

tation of the miR-200s binding sites or overexpression of miR-

200a, which induced MET in the liver metastases (Figure S4K),

however, did not change this liver metastases-promoting role of

lncRNA-ATB. Inhibition of miR-200a also did not influence liver

metastases (Figures 5G and 5H; Figures S4L and S4M). The

depletion of lncRNA-ATB reduced the liver metastases burden

of HCCLM6 cells, which was also not abolished by inhibition of

miR-200a (Figures 5I and 5J; Figures S4N and S4O). We further

explored the role of lncRNA-ATB in lung colonization by inocu-

lating cells directly into the tail veins of nude mice. We also

observed an increase in the lung metastases burden generated

by lncRNA-ATB-overexpressingSMMC-7721cells. Themutation

of the miR-200s binding sites or overexpression of miR-200a did

not abolish this lung metastases-promoting role of lncRNA-ATB.

InhibitionofmiR-200aalsodidnot influence lungmetastases (Fig-

ures 5K and 5L; Figures S4P and S4Q). Reciprocally, the deple-

tion of lncRNA-ATB significantly reduced the lung metastases

burden of HCCLM6 cells, whichwas also not abolished by inhibi-

tion of miR-200a (Figures 5M and 5N; Figures S4R and S4S).

These results demonstrate that lncRNA-ATB promotes the liver

and lung colonization of HCC cells and that this effect is not

dependent on miR-200s or EMT. This suggests that other genes

or signaling pathways are likely to mediate the procolonization

efficiency of lncRNA-ATB. Consistent with in vitro invasion assay

results, the in vivo results also indicated that HCCLM6 is highly

metastatic compared with SMMC-7721 cells.

Figure 3. The Effects of lncRNA-ATB on EMT and Invasion In Vitro

(A) Phase-contrast micrographs of indicated SMMC-7721 cell clones. Scale bars = 100 mm.

(B and C) The mRNA (B) or protein (C) levels of EMT markers in indicated SMMC-7721 cell clones.

(D) Immunofluorescence microscopy analysis of the localization and expression of EMT markers in indicated SMMC-7721 cell clones. Scale bars = 50 mm.

(E) Phase-contrast micrographs of indicated HCCLM6 cell clones. Scale bars represent 100 mm.

(F and G) The mRNA (F) or protein (G) levels of EMT markers in indicated HCCLM6 cell clones.

(H and I) Phase-contrast micrographs (H) or the protein levels of EMT markers (I) in control and lncRNA-ATB-knockdown SMMC-7721 cells undergoing TGF-

induced EMT. Scale bars represent 100 mm.

(J) GSEA of EMT gene signatures in lncRNA-ATB overexpressed SMMC-7721 cells versus control cells. NES, normalized enrichment score.

(K) The correlation between lncRNA-ATB transcript level and E-cadherin mRNA level was measured in 86 HCC tissues. The DCt values (normalized to 18S rRNA)

were subjected to Pearson correlation analysis.

(L and M) Indicated SMMC-7721 cell clones (L) or HCCLM6 cell clones (M) were added to the top of transwells coated with Matrigel. The number of invasive cells

per field was counted after 48 hr. Data are shown as mean ± SD n = 3. *p < 0.05, **p < 0.01 (Student’s t test). See also Figure S3.

Figure 4. Aberrant Expression of lncRNA-ATB in Clinical Samples

(A) lncRNA-ATB expression in human HCC tissues and paired adjacent

noncancerous hepatic tissues. (B) lncRNA-ATB expression in PVTT tissues

and paired primary HCC tissues. For (A) and (B), the expression level of

lncRNA-ATB was analyzed by qRT-PCR. The horizontal lines in the box plots

represent the medians, the boxes represent the interquartile range, and the

whiskers represent the 2.5th and 97.5th percentiles. The significant differences

between samples were analyzed using the Wilcoxon signed-rank test.

(C and D) Kaplan-Meier analyses of the correlations between lncRNA-ATB

expression level and recurrence-free survival (C) or overall survival (D) of 86

patients with HCC. The median expression level was used as the cutoff.

Patients with lncRNA-ATB expression values below the 50th percentile were

classified as having lower lncRNA-ATB levels. Patients with lncRNA-ATB

expression values above the 50th percentile were classified as having higher

lncRNA-ATB levels.

See also Table S3.
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lncRNA-ATB Interacts with and Increases Stability of IL-
11 mRNA
Wenext sought to explore themechanisms behind the potent ef-

fect of lncRNA-ATB on metastatic colonization. Recently, many

lncRNAs have been reported to interact withmRNA and increase

the stability of mRNA (Faghihi et al., 2008; Yoon et al., 2012). To

identify mRNA species bound by lncRNA-ATB, we performed an

RIP to pull down endogenous mRNAs associated with lncRNA-

ATB (Figure 6A) and sequenced the retrieved RNA. Interleukin-

11 (IL-11) was one of the most enriched transcripts (Figure 6B;

Figure S5A; Table S4), which has been reported to activate

STAT3 signaling and confer a survival advantage to metastatic

cells (Calon et al., 2012). Furthermore, GSEA indicated that

KEGG_JAK_STAT signaling pathway from the Molecular Signa-

tures Database (Liberzon et al., 2011) and published distinct IL-

11/STAT3 upregulated gene signatures (Azare et al., 2007; Dauer

et al., 2005; Putoczki et al., 2013) were significantly enriched in

lncRNA-ATB overexpressed cells, whereas IL-11/STAT3 down-

regulated gene signature was negatively enriched (Figure 6C).

We thus reasoned that lncRNA-ATB may promote metastatic

cell survival through IL-11 mRNA binding, autocrine induction

of IL-11, and activation of IL-11/STAT3 signaling. Promisingly,

we discovered that the liver metastases generated in the intra-

splenically inoculated model displayed higher expression of IL-

11 and more accumulation of p-STAT3 when derived from the

lncRNA-ATB-overexpressing SMMC-7721 cells, and lower

expression of IL-11 and less accumulation of p-STAT3 derived

from lncRNA-ATB-downregulated HCCLM6 cells (Figures S5B

and S5C).

Using BLAST (http://blast.ncbi.nlm.nih.gov/), we identified

six regions of high complementary between lncRNA-ATB and

IL-11 mRNA, but none for b-actin mRNA (Figure 6D). We then

mutated all six binding sites in lncRNA-ATB. To validate thedirect

interaction of lncRNA-ATB with IL-11 mRNA, we performed RIP-

qPCR and the results demonstrated that the lncRNA-ATB RIP

in SMMC-7721 cells is significantly enriched for IL-11 mRNA

compared to the empty vector, IgG, b-actin mRNA, IL-11 binding

sitesmutated lncRNA-ATB (lncRNA-ATB-mut(IL-11)), or lncRNA-

508851, which did not have a complementary region with IL-11

mRNA (Figure 6E). The specific association between lncRNA-

ATB and IL-11 mRNA was further validated by affinity pull-

down of endogenous IL-11 mRNA using in vitro transcribed

biotin-labeled lncRNA-ATB (Figure 6F). These results suggest

that lncRNA-ATB interacts with IL-11 mRNA.

To test whether lncRNA-ATB regulates the stability of IL-11

mRNA, we treated different clones of SMMC-7721 and HCCLM6

cells with a-amanitin to block new RNA synthesis and then

measured the loss of IL-11, b-actin, and 18S rRNA over a 24 hr

period. The overexpression of lncRNA-ATB, but not lncRNA-

ATB-mut(IL-11) or lncRNA-508851, elongated the half-life of

IL-11 mRNA, and conversely, the depletion of lncRNA-ATB

shortened the half-life of IL-11 mRNA (Figure 6G). Collectively,

these data demonstrate that lncRNA-ATB specially increases

the stability of IL-11 mRNA, which depends on the binding of

IL-11 mRNA.

lncRNA-ATB Activates IL-11/STAT3 Signaling
To further validate the effects of lncRNA-ATB on IL-11/STAT3

signaling in vitro, we measured IL-11 mRNA levels in different

clones of SMMC-7721 and HCCLM6 cells and found that the

overexpression of lncRNA-ATB, but not lncRNA-ATB-mut(IL-

11) or lncRNA-508851, significantly increased IL-11mRNA levels

in a dose-dependent manner, and ectopic expression of miR-

200a did not change the effects (Figure 6H). Reciprocally, the

depletion of lncRNA-ATB significantly reduced IL-11 mRNA

levels in a dose-dependent manner, whichwas also not changed

by inhibition of miR-200a (Figure 6I). Consistent with the different

expression of lncRNA-ATB in the four HCC cells in Figure S1M,

the expression of IL-11 was higher in lncRNA-ATB high expres-

sion cells (Figure S5D). We also found that overexpression of

lncRNA-ATB upregulated IL-11 mRNA level in QSG-7701 cells

(Figure S5E). To examine whether lncRNA-ATB increases IL-11

secretion and activates IL-11/STAT3 signaling, we measured

IL-11 levels in the cell supernatants and phosphorylation levels

of STAT3 in different clones. The overexpression of lncRNA-

ATB, but not lncRNA-ATB-mut(IL-11) or lncRNA-508851, leads

to increased IL-11 levels in the cell supernatants and phosphor-

ylation levels of STAT3 in a dose-dependent manner (Figures 6J

and 6K). Reciprocally, the depletion of lncRNA-ATB leads

to reduced IL-11 levels in the cell supernatants and phos-

phorylation levels of STAT3 in a dose-dependent manner

(Figures 6L and 6M). Neither overexpression nor inhibition of

miR-200a changed the effects (Figures 6J–6M). Overexpression

of lncRNA-ATB also upregulated IL-11 levels in the cell

Figure 5. The Roles of lncRNA-ATB in the Invasion-Metastasis Cascade of HCC Cells

(A and B) Incidence of metastases 8 weeks after orthotopic xenografting in nude mice using indicated SMMC-7721 cell clones (A) or HCCLM6 cell clones (B)

(Fisher’s exact test).

(C and D) The number of GFP labeled CTCs was examined by flow cytometry from whole-blood samples 5 weeks after orthotopic xenografting using indicated

SMMC-7721 cell clones (C) or HCCLM6 cell clones (D). PBMC, peripheral blood mononuclear cells.

(E and F) Relative levels of human LINE1 DNA were analyzed by qPCR of genomic DNA from the blood in (C) and (D), normalized to mouse LINE1 DNA. For (C–F),

n = 10, nonparametric Mann-Whitney U test.

(G) Luciferase signal intensities of mice in each group 6 weeks after intrasplenic injection with 23 106 indicated SMMC-7721 cells. The horizontal lines in the box

plots represent the medians, the boxes represent the interquartile range, and the whiskers represent the minimum and maximum values.

(H) Number of liver metastases in mice from (G).

(I) Luciferase signal intensities of mice in each group 6 weeks after intrasplenic injection with 2 3 106 indicated HCCLM6 cells. Data are shown as in (G).

(J) Number of liver metastases in mice from (I).

(K) Luciferase signal intensities of mice in each group 5 weeks after tail vein injection with 1 3 106 indicated SMMC-7721 cells. Data are shown as in (G).

(L) Number of metastatic nodules in the lungs from the mice in (K) (five sections evaluated per lung).

(M) Luciferase signal intensities of mice in each group 5 weeks after tail vein injection with 1 3 106 indicated HCCLM6 cells. Data are shown as in (G).

(N) Number of metastatic nodules in the lungs from the mice in (M) (five sections evaluated per lung). For (G–N), n = 6, nonparametric Mann-Whitney U test.

Bars represent mean ± SD. **p < 0.01, ***p < 0.001. See also Figure S4.
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supernatants and phosphorylation levels of STAT3 in QSG-7701

cells (Figures S5F and S5G). STAT3 downstream target protein

BCL2 was also upregulated by overexpression of lncRNA-

ATB, but not lncRNA-ATB-mut(IL-11) or lncRNA-508851, and

was downregulated by depletion of lncRNA-ATB (Figures

S5H–S5J). These results indicate that lncRNA-ATB upregulated

the expression of IL-11, increased IL-11 secretion, and activated

STAT3 signaling in an autocrine manner. The effects of

lncRNA-ATB on IL-11/STAT3 signaling are not dependent on

miR-200s.

To confirm the regulation of IL-11 by lncRNA-ATB in human

HCC tissues, we measured IL-11 mRNA level in the same set

of 40 pairs of PVTT and pair-matched primary HCC tissues

shown in Figure 4B and found that IL-11 mRNA level was signif-

icantly higher in the PVTT tissues than in the primary HCC tissues

(Figure 6N). Importantly, the IL-11 mRNA level is correlated with

the lncRNA-ATB transcript level in the PVTT tissues (Figure 6O).

These clinical data demonstrated that IL-11 may be associated

with the metastasis of HCC cells and were consistent with the

role of lncRNA-ATB in the regulation of IL-11.

lncRNA-ATB Requires IL-11/STAT3 Signaling to
Promote Colonization
To test the contribution of IL-11 to the procolonization role of

lncRNA-ATB, we knocked down IL-11 in lncRNA-ATB-overex-

pressing SMMC-7721 clone 1. This knockdown has no signifi-

cant effect on lncRNA-ATB expression (Figure 7A). We first

measured the effects of IL-11 on EMT, and found that knock-

down of IL-11 did not induce or invert EMT (Figure S6A). Next,

we found that the mutation of IL-11 binding sites or knockdown

of IL-11 also did not change the proinvasive efficiency of

lncRNA-ATB (Figure S6B).

The cells were labeled with firefly luciferase and inoculated in-

trasplenically into nude mice. During the first few days following

inoculation, most of the cells that reached the liver were progres-

sively lost, and by 7 days, tumor cells were barely detectable.

The overexpression of lncRNA-ATB, but not lncRNA-ATB-mu-

t(IL-11), significantly increased the number of cells detected at

the early time points and inducedmoremetastatic foci in the liver

at the late time point. The knockdown of IL-11 in lncRNA-ATB-

overexpressing cells reduced the amounts to near those of the

control cells (Figures 7B–7E). We further explored the role of

lncRNA-ATB and IL-11 in lung colonization by injecting cells

directly into the tail veins of nude mice. lncRNA-ATB overex-

pressing cells, but not that of lncRNA-ATB-mut(IL-11), displayed

increased lung colonization rates at the early time points and

formed more metastatic tumors in the lung at the late time point,

whereas knockdown of IL-11 mostly abolished this increase

(Figures 7F–7I). These data demonstrated that lncRNA-ATB

enhances the colonization potential of HCC cells and this effect

depends on IL-11.

DISCUSSION

In this study, we report that lncRNA-ATB, which could be acti-

vated by TGF-b, promotes HCC cell invasion by competitively

binding the miR-200 family, upregulating ZEB1 and ZEB2, and

then inducing EMT. On the other hand, lncRNA-ATB promotes

HCC cell colonization at the site of metastasis by binding IL-11

mRNA, increasing IL-11 mRNA stability, causing autocrine in-

duction of IL-11, and then activating STAT3 signaling. Therefore,

lncRNA-ATB plays a prometastatic role in HCC (Figure 8). We

also found that the expression of lncRNA-ATB was increased

in HCC andwas further increased in PVTT. Furthermore, a higher

level of lncRNA-ATB was associated with tumor invasion in

patients with HCC and was inversely correlated with prognosis.

All these data support our conclusion that lncRNA-ATB has

pleiotropic effects on HCC cell invasion, colonization, and

metastasis. Therefore, lncRNA-ATB was determined to have

oncogenic activity.

Our results indicated that a higher level of lncRNA-ATB was

associated with liver cirrhosis in patients with HCC, which is

consistent with the observation that TGF-b is also associated

with liver cirrhosis (Yang et al., 2013). A recent report indicated

that the level of TGF-b signaling activity was higher in PVTT tis-

sues than the primary HCC tissues (Yang et al., 2012), which

further supports the regulation of lncRNA-ATB by TGF-b in vivo.

The biphasic activities of the TGF-b signaling pathway during

Figure 6. lncRNA-ATB Interacts with IL-11 mRNA and Activates IL-11/STAT3 Signaling in HCC Cells

(A) A schematic outline of the MS2-RIP strategy used to identify endogenous mRNA:lncRNA-ATB binding.

(B) lncRNA-ATB-MS2 RIP-seq identification of IL-11 enrichment in anti-GFP and nonspecific IgG groups.

(C) GSEA of KEGG_JAK_STAT signaling pathway and published IL-11/STAT3 regulated gene signatures in lncRNA-ATB overexpressed SMMC-7721 cells versus

control cells. NES, normalized enrichment score.

(D) Regions of putative interaction between lncRNA-ATB (query) and IL-11 mRNA (subject).

(E) RIP-derived RNA was measured by qRT-PCR. The levels of qRT-PCR products were expressed as a percentage of input RNA.

(F) SMMC-7721 cell lysates were incubated with biotin-labeled lncRNA-ATB; after pull-down, mRNA was extracted and assessed by qRT-PCR. Data are shown

as in (E).

(G) The stability of IL-11 and b-actin mRNA over time was measured by qRT-PCR relative to time 0 after blocking new RNA synthesis with a-amanitin (50 mM) in

indicated SMMC-7721 cell clones or HCCLM6 cell clones and normalized to 18S rRNA (a product of RNA polymerase I that is unchanged by a-amanitin).

(H and I) Relative IL-11 mRNA levels in indicated SMMC-7721 cell clones (H) or HCCLM6 cell clones (I).

(J and K) Concentration of IL-11 in the culture medium measured by ELISA (J) or p-STAT3 levels determined by western blot (K) from indicated SMMC-7721 cell

clones.

(L and M) Concentration of IL-11 in the culture medium measured by ELISA (L) or p-STAT3 levels determined by western blot (M) from indicated HCCLM6 cell

clones. For (E–M), n = 3, mean ± SD, Student’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.

(N) IL-11mRNA levels in primary HCC and PVTT tissues from the same set of patients as in Figure 4B were measured by qRT-PCR. The horizontal lines in the box

plots represent the medians, the boxes represent the interquartile range, and the whiskers represent the 2.5th and 97.5th percentiles. Wilcoxon signed-rank test.

(O) The correlation between lncRNA-ATB transcript level and IL-11 mRNA level was measured in the same set of PVTT tissues as in (N). The DCt values

(normalized to 18S rRNA) were subjected to Pearson correlation analysis.

See also Figure S5 and Table S4.
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Figure 7. The Pro-Colonization Role of lncRNA-ATB Requires IL-11/STAT3 Signaling

(A) The expression levels of IL-11 and lncRNA-ATB were determined by qRT-PCR. n = 3, Student’s t test.

(B) Luciferase signal intensities of the mice in each group over time after intrasplenic injection with 2 3 106 indicated SMMC-7721 cell clones.

(C) Representative images of mice from (B) over time.

(D) The number of liver metastases in the mice from (B) 35 days after intrasplenic injection.

(E) Representative livers from (D).

(F) Luciferase signal intensities of mice over time after tail vein injection with 1 3 106 indicated SMMC-7721 cell clones.

(G) Representative images of the mice from (F) over time.

(H) The number of metastatic nodules in the lungs from (F) 28 days after tail vein injection (five sections evaluated per lung).

(I) Hematoxylin and eosin-stained images of lung tissues isolated from themice in (H). Scale bars represent 500 mm. For (B–I), n = 6, nonparametric Mann-Whitney

U test; arrows indicate the metastasis nodules. Data are shown as mean ± SD, **p < 0.01. See also Figure S6.

Cancer Cell

lncRNA-ATB Promotes Invasion-Metastasis Cascade

678 Cancer Cell 25, 666–681, May 12, 2014 ª2014 Elsevier Inc.



tumorigenesis hinder its utilization in clinical treatment. There-

fore, it would be beneficial to target the tumor-progressing arm

of TGF-b action while avoiding the tumor-suppressing arm.

Thus, the specific downstream effectors of the different TGF-b

signaling pathways need to be explored further. In this study,

we identified that lncRNA-ATB mediates the role of TGF-b in

inducing EMT and promoting metastasis. Promisingly, lncRNA-

ATB was activated by TGF-b and induced EMT not only in

HCC cells, but also in colorectal cancer and breast cancer cells,

indicating that lncRNA-ATB is a more general TGF-b mediator.

Our results indicated that a short-term TGF-b treatment was suf-

ficient to activate lncRNA-ATB, which implied that lncRNA-ATB

may be a direct target of TGF-b/Smad pathway, but how TGF-

b activates lncRNA-ATB requires further investigation.

In this study, we found that lncRNA-ATB shares miR-200s

response elements with ZEB1 and ZEB2, the master inducers

of EMT. In our in vitro system, an orthotopic xenograft model

of nude mice and clinical HCC tissues, we observed that ectopic

expression of lncRNA-ATB was sufficient to increase ZEB1 and

ZEB2 and induce EMT. The mRNA expression profile after over-

expressing of lncRNA-ATB fortified its role in inducing EMT.

Notably, this role depends on the competitive binding of miR-

200s, indicating that lncRNA-ATB functions as a ceRNA.

Because there is a double negative feedback loop between

miR-200s and ZEB1/ZEB2 (Burk et al., 2008), the upregulation

of ZEB1 and ZEB2 by lncRNA-ATB could further augment the ef-

fects. It is widely recognized that EMT facilitates tumor invasion

and dissemination (Massagué, 2008). Consistently, in our in vitro

system, an orthotopic xenograft model of nude mice and clinical

HCC tissues, we all found that by inducing EMT, lncRNA-ATB

promotes HCC cell invasion.

In the orthotopic xenograft model in nude mice, we found

that lncRNA-ATB promoted HCC cell metastases, which were

not completely dependent on miR-200s or EMT. This implies

that metastasis is not only determined by the invasion potential

and that the miR-200-ZEB-EMT axis is not the only downstream

effector of lncRNA-ATB. Metastasis is a complex multistep

process that involves early invasion and late colonization of can-

cer cells (Tao et al., 2013). Clinical observations and animal

model studies have indicated that, despite the significant and

continuous tumor cell intravasation into the circulation, only a

small minority of these cells colonize a distant organ (Gupta

and Massagué, 2006). Therefore, colonization is a rather

inefficient process and also has a critical influence on ultimate

metastasis. In our tail vein injection and intrasplenic inoculation

xenograft models, we found that the miR-200-EMT axis had no

significant effect on colonization. Therefore, lncRNA-ATB exerts

its procolonization effect through other pathways.

We combined RIP-seq and transcriptome analysis to identify

that lncRNA-ATB bound IL-11 mRNA, increased IL-11 mRNA

stability, and caused autocrine induction of IL-11, and activated

IL-11/STAT3 signaling, which were further verified in our in vitro

system, the xenograft metastasis model, and clinical HCC tis-

sues. In our xenograft model using nude mice, IL-11 secreted

by HCC cells contributes to the procolonization role of lncRNA-

ATB, because the depletion of IL-11 in HCC cells abolished the

procolonization effect of lncRNA-ATB. The depletion of IL-11

did not induce or invert EMT, indicating that the role of lncRNA-

ATB or IL-11 in colonization is not dependent on EMT or MET.

Taken together, our research demonstrated that lncRNA-ATB

acts as a key regulator of TGF-b signaling pathways and

revealed roles of TGF-b in regulating long noncoding RNAs.

The findings of this study have significant implications regarding

our understanding of HCC metastasis pathogenesis. As direct

targets of lncRNA-ATB, miR-200-ZEB and IL-11 mediated the

role of lncRNA-ATB in local invasion and distant colonization,

respectively. The pleiotropic effects of lncRNA-ATB on the early

and late steps of the invasion-metastasis cascade suggest

that lncRNA-ATB could be an effective target for antimetastasis

therapies.

EXPERIMENTAL PROCEDURES

Patients

Frozen HCC tissues, normal liver tissues, and PVTT tissues were randomly ob-

tained with informed consent from patients who underwent radical resections

in the Eastern Hepatobiliary Surgery Hospital (Second Military Medical Univer-

sity, Shanghai, China). Ethical consent was granted from the Committees

for Ethical Review of Research involving Human Subjects of Second Military

Medical University.

Animal Studies

The animal studies were approved by the Institutional Animal Care and Use

Committee of the Second Military Medical University. Male athymic BALB/c

nude mice (4–5 weeks old) were used for animal studies. Subcutaneous tumor

growth assays were performed as previously described (Yuan et al., 2011).

Orthotopic xenograft model and metastasis model are described in the Sup-

plemental Experimental Procedures.

Statistical Analysis

All statistical analyses were performed using the GraphPad Prism Software

(GraphPad Software). For comparisons, Student’s t test (two-tailed), Wil-

coxon signed-rank test, Pearson chi-square test, Pearson correlation anal-

ysis, Log-rank test, Fisher’s exact test, and nonparametric Mann-Whitney

U test were performed as indicated. A p value < 0.05 was considered

significant.

Figure 8. A Schematic Model of lncRNA-ATB Functions during the

Invasion-Metastasis Cascade

lncRNA-ATB, which could be activated by TGF-b, promotes HCC cell invasion

by competitively binding the miR-200 family, upregulating ZEB1 and ZEB2,

and then inducing EMT. On the other hand, lncRNA-ATB promotes HCC cell

colonization at the site of metastases by binding IL-11 mRNA, increasing IL-11

mRNA stability, causing autocrine induction of IL-11, and then activating

STAT3 signaling.
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Berna C. Özdemir,1,2 Tsvetelina Pentcheva-Hoang,3 Julienne L. Carstens,1 Xiaofeng Zheng,1 Chia-Chin Wu,4

Tyler R. Simpson,3Hanane Laklai,5Hikaru Sugimoto,1,2Christoph Kahlert,1,2 Sergey V. Novitskiy,6AnaDe Jesus-Acosta,7

Padmanee Sharma,3 Pedram Heidari,8 Umar Mahmood,8 Lynda Chin,4 Harold L. Moses,6 Valerie M. Weaver,5

Anirban Maitra,9 James P. Allison,3 Valerie S. LeBleu,1,2 and Raghu Kalluri1,2,*
1Department of Cancer Biology, Metastasis Research Center, University of Texas MD Anderson Cancer Center, Houston, TX 77054, USA
2Division of Matrix Biology, Department of Medicine, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston,

MA 02115, USA
3Department of Immunology, University of Texas MD Anderson Cancer Center, Houston, TX 77054, USA
4Department of Genomic Medicine, University of Texas MD Anderson Cancer Center, Houston, TX 77054, USA
5Department of Surgery, University of California, San Francisco, San Francisco, CA 94143, USA
6Department of Cancer Biology, Vanderbilt University School of Medicine, Nashville, TN 37232, USA
7Department of Medical Oncology, Johns Hopkins Hospital, Baltimore, MD 21287, USA
8Department of Radiology, Massachusetts General Hospital, Boston, MA 02114, USA
9Departments of Pathology and Translational Molecular Pathology, Ahmad Center for Pancreatic Cancer Research,

University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA

*Correspondence: rkalluri@mdanderson.org
http://dx.doi.org/10.1016/j.ccr.2014.04.005

SUMMARY

Pancreatic ductal adenocarcinoma (PDAC) is associated with marked fibrosis and stromal myofibroblasts,
but their functional contribution remains unknown. Transgenic mice with the ability to delete aSMA+ myofi-
broblasts in pancreatic cancer were generated. Depletion starting at either noninvasive precursor (pancreatic
intraepithelial neoplasia) or the PDAC stage led to invasive, undifferentiated tumors with enhanced hypoxia,
epithelial-to-mesenchymal transition, and cancer stem cells, with diminished animal survival. In PDAC
patients, fewer myofibroblasts in their tumors also correlated with reduced survival. Suppressed immune
surveillance with increased CD4+Foxp3+ Tregs was observed in myofibroblast-depleted mouse tumors.
Although myofibroblast-depleted tumors did not respond to gemcitabine, anti-CTLA4 immunotherapy
reversed disease acceleration and prolonged animal survival. This study underscores the need for caution
in targeting carcinoma-associated fibroblasts in PDAC.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is a near uniformly

lethal disease with a dismal median survival of 4 to 6 months

(Hidalgo, 2010; Korc, 2007). Despite years of efforts to design

therapeutic approaches for pancreatic cancer, the use of con-

ventional chemotherapy combination regimens with modest

benefit remains the only option for the overwhelming majority

of patients who present with advanced neoplasms. Revisiting

the complex biology of PDAC in an unbiased manner is thus ur-

gently required if we are to developmore effective therapies. The

progress in generating genetically engineered mouse models

faithfully mimicking human PDAC provides a unique opportunity

to interrogate the functional contribution of the desmoplastic

Significance

Pancreas cancer is associatedwith large amounts of stroma composed of collagen I andmyofibroblasts, but their functional
contribution remains unknown. Specific depletion ofmyofibroblasts using compound geneticmousemodels of PDAC leads
to aggressive tumors with diminished animal survival. Fewer myofibroblasts in human PDAC also correlate with reduced
patient survival. Detailed studies show that myofibroblast loss decreases the ability of the immune system to control cancer
associated with the persistence of regulatory T cells. Myofibroblast depletion did not improve gemcitabine’s efficacy, but
immunotherapy to revive immune attack prolonged mice’s survival. This study demonstrates a protective role of myofibro-
blasts and suggests that targeting carcinoma-associated fibroblasts in pancreas cancer should be approached with
caution.
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Figure 1. Myofibroblast Depletion Augments PDAC and Diminishes Overall Survival

(A) Tumor progression timeline with experimental treatment time points. GCV administration in PKT; aSMA-tk+ mice allows myofibroblast depletion, in contrast

with control PKT; aSMA-tk" mice.

(legend continued on next page)
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stromal reaction in PDAC, a defining feature of this carcinoma,

which accounts for the majority of the tumor tissue volume

(Aguirre et al., 2003; Bardeesy et al., 2006a, 2006b; Gidekel

Friedlander et al., 2009; Hingorani et al., 2003, 2005; Hruban

et al., 2007; Ijichi et al., 2006).

The cellular component of the desmoplastic stroma in PDAC is

composed primarily of myofibroblasts, characterized by aSMA

expression (Feig et al., 2012; Rasheed et al., 2012). Recent

studies have implicated the stroma as a physical barrier to the

delivery of cytotoxic chemotherapies to the peritumoral milieu

(Feig et al., 2012; Provenzano et al., 2012; Whatcott et al.,

2012). Nonetheless, although preclinical models have demon-

strated the benefit of stromal depletion through blockade of

paracrine Hedgehog signaling in accentuating drug delivery

(Olive et al., 2009), subsequent clinical trials targeting stromal

myofibroblasts in human PDAC resulted in an apparent paradox-

ical accelerated disease progression, halting clinical trials (Ama-

kye et al., 2013). These studies reinforced the need to critically

evaluate the functional contribution of stroma in the initiation

and progression of PDAC. In this regard, the functional role of

aSMA+ myofibroblasts and type I collagen in PDAC remains

unknown.

RESULTS

Myofibroblast Depletion Leads to Increased Tumor
Invasion Associated with Decreased Survival
To interrogate the functional contribution of aSMA+ myofibro-

blasts in PDAC, we used a genetic strategy for selective in vivo

depletion. Ptf1acre/+;LSL-KrasG12D/+;Tgfbr2flox/flox (PKT) mice

develop spontaneous PDAC with full penetrance that reliably re-

capitulates the clinical and histopathological features of the hu-

man disease (Ijichi et al., 2006). The mice consistently progress

from pancreatic intraepithelial neoplasia (PanIN) at 4.5 weeks

of age to invasive cancer at 6 weeks of age and die at 8 weeks

of age, without much variation (Ijichi et al., 2006). These mice

were crossed with aSMA-tk transgenic mice to selectively target

proliferating aSMA+ myofibroblasts upon systemic ganciclovir

(GCV; InvivoGen) administration (PKT; aSMA-tk mice) (LeBleu

et al., 2013). Daily GCV injections were initiated when mice

developed PanIN lesions (early) and allowed to progress to

PDAC (Figure 1A). Mice also received GCV injections starting

at the established PDAC stage (late) until they developed signif-

icant signs of illness leading to their death or requiring euthanasia

(Figure 1A). In both early and late myofibroblast depletion set-

tings, PKT mice presented with significantly more invasive, un-

differentiated, and necrotic tumors when myofibroblasts were

depleted compared with control tumors (Figures 1B–1E). Immu-

nohistochemical and immunofluorescence analyses revealed an

average of 80% depletion of proliferating myofibroblasts (Fig-

ure 1F; Figures S1A and S1B available online). Direct visualiza-

tion of interstitial myofibroblasts using the aSMA-RFP transgenic

mice crossed with PKT; aSMA-tk mice also showed approxi-

mately 80% depletion of total myofibroblasts (Figure 1G). A

significant reduction in aSMA transcript level was also noted

in depleted tumors (Figure S1C). Extrapancreatic organs, such

as the kidney, lung, small bowel, heart, and liver, did not show

any depletion in aSMA+ cells (Figures S1D and S1E). Notably,

myofibroblast depletion in PDACwas associated with significant

reduction in survival, in both the early and late depletion groups

(Figure 1H). Tumor weight was significantly reduced by myofi-

broblast depletion and was associated with a reduced body

weight specifically in PDAC mice with late myofibroblast deple-

tion (Figures S1F and S1G). Mice with myofibroblast-depleted

tumors exhibit an increased frequency of pulmonary emboli,

likely contributing to diminished overall survival (Figure S1H).

Loss of one allele of Tgfbr2 (versus both in the PKTmice) in the

context of KrasG12D activation (PKTHet mice) leads to a similar

PDAC phenotype, but with a slower progression rate, with PanIN

lesions noted at 4 to 6weeks of age andPDACat 8 to 10weeks of

age (Ijichi et al., 2006). GCV treatment was initiated at the onset

of PDAC in PKTHet; aSMA-tk mice and continued until they died

or were moribund, requiring euthanasia. Depletion of myofibro-

blasts resulted in undifferentiated tumors (Figures 2A–2E) and

significantly diminished the survival of PKTHet; aSMA-tk mice

(Figure 2F). Similar findings were also observed when myofibro-

blasts were depleted in Pdx1cre/+;LSL-KrasG12D/+;Trp53R172H/+

(KPC) mice crossed with aSMA-tk (KPC; aSMA-tk) mice. Myofi-

broblast depletion in this setting also resulted in poorly differ-

entiated tumors and significantly diminished survival (Figures

S2A–S2C). Because of the similar phenotypes of the PKT;

aSMA-tk mice and KPC; aSMA-tk mice, the remaining experi-

mentswere carried out using thePKTmicebecause of their faster

course of disease.

On the basis of the striking and somewhat unexpected impact

of stromal depletion on survival in PDAC models, we next as-

sessed whether a comparable impact of stromal content was

observed in the cognate human setting. Immunohistochemical

scoring for interstitial aSMA+ cells from resected PDAC of

untreated patients indicated that low aSMA is associated with

(B) Representative micrographs of H&E stained pancreatic samples (scale bar represents 100 mm).

(C) Pathological scores of early-depleted tumors (left: wild-type [WT], n = 5; control, n = 16; depleted, n = 17) and late-depleted tumors (right: WT, n = 5; control,

n = 17; depleted, n = 26). Significance was determined by one-way ANOVA with Tukey post hoc analysis.

(D) Necrosis penetrance of early-depleted tumors (left: WT, n = 5; control, n = 16; depleted, n = 22) and late-depleted tumors (right: WT, n = 5; control, n = 17;

depleted, n = 25).

(E) Relative percentages in histological phenotypes in late depleted tumors. Control, n = 17; depleted, n = 25.

(F) Representative micrographs (scale bar represents 50 mm) of Ki-67/aSMA dual-immunofluorescence (left, control; right, depleted) and corresponding

quantification (n = 4 and n = 6 for control and depleted, respectively). Arrows point to double-positive cells and inserts show high-magnification images (scale bar

represents 25 mm).

(G) Representative micrographs (scale bar represents 100 mm) of reporter aSMA-RFP tumor samples (left, control; right, depleted) and corresponding quanti-

fication (n = 3 in each group).

(H) Survival analysis of early (left) and late (right) treatment groups. GCV, GCV treatment was initiated.

Data are represented asmean ± SEM. Unless otherwise noted, significancewas determined using t tests (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). ns, not

significant. See also Figure S1.
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Figure 2. Decreased aSMA Correlates with Poor Prognosis and Overall Survival in Slow-Progressing Mice with PDAC and Patients with

Pancreatic Cancer

(A and B) Representative micrographs of H&E stained PKTHet tumors at 106 (control, left) and 103 (depleted, right) days old (A) (scale bar represents 100 mm) and

pathological scores (B). WT, n = 5; control, n = 6; depleted, n = 4. Significance was determined by one-way ANOVA with Tukey post hoc analysis.

(C) Relative percentages in histological phenotypes (n = 6 and n = 4, respectively, for control and depleted).

(D and E) Representative micrographs of aSMA stained pancreatic samples as in (A) (D) (scale bar represents 100 mm) and corresponding quantification (E) (n = 6

and n = 4, respectively, for control and depleted). V, vessel.

(F) Survival analysis in PKTHet mice. GCV, GCV treatment was initiated.

(G) Representative micrographs of aSMA stained pancreatic samples resected from patients in each score category: 0, 1, 2, and 3 (scale bar represents 200 mm).

(H) Survival analysis based on histopathological score (left) and aSMA score (right). Low aSMA: scores 0 and 1; high aSMA: scores 2 and 3.

Significancewas determined using theMantel-Cox test. Data are represented asmean ± SEM. Unless otherwise noted, significancewas determined using t tests

(*p < 0.05, ***p < 0.001, ****p < 0.0001). ns, not significant. See also Figure S2 and Table S1.
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worse survival, supporting the observations in the PKT and KPC

mice with myofibroblast depletion (Figure 2G; Table S1). Of note,

patients with low aSMA scores present significantly more often

with poorly differentiated cancers than tumors with well or mod-

erate differentiation (Table S1), and yet despite this correlation,

aSMA scoring offered greater significance in differential stratifi-

cation of patients for survival than histopathological grade (Fig-

ure 2H), suggesting that stromal content likely has a direct

impact on the natural history of human PDAC.

Myofibroblast Depletion Reduced Type I Collagen
Content and Altered ExtracellularMatrix Organization in
PDAC
Global gene expression profiling of tumors from PKT mice

without (control) and with myofibroblast depletion (depleted) re-

vealed differentially expressed genes associated with remodel-

ing of the extracellular matrix (ECM), epithelial-to-mesenchymal

transition (EMT), angiogenesis, and immune response (Table

S2). Comparative analyses of tumor transcriptomes revealed

4,393 differentially expressed genes in early-depleted versus

age-matched control tumors (1,682 downregulated and 2,711

upregulated genes) and 2,344 differentially expressed genes in

late-depleted versus age-matched control tumors (1,170 down-

regulated and 1,174 upregulated genes) (Figures S3A–S3D). Tu-

mor collagen content assayed by type I collagen immunostaining

(Figure 3A) was significantly decreased in myofibroblast-

depleted tumors. Masson’s trichrome staining (MTS) and

picrosirius red staining revealed a significant reorganization of

collagen fibrils, with decreased stiffness and elastic modulus in

myofibroblast-depleted tumors compared with control tumors

(Figures 3B–3D). Interestingly, collagen crosslinking and immu-

nolabeling for the collagen crosslinking enzyme lysyl oxidase

(LOX) were unchanged despite reduced stiffness of the ECM

(Figures 3E and 3F), highlighting a complex regulation of type I

collagen crosslinking mediated by multiple sources of LOX.

These results are consistent with the ability of aSMA+ myofibro-

blasts to produce type I collagen and induce fibrosis in PDAC.

Despite extensive remodeling of type I collagen ECM in myofi-

broblast-depleted tumors, hyaluronic acid (HA) binding protein

(HABP), a marker for total HA content, remained unchanged

in the myofibroblast-depleted tumors (Figure S3E). Vimentin la-

beling, however, was significantly decreased in myofibroblast-

depleted tumors (Figure S3F). Auditing of other mesenchymal

cells in the PDAC tumor stroma revealed a decrease in the

number of fibroblast-specific protein 1 (FSP1)/S100A4+ cells in

myofibroblast-depleted tumors (Figure S3G), while the number

of fibroblast activation protein (FAP)-positive cells remained un-

changed (Figure S3H). Colocalization of aSMA with FAP was not

detectable in the PDAC tumors (Figure S3H).

Myofibroblast-Depleted PDAC Displays Suppression of
Angiogenesis, Enhanced Tumor Hypoxia, EMT Program,
and Cancer Stem Cell-like Phenotype
Histopathological analyses of myofibroblast-depleted tumors

revealed highly undifferentiated, invasive-grade tumors with

enhanced necrosis (Figures 1B–1E). These features are associ-

ated with tumor hypoxia and the acquisition of an EMT program.

Myofibroblast depletion was associated with a decrease in the

number of CD31+ vessels, indicative of suppressed vessel den-

sity (Figure 4A; Figures S4A–S4C). Perivascular aSMA+ cells

appear unaffected by the aSMA-tk strategy (Figure S4A). Global

gene expression profiling performed on normal pancreas fibro-

blasts and PDAC-associated fibroblasts (CAF) shows differ-

ences in pathways affecting ECM remodeling, angiogenesis,

and immune response in PDAC (Figure S4D; Table S3). RNA

sequencing analyses further validated the increased expression

of several proangiogenic factors in CAF, supporting their proan-

giogenic role in PDAC (Table S3).

Although pericyte numbers, assayed by immunostaining

analyses for the pericyte marker NG2 (Figure S4B), and vascular

leakage, determined by extravascular fluorescein isothiocyanate

(FITC)-dextran (Figure 4B; Figure S4E), were unchanged, tumor

hypoxia assayed by staining for pimonidazole adduct formation

was dramatically increased in myofibroblast-depleted tumors

compared with control tumors (Figure 4C; Figure S4F). Lineage

tracing of cancer cells using the LSL-YFP reporter together

with immunolabeling for aSMA allowed the quantitative analysis

of YFP+ cancer cells that have acquired mesenchymal features

(YFP+aSMA+ cells). Tumors with 80% depletion of aSMA+ inter-

stitial myofibroblasts showed an increase in EMT program

with increased YFP+aSMA+ cells (Figure 4D; Figure S4G) and

enhanced expression of the EMT transcriptional regulators,

Twist, Snail, and Slug (Figure 4E). The enhanced acquisition of

EMTwas associated with the loss of mucin staining (Figure S4H),

which is in alignment with the decreased histological differentia-

tion within the neoplastic glands (Figures 1B–1E). YFP+ cancer

cells from myofibroblast-depleted tumors exhibited an increase

in their capacity to form spheres in culture, a feature of cells with

EMT program and potential cancer stem cell-like phenotype

(Kalluri and Weinberg, 2009; Scheel and Weinberg, 2012) (Fig-

ure 4F; Figure S4I). Additionally, the number of CD44+CD133+

cells (suggestive of pancreatic cancer stem cells; Hermann

et al., 2007; Simeone, 2008) was enhanced in myofibroblast-

depleted tumors (Figure 4G). Fluorescence-activated cell sorted

YFP+ cells freshly isolated from myofibroblast-depleted tumors

showed enhanced tumorigenic potential when implanted in

nude mice (Figure 4H). Interestingly, cancer cells with EMT pro-

gram and expression of aSMA were not eliminated in the PKT;

aSMA-tk mice on GCV administration but increased in number

(Figure 4D). This could be explained by the observation that can-

cer cells with EMT program likely do not proliferate (Tsai et al.,

2012; Vega et al., 2004), further confirming their low-cycling-

stem-cell status. Further, although overall apoptosis was signif-

icantly increased in myofibroblast-depleted tumors (Figures S4J

and S4K), it was mostly localized within terminally differentiated

compartments, such as islets (Figure S4K).

Reduction of Fibrosis Does Not Increase the Efficacy of
Gemcitabine in PDAC
To test whether the decrease in myofibroblasts and type I

collagen content along with reduced ECM stiffness leads to

increased efficacy of gemcitabine (GEM), we treated control

and myofibroblast-depleted mice with GEM. Histopathological

score did not improve when PKT mice were treated with GEM

alone or in combination with myofibroblast depletion (Figure 5A).

TUNEL+ cell number increased with myofibroblast depletion, in-

dependent of GEM treatment, and GEM treatment alone did not

significantly increase tumor cell apoptosis (Figure 5B). Similarly,
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Figure 3. PDAC ECM Is Significantly Remodeled in Myofibroblast-Depleted Tumors

(A) Representative micrographs (scale bar represents 50 mm) of collagen I and aSMA and corresponding quantification (n = 4).

(B) Representative micrographs (scale bar represents 200 mm) of MTS in late control and late deleted mice.

(C) Representative images of picrosirius red staining of PKT pancreatic tissues samples viewed under parallel (top row) and polarized (second row) light

(scale bar represents 75 mm) and representative images of stiffness distribution by atomic force microscopy measurement (AFM; third row) and quantification

(bottom row, n = 3).

(D) Quantification of the elastic modulus of tumor matrix (n = 3).

(E) Collagen crosslinking quantification (n = 4).

(F) Representative micrographs for LOX (scale bar represents 20 mm) and quantification.

Data are represented as mean ± SEM. Significance was determined using t tests (*p < 0.05, ***p < 0.001). ns, not significant. See also Figure S3 and Table S2.
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the change in FSP1+ cells correlated only with myofibroblast

depletion and was independent of GEM treatment (Figure 5C).

Interestingly, CD31+ cell numbers decreased with GEM therapy

and decreased further with myofibroblast depletion (Figure 5D).

Standard uptake values computed from 18F-fluorodeoxyglucose

positron emission tomography (PET)/computed tomography

(CT) revealed comparable glycolysis per tumor volume in con-

trol, depleted, and GEM therapy in depleted tumors (Figure 5E).

Despite a robust decrease in collagen content associated

with myofibroblast depletion (fibrosis) (Figure 5F), GEM therapy

did not improve overall survival (Figure 5G). Further, GEM

therapy of PDAC compared with untreated mice did not result

in improved survival, as previously reported using a different

PDACmousemodel (Olive et al., 2009) (Figure 5G). GEM therapy

in myofibroblast-depleted tumors compared with myofibro-

blast-depleted tumors also failed to improve overall survival

(Figure 5G).

Myofibroblast Depletion Decreases Overall Immune
Infiltration in PDAC but Results in Increased Frequency
of FoxP3+ Treg Cells
Gene expression profiling and RNA sequence analyses

comparing control tumors with myofibroblast-depleted tumors

revealed a significant change in the expression of genes associ-

ated with tumor immunity, including those associated with acute

inflammatory responses, regulation of macrophage activation,

regulation of T cell-mediated cytotoxicity, antigen presentation,

and B cell activation (Figure 6A; Table S2). Tumors with myofi-

broblast depletion starting at the PanIN stage (early) present

with significant decreases in overall peritumoral infiltration of

CD45+ cells and CD3+ T cell and CD19+ B cell infiltration

compared with control tumors (Figure S5A). Such reductions in

T cells and B cells were not observed in established PDAC

with myofibroblast depletion (late-stage depletion) (Figure S5A).

Natural killer (NK) cell infiltration with myofibroblast depletion

was unchanged following myofibroblast depletion (Figure S5A).

In both early and late depletion settings, myofibroblast depletion

was associated with a significant suppression in the percentage

of effector T cells (Teff, CD4+Foxp3") together with an increase in

the percentage of regulator T cells (Treg, CD4+Foxp3+), leading

to an overall decrease in the Teff/Treg ratio (Figures 6B–6D).

Myofibroblast depletion resulted in increased Foxp3 and Ctla4

expression assayed by immunohistochemistry (IHC) (Figure S5B)

and real-time PCR analysis (Figure 6E), respectively, consistent

with the enhanced Treg infiltration. The cytotoxic CD8+/Treg

ratio was also decreased in the myofibroblast-depleted tumor

(Figure 6F), as well as CD3+/CD11b+ ratio (early depletion;

Figure 6G). The percentages of Teff and Treg, respectively,

correlate with disease progression and acceleration of PDAC

associated with myofibroblast depletion (Figures 6H and 6I).

The percentages of CD11b+Ly6G+ cells and granulocytes

(CD11b+Gr1+F4/80") were also increased in late myofibro-

blast-depleted tumors (Figures 6J and 6K), whereas the percent-

age of macrophages (CD11b+Gr1" F4/80+) was suppressed

(Figure 6L). The differential tumor immune infiltration in early

versus late depletion is also substantiated by distinct expression

patterns in respective tumor immune gene expression signature,

with a selectively downregulated tumor immunity gene signature

in late-depleted tumor (Figure 6A).

Anti-CTLA-4 Antibody Therapy Rescues Enhanced
PDAC Progression upon Myofibroblast Depletion and
Increases Overall Survival
Myofibroblast depletion starting at early- and late-stage tumors

resulted in a decreased Teff/Treg ratio associatedwith increased

CTLA-4 expression (Figures 6D and 6E). Therefore, we tested

whether the Teff/Treg ratio in PDAC mice with myofibroblast

depletion can be rescued by CTLA-4 checkpoint blockade.

Anti-CLTA-4 antibody administration significantly improved his-

topathological scores associated with a reduction in undifferen-

tiated cancer cells (Figure 7A). Despite similar myofibroblast

depletion (Figure 7B), suggesting that anti-CTLA-4 per se did

not alter myofibroblast number, anti-CTLA-4 antibody treatment

induced tumor clearance and replacement by normal paren-

chyma in up to 25% of the organ (Figure 7C). Treatment with

anti-CTLA-4 antibodies in the setting of stromal depletion not

only resulted in a rescue of the phenotype of myofibroblast-

depleted tumors but also attenuated PDAC progression, which

was associated with a significant extension in overall survival

(an average increase of 60% in lifespan) (Figure 7D). Such elon-

gation of lifespan was associated with reduced frequency of pul-

monary emboli (Figure 7E). This was noticed in concordancewith

restored Teff and Treg percentages (Figure 7F) and diminished

tumor sphere-forming ability within remnant cancer cells in

age-matchedmice (Figure 7G). Further, the transcriptome ofmy-

ofibroblast-depleted tumors treated with anti-CTLA-4 clustered

with the expression profiles of control tumor rather than myofi-

broblast-depleted tumors, suggesting that transcriptional re-

programming accompanies the observed phenotypic rescue

(clustering using the 2,344 differentially expressed genes in

late-depleted tumors versus control) (Figure 7H). Anti-CTLA-4

alone did not alter aSMA+ content, and histopathological

analyses revealed a modest increase in the percentage of

normal parenchyma (Figures S6A and S6B). Treatment with

anti-CTLA-4 alone improved overall survival (median survival of

49.5 days, compared with 47 days in the control group), albeit

to a much lesser extent than anti-CTLA-4 treatment in com-

bination with fibrosis depletion (median survival of 65 days)

(Figure 7D).

DISCUSSION

The desmoplastic reaction is thought to represent a host defense

mechanism, similar to wound healing and tissue regeneration, to

repair or hopefully impede the conversion of a neoplastic lesion

into invasive carcinoma (Bissell and Radisky, 2001; Dvorak,

1986; Lu et al., 2012). The function of desmoplastic stroma is

likely dynamic during cancer progression, and its heterogeneous

cellular and noncellular constituents change in relation to the

evolving genetic landscape of cancer cells. In this regard, several

studies have suggested that aSMA+ myofibroblasts and type I

collagen associated with tumor fibrosis are tumor promoting in

solid tumors, including PDAC (Angeli et al., 2009; Karnoub

et al., 2007; Merika et al., 2012; Vong and Kalluri, 2011). We

demonstrate that depletion of aSMA+ myofibroblasts resulted

in multiple adverse outcomes leading to poor survival. These

results suggest that at both early and late stages of pancreatic

cancer, fibrosis associated with myofibroblasts and type I

collagen constitutes a protective response from the host rather
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than offering an oncogenic supportive role, as speculated (Arm-

strong et al., 2004; Omary et al., 2007). This conclusion is sup-

ported by the clinical correlation between high aSMA and

improved survival; a similar trend was previously reported from

analyses also performed on resected tumors from treatment-

naive patients (Wang et al., 2013). Although other studies have

also attempted to specifically address the correlation between

relative tumor content in aSMA+ myofibroblasts and PDAC pa-

tient outcomes, potential therapeutic intervention prior to tumor

resection makes interpretations unclear (Erkan et al., 2008; Mani

et al., 2008).

Myofibroblast depletion leads to extensive remodeling of the

tumor ECM, with a significant decrease in tumor tissue stiffness

and total collagen content. Myofibroblasts contribute to the pro-

duction of type I collagen, albeit likely not all of it. Contrary to

previous assumptions, myofibroblasts do not contribute to the

total production of LOX, an enzyme responsible for crosslinking

of type I collagen. In this regard, we did not observe a difference

in crosslinking, despite significant depletion and reorganization

of tumor-associated collagen. Therefore, cancer cells or other

stromal cells may compensate LOX expression. Similar to

LOX, myofibroblast depletion did not affect HA content of the

tumors, suggesting a nonmyofibroblast source for this matrix

molecule. Targeting HA using PEGPH20, a modified enzyme

that degrades HA, yielded promising results when combined

with GEM (Jacobetz et al., 2013; Provenzano et al., 2012). In

our study, ECM remodeling and the significant reduction in

collagen content via myofibroblast depletion did not improve

the treatment efficacy of GEM. Therefore, PDAC-associated

myofibroblasts and type I collagen do not appear to serve as

physical barriers to the exposure of cancer cells to GEM.

In this regard, the potential role of HA, independent of type I

collagen, in determining interstitial fluid pressure in PDAC tissue

needs further mechanistic unraveling, and clinical trials with

PEGPH20 will offer more insights in the future (Provenzano

et al., 2012).

As noted above, significant depletion of myofibroblasts and

type I collagen did not alter vessel permeability and perfusion.

GEM efficacy was unaltered in myofibroblast and type I

collagen-depleted tumors, suggesting that the increased effi-

cacy observed in preclinical models treated with GEM and

Smoothened inhibitor IPI-926 was likely due to mechanisms in-

dependent of myofibroblasts and type I collagen (Olive et al.,

2009). It is likely that Smoothened inhibition was not myofibro-

blast specific and could also have affected other stromal cells,

such as endothelial cells. In this regard, further analysis of the

failed clinical trials could shed further light on this matter

(Amakye et al., 2013). It is possible that if higher doses of IPI-

926 combined with prolonged treatment period were used in

the preclinical setting, potential adverse effects may have been

encountered (Olive et al., 2009; Amakye et al., 2013). Neverthe-

less, our direct approach of targeting myofibroblasts and the

associated fibrosis offers further insights into the complexity

of using pharmacological targeting to derive specific answers

related to target cells in tumors (Olive et al., 2009).

An interesting corollary that emerges from this study is

the dominant contribution of cell division in the accumulation

of myofibroblasts in PDAC. The origin of myofibroblasts in

PDAC may be diverse (Phillips, 2012; Scarlett et al., 2011),

yet using the aSMA-tk strategy to ablate proliferating myofibro-

blasts, we show 80% depletion of these cells, which account

for the majority of myofibroblasts in PDAC tumors. These

results offer an opportunity to speculate that drugs such as

GEM and paclitaxel, which target proliferating cancer cells,

may also target proliferating myofibroblasts. Such dual target-

ing may likely compromise the efficacy of GEM over time,

because of progressive depletion of protective fibrosis along

with proliferating cancer cells, resulting in the eventual emer-

gence of resistant cancer cells with EMT program and stem

cell-like phenotype.

Intratumoral hypoxia was dramatically increased in myofibro-

blast-depleted tumors. Decreased tumor vasculature, despite

intact vessel structural integrity and permeability status, may

have directly contributed to the increased tumor hypoxia when

myofibroblasts are depleted, consequently promoting enhanced

invasiveness and an undifferentiated phenotype of cancer cells

(Cheresh and Stupack, 2008; Cooke et al., 2012; Pàez-Ribes

et al., 2009). Impaired paracrine signaling between myofibro-

blasts and cancer cells and alteration of ECMmicroenvironment

due to myofibroblast depletion might also have directly contrib-

uted to changes in cancer cells, lending to the acquisition of

EMT program, stem cell-like phenotype, and an undifferentiated

state. Many studies have indeed suggested that altered matrix

microenvironment can influence the acquisition of epigenetic

changes in epithelial cells (Bissell et al., 2005; Grassian et al.,

2011; Guerra et al., 2011).

Figure 4. Myofibroblast-Depleted Tumors Display Increased Invasion Associated with Intratumoral Hypoxia

(A) Representative micrographs (scale bar represents 100 mm) of CD31 staining and corresponding quantification (n = 4). Dashed lines delineate the stromal

compartment, where CD31+ vessels are primarily found.

(B) Representative micrographs (scale bar represents 100 mm) and corresponding quantification (n = 4) of CD31 cells and intratumoral FITC-dextran leakage.

(C) Representative micrographs (scale bar represents 100 mm) of hypoxia indicator, Hypoxyprobe, and corresponding quantification (n = 4).

(D) Representative micrographs (scale bar represents 50 mm) of aSMA+ cells in tumors with YFP+ linage tagged cancer cells and corresponding quantification

(n = 4). White arrowheads point to aSMA+YFP+ cells.

(E) Relative Twist, Snail, and Slug expression in tumors.

(F) Representative micrograph (scale bar represents 100 mm) of YFP+ tumor spheres (insert shows higher magnification micrograph, scale bar represents 25 mm)

and corresponding quantification (n = 15).

(G) Representative scatterplot and quantification of percentage CD44+CD133+ cancer cells (control: n = 2; depleted: n = 3). Q1: CD44+CD133"; Q2:

CD44+CD133+; Q3: CD44"CD133+; Q4: CD44"CD133".
(H) Tumorigenic ability of YFP+ cells determined by limiting dilution assay. For each cell dose, six mice were injected with YFP+ cancer cells from control or

myofibroblast depleted tumors, and data are presented as the number of mice displaying tumors. Significance was assayed using c2 tests.

Data are represented as mean ± SEM. Unless otherwise noted, significance was determined using t tests (*p < 0.05, **p < 0.01, ****p < 0.0001). ns, not significant.

See also Figure S4 and Table S3.
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The most dramatic impact of myofibroblast depletion was on

the composition of the immune infiltrate in the tumor microenvi-

ronment. The interplay between cancer-associated fibroblasts

and immune cells has long been recognized as a major contrib-

utor of cancer development (Coussens and Werb, 2002; Erez

et al., 2010; Kalluri and Zeisberg, 2006). Here, we demonstrate

that the immune response (innate and adaptive) associated

with PDAC tumors was significantly impaired when fibrosis

was reduced starting at the PanIN stage or at the PDAC stage.

Myofibroblast-depleted tumors are associated with a decreased

Teff/Treg ratio and a significant elevation in Ctla4 expression.

Myofibroblast depletion coupled with inhibition of checkpoint

blockade using anti-CTLA-4 antibodies significantly ameliorated

tumor burden in mice with established PDAC and improved

overall survival. Our data suggest that although myofibroblast

depletion results in the suppression of immune surveillance, an

opportunist immune profile dominated by suppressor T cells

emerges in the tumor, offering a viable checkpoint blockade

target using anti-CTLA-4 antibodies. Although this antibody

showsmarginal efficacy in control PDACmice with normal levels

of fibrosis, depletion of fibrosis unravels more robust efficacy,

likely because of significant changes in the microenvironment.

Small proof-of-concept trials with ipilimumab have revealed

some anecdotal responses (Royal et al., 2010), and our study

suggests that stratifying patients on the basis of their fibrosis

scores might offer better responses. This is supported by the

fact that ipilimumab showed dramatic efficacy inmetastatic mel-

anoma (Robert et al., 2011), a cancer with low levels of overall

stroma.

In summary, our study, together with other ongoing efforts

to elucidate pancreatic tumor immunity and immunotherapy

(Bayne et al., 2012; Clark et al., 2007; Hiraoka et al., 2006; Rob-

erts et al., 2013; Vonderheide et al., 2013), will likely offer insights

into potential efficacy of combination therapies involving immu-

notherapy in patients with pancreas cancer.

EXPERIMENTAL PROCEDURES

Animal Studies

The disease progression and genotyping for the PKT mice was previously

described (Ijichi et al., 2006). PKT mice were crossed to R26-LSL-EYFP

(purchased from Jackson Laboratory), aSMA-tk (LeBleu et al., 2013), and

aSMA-RFP (LeBleu et al., 2013) mice. Mice received daily intraperitoneal

(i.p.) injections with 50 mg/kg body weight of GCV at 4 to 4.5 weeks of age

(30.3 ± 1.7 days) for 14 days or less (early depletion) or at 6 weeks of age

(40.7 ± 1.7 days) for 10 days or less (late depletion). One hour prior to sacrifice,

mice were injected i.p. with 60 mg/kg body weight pimonidazole (Hypoxyp-

robe). KPC mice were previously described (Hingorani et al., 2005) and

crossed to aSMA-tkmice. KPCmicewere treatedwithGCV starting at 7weeks

of age (49 ± 2.5 days). GEM (50 mg/kg body weight; LC Laboratories) was given

i.p. at day 1 and day 7, either alone or in combination with GCV. An initial

200 mg anti-CTLA-4 (BioXCell, clone 9H10, BE0131) antibody or 200 mg ham-

ster immunoglobulin G (IgG) (BioXCell, BE0091) in 200 ml PBS was adminis-

tered i.p., followed by two injections of 100 mg anti-CTLA-4 or 100 mg hamster

IgG in 100 ml PBS every other day. All mice were housed under standard hous-

ing conditions at the Beth Israel Deaconess Medical Center (BIDMC) and MD

Anderson Cancer Center (MDACC) animal facilities, and all animal procedures

were reviewed and approved by the BIDMC and the MDACC institutional

animal care and use committees. Acquisition and analysis of 18F-FDG PET/

CT in mice is detailed in Supplemental Experimental Procedures.

Histology and Histopathology

Formalin-fixed tumors were submitted to the BIDMC and MDACC histology

core facilities, and paraffin-embedded sections were cut for hematoxylin

and eosin (H&E) staining andMTS. For histopathological scoring, H&E-stained

slides were scored for the penetrance of each histological hallmark on a scale

of 0 to 3. The predominant tumor phenotype gave the pathological score for the

whole tumor (1 = well differentiated, 2 = moderately differentiated, 3 = poorly

differentiated). Necrosis was also scored on a scale of 0 to 3. Lung emboli

were counted in one H&E lung section per mouse evaluated. Picrosirius red

staining for collagen was achieved using 0.1% picrosirius red (Direct Red

80; Sigma) and counterstained with Weigert’s hematoxylin. Mucin staining

was achieved using mucicarmine and metalin yellow and counter-stained

with Weigert’s hematoxylin.

IHC

Harvested tumors were formalin fixed prior to paraffin embedding. Sections 4

to 5 mm thick were deparaffinized, rehydrated, and boiled for 1 hr in 10 mM cit-

rate buffer at pH 6.0. Staining for aSMA was processed using the M.O.M. Kit

(Vector Laboratories) according to the manufacturer’s recommendations.

For all other stains, the tissue sections were blocked with 1%BSA in Tris-buff-

ered saline for 30 min prior to incubation with the primary antibody. Sections

were then incubated with biotin-conjugated anti-rabbit/rat/goat IgG and

ABC reagent (Vector Laboratories) for 30 to 45 min at room temperature.

DAB was used as a detection system (Vector Laboratories) according to the

manufacturer’s instructions. The following primary antibodies were used:

mouse anti-aSMA (Sigma) 1:200, rabbit anti-FSP1 (a gift from Dr. Eric Nielson,

Northwestern University Feinberg School of Medicine) 1:50, biotinylated anti-

HABP (Amsbio) 1:200, rabbit anti-CD31 (Abcam) 1:50, and rabbit antivimentin

(Cell Signaling) 1:100. For all stainings, DAB positivity was analyzed in five to

eight visual fields at an original magnification of 103, 203, or 403. Control

and treated mice within an experimental set (at least three mice per group)

were analyzed. All stainings were quantified using NIH ImageJ analysis

software with the same threshold for each stain; results were expressed as

percentage staining per visual field.

Immunofluorescence

Harvested tumors were embedded in O.C.T. medium (TissueTek). Frozen

sections 4 to 5 mm thick were fixed in ice-cold acetone for 20 min, blocked

Figure 5. GEM Treatment Does Not Improve Survival of Mice with Myofibroblast-Depleted Tumors

(A) Representative micrographs of H&E stained pancreatic samples (scale bar represents 100 mm) and pathological scores of indicated experimental groups.

Control, n = 16; depleted, n = 17; GEM, n = 8; and GEM depleted, n = 8.

(B) Representative micrographs (scale bar represents 200 mm) of the apoptosis marker TUNEL and corresponding quantification (n = 3 in each group).

(C) Representative micrographs (scale bar represents 100 mm) of FSP1 IHC and corresponding quantification (n = 4 in each group).

(D) Representative micrographs (scale bar represents 100 mm) of CD31 IHC and corresponding quantification (n = 3 in each group).

(E) Representative 18F-FDG PET/CT (top, frontal section; bottom, sagittal section) and associated maximum standard update value (SUVmax) (n = 3 in each

group).

(F) Hydroxyproline release reflecting collagen content in control and myofibroblast-depleted tumors (n = 4 in each group). Significance was determined using

t tests.

(G) Survival analyses of indicated experimental groups.

Data are represented as mean ± SEM. Unless otherwise noted, significance was determined using one-way ANOVA with Tukey post hoc analysis (*p < 0.05,

**p < 0.01). ns, not significant.
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with 1% BSA in PBS, and immunostained using standard protocols. Primary

antibodies used were goat anti-collagen 1 (Southern Biotech) 1:200, mouse

anti-aSMA-FITC/mouse anti-aSMA-Cy3 (Sigma) 1:200, rat antimouse Ki-67

(abcam) 1:200, rabbit anti-FAP (Abcam) 1:200, rat anti-foxp3 (eBioscience)

1:150, rabbit anti-NG2 (Millipore) 1:200, rat anti-CD31 (BD PharMingen)

1:200, mouse 4.3.11.3 (Hypoxyprobe) 1:50, and rabbit anti-LOX (Imgenex)

1:200. Stainings for pimonidazole adduct (Hypoxyprobe) was processed using

the M.O.M. Kit according to the manufacturer’s recommendations. Apoptosis

was assessed using In Situ Cell Death Detection Kit, TMR red (Roche). DAPI

was used to stain cell nuclei.

Flow Cytometry

Weighed tumors were minced and allowed to digest in a 2 ml mixture of colla-

genase (400 U type II collagenase; Worthington) and 0.2 mg/ml DNase I in

RPMI media at 37#C for 1 hr. The mixture was gently vortexed every 10 to

20 min. The tissue lysate was filtered through a 40 mm mesh prior to immuno-

staining. The resulting single-cell suspension was stained with fixable viability

dye eFluor 780, anti-CD45.2 Pacific Blue, anti-CD3 PE-Cy7, anti-CD3 Alexa

Fluor 700, anti-Foxp3 Alexa Fluor 700, anti-CD11c eFluor 615, and anti-

NK1.1 PE (all from eBioscience); anti-Granzyme B APC and anti-CD4 Qdot

605 (Life Technologies); anti-CD8 Brilliant Violet 650, anti-CD11b Brilliant

Violet 570, anti-CD19 Brilliant Violet 650, and anti-F4/80 FITC (all from

BioLegend); and anti-Ly6C APC, anti-Ly6G PE-Cy7, and anti-Ki-67 PE (BD

Biosciences). The percentage positive cells were analyzed by FlowJo and

gated on CD45 positivity. To analyze the number of CD133+CD44+ cells, the

single-cell suspension was incubated in the dark, on ice, with Aqua LIVE/

DEAD Fixable Dead Cell Stain (Molecular Probes) 1:1,000 for 30 min, followed

by staining with anti-CD44 APC 1:400 (eBioscience) and anti-CD133 PE 1:200

(eBioscience). Unstained, LIVE/DEAD only, and single stain served as control.

Doublets were gated out using forward-scatter width/height and sideward-

scatter width/height event characteristics.

Tumor Spheres and Limiting Dilution Tumor Formation Assay

Tumors were digested as described above, and cell suspension was filtered

through a 100 mm mesh. Two million cells were plated in a low-adherence

dish with 1% fetal bovine serum, Dulbecco’s modified Eagle’s medium,

and penicillin/streptomycin/amphotericin. Three to 4 weeks later, the formed

spheres were counted at 2003 magnification. For the limiting dilution

assay, flow cytometry purified YFP+ cancer cells (from PKT mice crossed to

R26-stop-EYFP reporter mice) were pelleted and resuspended in PBS prior

to subcutaneous injection in nude mice. Six nude mice received injections of

YFP+ cells (100, 1,000 or 10,000 cells) from tumors of PKT mice without myo-

fibroblast depletion (control; two donor mice were used) or with myofibroblast

depletion (depleted; two donor mice were used).

Gene Expression Profiling

Total RNA was isolated from tumors of PKT control mice (n = 3 at early stage,

n = 3 at late stage) and myofibroblast-depleted mice (n = 4 at early stage, n = 3

at late stage, n = 2 at late stage and treated with anti-CTLA4) using RNeasy

Plus Mini Kit (Qiagen) and submitted to the Microarray Core Facility at MD An-

derson Cancer Center. Gene expression analysis was performed using Mouse

Ref6 Gene Expression BeadChip (Illumina), and the Limma package from R

Bioconductor (Carey et al., 2005) was used to analyze differentially expressed

genes of myofibroblast-depleted mice versus control mice (p % 0.05, fold

change R 1.5). Gene ontology and pathway analyses of differentially ex-

pressed genes are performed using the Web-accessible program Database

for Annotation, Visualization and Integrated Discovery (Huang et al., 2009).

Pathways that enrich differentially expressed genes are selected (p < 0.05).

For RNA sequencing analyses, sequencing of the whole transcriptome was

performed using the SOLiD system. Lifescope Genomic Analysis Software

version 2.5.1 was used to map the raw data to the mouse genome (build

mm10) and to quantify the counts per gene. The count data were used to

perform differential expression analysis using the R package, DEseq. Quanti-

tative real-time PCR analyses are detailed in Supplemental Experimental

Procedures.

Vascular Leakage

Vascular leakage was assayed and quantified as previously described (Cooke

et al., 2012). Quantification was performed using a grading system ranging

from 0 to 5, representing 0% to 100% extravascular FITC-dextran. Results

were plotted as scores.

Clinical Studies

Resected tumors were obtained from 53 patients (Table S1) with invasive

pancreatic adenocarcinoma who underwent surgical resection at Johns Hop-

kins Hospital after approval by the Johns Hopkins Hospital institutional review

board (IRB). The cases were obtained under an IRB-exempt protocol. Clinical

information was obtained from the electronic medical records. Tissue sec-

tions from paraffin-embedded specimens were stained for aSMA (Sigma) as

described above, and staining intensity was scored blinded. Each tissue sec-

tion was surveyed entirely for aSMA stain intensity in interstitial fibroblasts.

aSMA+ vessels of all sizes were easily distinguishable from interstitial fibro-

blasts. Overall, few aSMA+ vessels were detected in the tumors, and these

were not included in the score. A scale of 0 to 3 was used (0 = no detected

staining, 1 =weak staining, 2 =moderate staining, 3 = strong staining). Patients

were then divided into two groups: a ‘‘low aSMA’’ group, as defined by scores

of 0 and 1, and a ‘‘high aSMA’’ group, as defined by scores of 2 and 3. Kaplan-

Meier plots were drawn for each group and statistical differences evaluated

using the log rank Mantel-Cox test.

Statistics

Statistical analyses of pathological scores, flow cytometry, and immunohisto-

chemical quantifications were performed by using Student’s t test, one-way

ANOVA, or Fisher’s exact test with GraphPad Prism (GraphPad Software).

Limiting dilution assay was evaluated using SPSS (SPSS) with chi-square

tests. For survival analyses, Kaplan-Meier plots were drawn and statistical

differences evaluated using the log rank Mantel-Cox test. A p value < 0.05

was considered statistically significant.
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The microarray data are deposited at Gene Expression Omnibus under

accession numbers GSE52812 (gene expression changes comparing

pancreas tumors from PKT mice with pancreas tumors from PKT; aSMA-tk

mice) and GSE55871 (gene expression changes comparing myofibroblasts

from pancreas tumors of PKT mice with myofibroblasts from pancreas tumors

of PKT; aSMA-tk mice).
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Figure 6. Myofibroblast Depletion Results in Increased Frequency of FoxP3+ Treg Cells in PDAC

(A) Heatmap of differentially regulated genes pertaining to tumor immunity in early- and late-treated tumors.

(B–D) Percentage Teff (B), percentage Treg (C), and Teff/Treg ratio (D) in early- and late-treated tumors.

(E) Relative Ctla4 expression in late-treated tumors (n = 6).

(F and G) CD8+ cytotoxic T cell/Treg ratio (F) and CD3/CD11b ratio (G) in early- and late-treated tumors.

(H and I) Percentages Teff (H) and Treg (I) in normal pancreas and in early- and late-treated tumors.

(J–L) Percentages CD11b+Ly6G+ (J), CD11b+Gr1+F4/80" (K), and CD11b+Gr1"F4/80+ (L) cells in late-treated tumors.

Data are represented as mean ± SEM. Significance was determined using t tests, except for multiple-group comparisons, for which significance was determined

using one-way ANOVA with Tukey post hoc analysis (*p < 0.05, **p < 0.01, **p < 0.001, ****p < 0.0001). ns, not significant. See also Figure S5.
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SUMMARY

Cancer-secreted microRNAs (miRNAs) are emerging mediators of cancer-host crosstalk. Here we show that
miR-105, which is characteristically expressed and secreted by metastatic breast cancer cells, is a potent
regulator of migration through targeting the tight junction protein ZO-1. In endothelial monolayers, exo-
some-mediated transfer of cancer-secreted miR-105 efficiently destroys tight junctions and the integrity of
these natural barriers against metastasis. Overexpression of miR-105 in nonmetastatic cancer cells induces
metastasis and vascular permeability in distant organs, whereas inhibition of miR-105 in highly metastatic
tumors alleviates these effects. miR-105 can be detected in the circulation at the premetastatic stage, and
its levels in the blood and tumor are associated with ZO-1 expression and metastatic progression in early-
stage breast cancer.

INTRODUCTION

Metastasis is the leading cause of mortality in cancer patients.

Nearly 50% of breast cancer (BC) patients treated with chemo-

therapeutic and/or hormonal agents develop distant metastatic

disease (Nicolini et al., 2006; Rubens, 2001); these patients

face a 5-year survival rate of only $20% (Yardley, 2010). There-

fore, there is a great and urgent need to develop predictive or

Significance

In this study, we set out to identify cancer-secreted miRNAs that participate in cancer metastasis by adapting the niche
cells. Our results demonstrate an important role of miR-105 in destroying the vascular endothelial barriers in the host during
early premetastatic niche formation by targeting the cellular tight junctions. In breast cancer patients, increased levels of
miR-105 in the circulation can be detected at the premetastatic stage and correlate with the occurrence of metastasis.
Anti-miR-105 treatment suppresses metastasis and abolishes the systemic effect of tumor-derivedmiR-105 on niche adap-
tation. Therefore, these observations strongly suggest clinical applications of miR-105 as a predictive or early diagnostic
blood-borne marker as well as a therapeutic target for breast cancer metastasis.
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early diagnostic markers for metastasis and to elucidate the

molecular mechanisms of metastasis that would allow the

development of efficient treatment options. In the ‘‘seed and

soil’’ hypothesis for metastasis (Paget, 1889), migratory tumor

cells leave the primary tumor through intravasation, dissemi-

nate throughout the body via the circulation, and eventually

engraft in a distant organ that provides an appropriate microen-

vironment. These consecutive steps require close interplay

between cancer cells and their microenvironment. Among the

multiple factors underlying metastasis, the adaptation of the

primary tumor microenvironment and premetastatic or meta-

static niches by cancer to facilitate cancer cell dissemination

and distant engraftment plays an important prometastatic role

that is starting to be recognized (Chambers et al., 2002; Kaplan

et al., 2005; Podsypanina et al., 2008; Psaila and Lyden, 2009;

Sethi and Kang, 2011). The recent discovery of microRNAs

(miRNAs) and their extracellular presence suggest a potential

role of these regulatory molecules in defining the metastatic

potential of cancer cells and mediating the cancer-host

communication.

miRNAs are small noncoding RNAs that base-pair with the 30

untranslated regions (UTRs) of protein-encoding mRNAs, result-

ing in mRNA destabilization and/or translational inhibition. The

biogenesis of miRNAs is tightly controlled, and dysregulation

of miRNAs is linked to cancer (Calin and Croce, 2006; Iorio

et al., 2005). miRNAs are also present extracellularly, either

through binding to protein or lipid carriers (Arroyo et al., 2011;

Turchinovich et al., 2011; Vickers and Remaley, 2012) or as a

major RNA component of exosomes (Redis et al., 2012; Valadi

et al., 2007). Exosomes are small (30–100 nm) membrane-

encapsulated vesicles that are released into the extracellular

environment by many cell types, including cancer cells (Skog

et al., 2008; Valadi et al., 2007; Yuan et al., 2009). Exosomal

RNAs are heterogeneous in size but enriched in small RNAs,

such as miRNAs. Cancer-secreted exosomes and miRNAs

can be internalized by other cell types in the primary tumor

microenvironment and premetastatic or metastatic niches

(Hood et al., 2011; Peinado et al., 2012; Skog et al., 2008;

Yuan et al., 2009; Zhang et al., 2010; Zhuang et al., 2012).

miRNAs loaded in these exosomes, which to a certain extent

reflect the dysregulated miRNA profile in cancer cells, can

thus be transferred to recipient niche cells to exert genome-

wide regulation of gene expression. In addition, cancer-derived

exosomal miRNAs may bind as ligands to Toll-like receptors in

surrounding immune cells (Fabbri et al., 2012). Therefore, can-

cer-secreted miRNAs may play a crucial role in regulating

various cellular components of the tumor microenvironment in

order to facilitate metastasis.

Cancer-derived miRNAs have been detected in the blood of

cancer patients, and their levels distinguish cancer patients

from healthy controls (Mitchell et al., 2008; Taylor and Gercel-

Taylor, 2008). Previous studies by us and by other groups have

identified circulating miRNAs associated with the histopatholog-

ical features of breast tumors and clinical outcomes in BC

patients (Heneghan et al., 2010; Jung et al., 2012; Roth et al.,

2010; Wu et al., 2012; Zhu et al., 2009). Some of these miRNAs

may play a role in the metastatic process. The goal of this study

was to identify cancer-secreted miRNAs that participate in

cancer metastasis by adapting the niche cells.

RESULTS

Metastatic BC-Secreted Exosomal RNA Regulates
the Migration of Endothelial Cells
We chose the MDA-MB-231 metastatic BC (MBC) line and the

MCF-10A noncancerous mammary epithelial line as models for

studying cancer-secreted exosomes and miRNAs. Exosomes

purified from conditioned media by ultracentrifugation exhibited

typical cup-shaped morphology by electron microscopy and a

size range of 30 to 100 nm (Figure 1A).We focused on endothelial

cells in this study for their critical barrier function during

metastasis. When exosomes labeled with the fluorescent

dye1,10-dioctadecyl-3,3,30,30-tetramethylindocarbocyanineper-

chlorate (DiI) were incubated with primary human microvascular

endothelial cells (HMVECs), the recipient cells exhibited high up-

take efficiency, as indicated by fluorescence microscopy (Fig-

ure 1B) and flow cytometry (Figure 1C), without a significant

difference between MCF-10A- and MDA-MB-231-derived exo-

somes. After a 24 hr incubation with labeled exosomes, >90%

of recipient cells were positive for DiI fluorescence (Figure 1C).

Among a series of cellular analyses in exosome-treated

HMVECs, we found that the transwell migration of endothelial

cells was significantly stimulated by MDA-MB-231-secreted,

but not MCF-10A-secreted, exosomes (Figure 1D). Transfection

of total or small RNA extracted from MDA-MB-231 exosomes,

but not that from the MCF-10A exosomes, recapitulated the

migration-inducing effect (Figure 1E), thereby indicating that

the unique small RNA content of MDA-MB-231 exosomes func-

tions as a migratory regulator in endothelial cells.

miR-105 Is Specifically Expressed and Secreted byMBC
Cells and Can Be Transferred to Endothelial Cells via
Exosome Secretion
To identify the exosome-associated small RNA(s) that induce

migration, we selected and profiled all small RNAs in the exo-

somes by Solexa (Illumina) deep sequencing. Exosomes from

MDA-MB-231 and MCF-10A cells exhibited similar small RNA

composition (Figure S1A available online). We focused on

miRNAs that are known for their gene-regulatory function, iden-

tifying a list of miRNAs differentially secreted between the two

lines (Table S1). Among these, some showed the correspond-

ing up- or downregulation in the cells and the exosomes,

whereas others exhibited opposite changes between the exo-

somal and cellular compartments, which may suggest cell-

type-specific mechanisms for highly selective enrichment or

exclusion of the miRNA in exosome-mediated secretion. We

further focused on miR-105 that was predicted by multiple

algorithms (TargetScan, miRDB, and PicTar) to target TJP1

(tight junction [TJ] protein 1; also known as zonula occludens

1 [ZO-1]), a migration-related gene. The secretion of mature

miR-105 was highly specific to MDA-MB-231, and its expres-

sion was significantly higher in these cells compared with

MCF-10A (Figures 2A and 2B; Table S1). Although the primary

(pri-) and precursor (pre-) miR-105 also exhibited higher intra-

cellular levels in MDA-MB-231, these forms were not detect-

able in exosomes (Figures S1B and S1C). Among a panel of

BC lines, the expression and secretion of miR-105 were spe-

cific to highly metastatic cells originally isolated from pleural

effusion (Figures 2A and 2B).
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To confirm that MBC-secreted miR-105 can be transferred

to endothelial cells via exosomes, we measured the miR-105

levels in HMVECs treated with exosomes derived from MCF-

10A or MDA-MB-231 cells. An increase of the cellular level

of mature miR-105, but not pri- or pre-miR-105, was observed

in recipient HMVECs following the treatment with MBC-origi-

nated exosomes with kinetics starting at 4 hr and peaking at

24 hr (Figures 2C and 2D), similar to that observed for exo-

some uptake (Figure 1C). We conclude that this increase of

miR-105 reflects the exosome-mediated miRNA transfer but

not an induction of miR-105’s endogenous expression in the

recipient cells, as its level in exosome-treated cells was not

significantly affected by an RNA polymerase II inhibitor (Fig-

ure 2E). When we treated HMVECs with PKH67 (Sigma-

Aldrich)-labeled exosomes secreted by MDA-MB-231 cells

that were transfected with Cy3-labeled miR-105, the Cy3 fluo-

rescence was observed in >90% of recipient cells, in which it

largely colocalized with the PKH67 lipid dye that labeled the

exosomal membranes (Figure S1D). In contrast, no internaliza-

tion of naked Cy3-labeled miR-105 was observed in HMVECs

(Figure S1D).

Cancer-Secreted miR-105 Downregulates Tight
Junctions and Destroys the Barrier Function
of Endothelial Monolayers
We next examined the miR-105 regulation of the putative target

ZO-1, a central molecular component of TJs, which comprise a

major group of cell-cell adhesion complexes in endothelial and

epithelial cells. The four predicted miR-105 binding sites in the

30UTR of human ZO-1 were cloned into a reporter plasmid and

assessed for their responsiveness to miR-105 in HMVECs.

Site I and site II, which are conserved among most species, re-

sponded to retrovirus-expressed miR-105 by directing a 50%

to 65% reduction in reporter gene expression, whereas the other

two sites did not. When both sites I and II were present down-

stream of reporter gene, a greater reduction in gene expression

was observed (Figure S2A).

Consistent with the results from the reporter assay, ectopic

expression of miR-105, or treatment with exosomes derived

from theMDA-MB-231 (high-miR-105) but not theMCF-10A cells

(low-miR-105), resulted in a significant decrease of ZO-1 expres-

sion at both themRNA and protein levels in HMVECs (Figures 3A–

3C). The effect of MDA-MB-231 exosomes could be abolished

Figure 1. MBC-Secreted Exosomal RNA Regulates Migration of Endothelial Cells

(A) EM images of exosomes secreted by MCF-10A and MDA-MB-231 cells.

(B) Primary HMVECs were incubated with DiI-labeled exosomes (red) for 24 hr before fluorescent and phase contrast images were captured.

(C) HMVECs incubated with DiI-labeled exosomes for indicated time were analyzed by flow cytometry for DiI uptake.

(D) After 48 hr incubation with exosomes or PBS (as control), HMVECs were analyzed for transwell migration, and cells that had migrated within 8 hr were

quantified from triplicate wells.

(E) HMVECs transfected with equal amount of total or small (<200 nt) RNA extracted fromMCF-10A or MDA-MB-231 (abbreviated as MDA-231 or 231 in figures)

secreted exosomes, or control RNA (cel-miR-67), were subjected to transwell migration at 48 hr after transfection.

*p < 0.005 compared with control group. Results are presented as mean ± SD.
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by transfecting the recipient cells with miR-105 inhibitor (Figures

3B and 3C). It was unlikely to require additional exosomal compo-

nents that are unique to MDA-MB-231, as exosomes secreted by

MCF-10Acells stably overexpressing and secretingmiR-105 (Fig-

ure S2B) and by other high-miR-105 BC cells but not by low-miR-

105 BC cells (Figures 2A and 2B) also downregulated ZO-1

expression in recipient HMVECs (Figure 3C; Figure S2C). When

HMVEC monolayers were analyzed by immunofluorescence,

those treated with high-miR-105 exosomes (secreted by MCF-

10A/miR-105 and MDA-MB-231) exhibited marked reduction of

ZO-1 and internalization of another TJ protein occludin from cell

junctions,whereas the junctional level of vascular endothelial cad-

herin (VE-cadherin) was not significantly affected (Figure 3D).

We next performed an in vitro permeability assay by

measuring the traversing of rhodamine-labeled dextran (relative

molecular mass 70,000) probes through HMVEC monolayers

growing on 0.4-mm filters. Similar to the effect induced by

vascular endothelial growth factor (VEGF), treatment of the

endothelial barrier with MDA-MB-231 exosomes also induced

passage of the fluorescent probes from the top to the bottom

wells in a manner that was dependent on functional miR-105

and downregulation of ZO-1 (Figure 3E). When the transendo-

thelial electrical resistance was measured in HMVEC mono-

layers, treatment with MDA-MB-231 exosomes significantly

reduced the unit area resistance compared with PBS or MCF-

10A exosome treatment. Inhibition of miR-105 and restored

Figure 2. miR-105 Is Specifically Expressed and Secreted by MBC Cells and Can Be Transferred to Endothelial Cells via Exosome Secretion

(A and B) Cellular (A) and exosomal (B) RNAwas extracted from various breast cell lines and subjected tomiR-105 RT-qPCR. Data were normalized to levels of U6

(cellular; A) or miR-16 (exosomal; B) and compared with the nontumor line MCF-10A. MBC lines originally isolated from pleural effusion (PE) are indicated by red

columns.

(C) RNA was extracted from HMVECs incubated with exosomes of different origins for indicated time and analyzed for miR-105 level using U6 as internal control.

At each time point, data were compared with PBS-treated cells.

(D) RNA extracted from HMVECs incubated with exosomes of different origins for 24 hr (or PBS as control) was analyzed for the level of pri-miR-105 or pre-miR-

105.

(E) MDA-MB-231-secreted exosomes were fed to HMVECs in the presence or absence of 5,6-dichloro-1-b-D-ribofuranosylbenzimidazole (20 mM). After 24 hr,

RNA extracted from the recipient cells was analyzed for miR-105 level.

*p < 0.005 compared with PBS treatment. Results are presented as mean ± SD (see also Figure S1 and Table S1). P.Br, primary breast.
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expression of ZO-1 in recipient HMVECs both abolished the

effect of MBC-derived exosomes (Figure 3F). The effect of

miR-105-containing exosomes on vascular destruction was

further tested in a 3D vascular sprouting assay. In this system,

endothelial cells formed vascular sprouts after 4 to 5 days in cul-

ture. At this time, purified exosomes fromMCF-10A/vec (control)

or MCF-10A/miR-105 cells were added into the culture media,

and the effects on already established vascular structures

were analyzed 5 days later. We observed a clear and significant

destruction of vascular structures with the treatment of miR-105-

containing exosomes (from MCF-10A/miR-105) compared with

the control (Figure 3G). Consistent with these results, ectopic

expression of miR-105 or treatment with MBC exosomes signif-

icantly induced migration in HMVECs through the miR-105/ZO-

1-mediated mechanism (Figure 3H). Last, to directly simulate

the barrier-traversing step in metastasis, transendothelial inva-

sion of cancer cells was examined using HMVEC monolayers

grown on 3-mm filters. The number of GFP-labeled MDA-231-

HM cells that had invaded through HMVECs treated with MDA-

MB-231 exosomes was significantly greater compared with

those that had invaded through untreated or MCF-10A exo-

some-treated HMVECs, and both miR-105 inhibition and ZO-1

restoration in recipient cells interfered with this effect (Figure 3I).

Cancer-Secreted miR-105 Induces Vascular
Permeability and Promotes Metastasis In Vivo
To further demonstrate the in vivo effect of exosomal miR-105 on

endothelial barriers, we injected exosomes secreted by MCF-

10A/vec (low-miR-105), MCF-10A/miR-105 (high-miR-105), or

MDA-MB-231 cells (high-miR-105), or PBS as control, into the

tail veins of NOD/SCID/IL2Rg null (NSG) mice and examined

the lung and brain, organs that frequently host BC metastases,

after exosome treatment. The results indicated that exosomes

with high-miR-105, but not those with low-miR-105, significantly

increased miR-105 levels in lung and brain (Figure 4A), accom-

panied by reduced ZO-1 expression in endothelial cells positive

for cluster of differentiation 31 (CD31) (Figure 4B) and enhanced

vascular permeability (Figure 4C; Figure S3). In another experi-

ment, mice were pretreated with exosomes secreted by MCF-

10A or MDA-MB-231 cells (or PBS as control) before an intracar-

diac injection of luciferase-labeled MDA-MB-231 cells. Three

weeks later, tissues were collected for reverse transcription

quantitative PCR (RT-qPCR) of luciferase gene using mouse

18S as internal control to quantify metastases. Consistent with

their effect on destroying the endothelial barriers, MDA-MB-

231 but not MCF-10A exosomes significantly increased metas-

tases in the lung and brain (Figure 4D).

miR-105 Overexpression in Poorly Metastatic BC Cells
Promotes Metastasis In Vivo
To determine if the miR-105 level in primary tumors regulates

endothelial barriers and metastasis, we stably overexpressed

miR-105 in an MCF-10A-derived tumorigenic line, MCFDCIS,

which forms lesions similar to comedo ductal carcinoma in situ

that spontaneously progress to invasive tumors (Hu et al.,

2008;Miller et al., 2000). Comparedwith vector-transduced con-

trol cells, the miR-105-overexpressing MCFDCIS cells also

secreted a higher level of miR-105 (Figure S4A) and showed

reduced ZO-1 protein expression and significantly enhanced

migration in transwell and wound closure assays (Figures S4B–

S4D). Restoration of ZO-1 using an overexpressing plasmid

that lacks the 30UTR abolished the promigratory effect of

miR-105. We next established orthotopic xenografts using lucif-

erase-labeled MCFDCIS cells with or without miR-105 overex-

pression. AlthoughmiR-105 did not seem to affect primary tumor

growth (Figures S4E and S4F), distant metastases were signifi-

cantly induced in the lung and brain in mice bearing miR-105-

overexpressing tumors at week 6 (Figures 5A and 5B). Histolog-

ical staining indicated that in contrast to the MCFDCIS/

vec tumors, which showed moderate local invasiveness,

MCFDCIS/miR-105 tumors displayed no clear margin and

extensively infiltrated into the surrounding tissues (Figure 5C).

In addition, the in vivo vascular permeability in the lung, liver,

and brain of mice bearing miR-105-overexpressing tumors was

dramatically increased compared with that in the control group

(Figure 5D; Figure S4H), whereas relatively high vascular perme-

ability was observed in the primary tumors of both groups (Fig-

ures S4G and S4H). In mice bearing miR-105-overexpressing

tumors, miR-105 was detected not only in primary tumors but

also in the metastasis-free areas of distant organs (Figure 5E).

Reduced level of ZO-1 was observed in the CD31+ vascular

endothelial cells in the lung and brain of mice with high-miR-

105 xenografts (Figure 5F). These results collectively suggest

that tumor cells expressing and consequently secreting higher

level of miR-105 acquire greater metastatic potential through

the dual advantages of enhanced tumor cell invasion and weak-

ened endothelial barriers in the host.

miR-105 Inhibition SuppressesMetastasis and Restores
Vascular Integrity In Vivo
To further explore the potential therapeutic effect of miR-105

intervention, we established xenografts from high-miR-105,

high-metastatic MDA-231-HMcells that were generated through

explant culture of a spontaneous meningeal metastasis of MDA-

MB-231. In vitro treatment of these cells with an anti-miR-105

compound increased ZO-1 expression and suppressed migra-

tion (Figures S5A and S5B), consistent with the effect of miR-

105 observed in other experiments. In vivo treatment with the

anti-miR-105 compound reduced the volume of primary tumors

and suppressed distant metastases to the lung and brain

compared with the groups receiving PBS or control compound

(Figures 6A–6C). Tumors treated with anti-miR-105 had clear

margins with significantly reduced tumor cell infiltration into the

surrounding tissues (Figure 6D). Although Ki-67 staining did not

show a significant difference among the tumor groups, anti-

miR-105-treated tumors showed higher levels of ZO-1 and

higher percentages of apoptotic cells, as indicated by cleaved

caspase-3 (Figure 6E). The in vivo vascular permeability assay

indicated a lack of rhodamine-dextran penetration into various

tissues in tumor-free mice; conversely, leakage of the dye into

these tissues in tumor-bearing animals occurred even at a pre-

metastatic stage (Figure 6F; Figure S5C), which suggests an ef-

fect of tumor-secreted factors in destroying the vascular integrity

of a distant organ during early premetastatic niche formation.

Notably, treatment with anti-miR-105 efficiently blocked this

effect, restoring the vascular integrity in tumor-bearing animals

(Figure 6F; Figure S5C). Restored ZO-1 expression in CD31+

vascular endothelial cells was observed in the lung and brain
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Figure 3. Cancer-Secreted miR-105 Downregulates TJs and Destroys the Barrier Function of Endothelial Monolayer

(A) HMVECs transduced with miR-105 or vector were analyzed for ZO-1 expression by RT-qPCR.

(B) HMVECs treated as indicated were analyzed for the RNA level of ZO-1.

(C) HMVECs treated as indicated were analyzed by Western blot.

(D) HMVEC monolayers were treated as indicated for 48 hr and analyzed by immunofluorescence (IF) for ZO-1 (green), occludin (red), and VE-cadherin (green).

DAPI (blue): cell nuclei.

(legend continued on next page)
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of tumor-bearing mice treated with anti-miR-105 compound

(Figure 6G). Thus, anti-miR-105 treatment suppresses metas-

tasis by reducing tumor invasiveness and restoring the barrier

function of endothelial niche cells.

miR-105 Is Associated with ZO-1 Expression and
Metastatic Progression in BC
Because miR-105 is uniquely expressed and secreted by MBC

cells, it is possible that cancer-secreted miR-105 can be de-

tected in the circulation of BC patients, such that miR-105 may

serve as a prognostic marker for metastatic potential. To explore

this, we first measured the serum miRNA levels in mice bearing

MDA-231-HM xenograft tumors at either the premetastatic

(week 3 after cancer cell implantation) or metastatic (week 6 after

cancer cell implantation) stage in comparison with tumor-free

animals. Circulating miR-105, but not two other miRNAs (miR-

155 and miR-375), was significantly elevated in tumor-bearing

animals at both premetastatic andmetastatic stages (Figure 7A),

suggesting that miR-105 derived from primary tumors with high

miR-105 levels and high metastatic potential can be detected in

the blood at an early stage before the clinical detection of metas-

tasis. We next compared serum miRNA levels among 38 stage II

and III BC patients. By comparing miRNA levels in circulating

exosomes and the corresponding exosome-depleted serum

fraction, we found that circulating miR-105 and miR-181a pre-

dominantly existed in exosomes, whereas two other miRNAs

(miR-375 and miR-422b) were detected in both exosomes and

exosome-depleted fraction at comparable levels (Figure S6). In

circulating exosomes purified from sera, levels of miR-105, but

not two other miRNAs (miR-181a and miR-375), were signifi-

cantly higher in patients who later developed distant metastases

during the 4.2 years of mean follow-up (n = 16) than those who

did not (n = 22) (Figure 7B). To further determine if circulating

miR-105 in BC patients is functionally active in regulating endo-

thelial cells, we treated established 3D vascular structures with

serum from a healthy donor or a BC patient with a high level of

circulating miR-105. The patient serum but not normal serum re-

sulted in a destruction of vascular structures, which was abol-

ished by the anti-miR-105 compound (Figure 7C).

In patients with paired serum and tumor specimens, we further

detected a strong positive correlation between circulating (exo-

somal) and tumor miR-105 levels (r = 0.85, p < 0.01). In contrast,

significant inverse correlations were detected between tumor

miR-105 and ZO-1 (r = "0.48, p = 0.03) and between circulating

(exosomal) miR-105 and tumor-adjacent vascular ZO-1 expres-

sion (r ="0.49, p = 0.04) (Figures 7D and 7F). These observations

are consistent with the role of miR-105 in downregulating ZO-1.

In addition, higher levels of tumor miR-105 and lower levels of

tumor and vascular ZO-1 were observed in patients who later

developed distant metastases compared with those who did

not and compared with normal mammary tissues (Figures 7E

and 7F), thus supporting the functional association of these

genes with cancer metastasis. In a BC tissue array, significantly

higher miR-105 and lower ZO-1 levels were detected in the pri-

mary tumors with distant or lymph node metastases (n = 15)

compared with those without (n = 60), and the inverse correlation

between miR-105 and ZO-1 remained significant among all

cases (r = "0.24, p = 0.04) (Figure 7G). Overall, our clinical

data suggest that cancer-derived miR-105 can serve as a

blood-based marker for the prediction or early diagnosis of BC

metastasis and may play a role in promoting cancer progression

by targeting ZO-1.

DISCUSSION

Exchange of cellular materials between cells through various

paracrine and endocrine mechanisms is an important means of

intercellular communication and can be mediated by exosomes.

The tumor-derived adaptation of endothelial cells by miR-105

occurs during early premetastatic niche formation. Enhanced

vascular permeability could then enhance cancer cell dissemina-

tion and growth at distant sites through multiple means,

including (1) plasma protein leakage that results in enhanced

entrapment and hence concentration of tumor cells; (2)

enhanced dissemination of tumor cells to distant sites, resulting

in autocrine signaling that overwhelms any inhibitory signaling at

the distant site; and (3) additional exosome cargos and/or

plasma proteins that leak into secondary organs and alter

cellular physiology toward a prometastatic/tumor-supportive

phenotype. In fact, vascular destabilization at the premetastatic

lung niche has been previously described and involves a syner-

gistic effect among angiopoietin 2, matrix metalloproteinase

(MMP) 3, and MMP10 (Huang et al., 2009). Thus, therapies tar-

geting miR-105 and these protein factors, in combination with

existing conventional therapies, may serve as an effective treat-

ment for cancer patients with high risk for metastasis (e.g., indi-

cated by high levels of circulating miR-105). Understanding

mechanisms leading to miR-105 overexpression in MBC, which

is an ongoing direction in our laboratory, may reveal additional

strategies for miR-105 intervention.

(E) The permeability of treated HMVECmonolayers grown on 0.4 mm filters was measured by the appearance of rhodamine-dextran, which was added to the top

well at the beginning of the experiment, in the bottomwell during a 1 hr time course. The absorbance at 590 nm at each time point was indicated. Treatment of the

HMVECmonolayer with VEGF (50 ng/ml) for 8 hr was included as a positive control to show cytokine-induced permeability. The absorbance at the 1 hr time point

was compared with the PBS (control) condition. *p < 0.005. **p > 0.05.

(F) HMVEC monolayers grown on filters and treated as indicated were analyzed for transendothelial electrical resistance. Calculated unit area resistance from

triplicate wells was normalized to the control (PBS) treatment.

(G) Treatment with miR-105-containing exosomes resulted in a vascular destruction. Vascular sprouting assay was established for 5 days, at which time 1 mg of

purified exosomes from MCF-10A/vec (control) or MCF-10A/miR-105 cells were added into the culture media. Vascular structures were imaged 5 days after the

treatment, and representative images are shown (left). Vascular sprouts per spheroid were counted and graphed (right). At least 50 spheroids were counted in

each experiment, and the experiment was repeated three times. *p < 0.05.

(H) HMVECs treated as indicated were subjected to transwell migration. Cells that had migrated within 8 hr were quantified from triplicate wells. *p < 0.005.

(I) HMVEC monolayers grown on 3 mm filters were treated as indicated before GFP-labeled MDA-231-HM cells were seeded in the transwell inserts. After 10 hr,

the GFP+ cells on the bottom side of filters were quantified under a fluorescent microscope. *p < 0.005.

Results are presented as mean ± SD (see also Figure S2). GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Downregulation or loss of TJs, frequently as a result of

reduced expression of TJ-associated proteins, contributes to

cancer progression by altering cell migration, proliferation, polar-

ity, and differentiation (Brennan et al., 2010; Georgiadis et al.,

2010; Itoh and Bissell, 2003; Martin and Jiang, 2009). Reduction

of TJ-associated ZO-1 in primary breast tumors due to

decreased expression or cytoplasmic localization is associated

with metastasis in BC patients (Martin et al., 2004; Polette

et al., 2005). Our study identifies miR-105 as a key regulator of

ZO-1, suggesting one mechanism of TJ disruption associated

Figure 4. Cancer-Secreted miR-105 Induces Vascular Permeability and Promotes Metastasis In Vivo

(A) Exosomes secreted by MCF-10A/vec, MCF-10A/miR-105, or MDA-MB-231 cells, or PBS (as control), were intravenously injected into the tail veins of NSG

mice (n = 3) twice a week. After five injections, tissues were collected for RT-qPCR of miR-105 using U6 as internal control. *p < 0.05.

(B) Collected lung and brain tissueswere subjected to double-label IF for ZO-1 (green) andCD31 (pink). Structures positive for CD31 are indicated by arrowheads.

The scale bar represents 100 mm.

(C) In vivo vascular permeability determined by the appearance of intravenously injected rhodamine-dextran (red) (n = 3). Representative images are shown. DAPI

(blue): cell nuclei. The scale bar represents 100 mm.

(D) Exosomes secreted by MCF-10A or MDA-MB-231 cells, or PBS (as control), were intravenously injected into the tail veins of NSG mice (n = 6) twice a week.

After five injections, all mice received intracardiac injection of luciferase-labeled MDA-MB-231 cells. Three weeks later, tissues were collected for RT-qPCR of

luciferase gene using mouse 18S as internal control to quantify metastases. *p < 0.05.

Results are presented as mean ± SD (see also Figure S3).
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Figure 5. miR-105 Overexpression in Poorly Metastatic BC Cells Promotes Metastasis In Vivo

(A) Luciferase-labeledMCFDCIS/vec orMCFDCIS/miR-105 cells were injected into the number 4mammary fat pads of NSGmice (n = 8). Bioluminescent imaging

(BLI) at week 6 is shown. *Because of the extensive tumor burden, these three mice were sacrificed at week 5.5; their images at week 5 are shown.

(B) Quantification of metastases in the lung and brain. Mice shown in (A) were sacrificed at week 6, and tissues were subjected to RT-qPCR of luciferase gene

using mouse 18S as internal control (n = 8). Results are presented as mean ± SD. *p < 0.05.

(C) Representative hematoxylin and eosin (H&E) stained images of the tumor edges showing local invasiveness. The scale bar represents 50 mm.

(D) In vivo vascular permeability determined by the appearance of intravenously injected rhodamine-dextran (red) in various organs. Tissues were collected from

mice bearing MCFDCIS/vec or MCFDCIS/miR-105 xenografts (n = 3) that were sacrificed at week 6. Representative images are shown. DAPI (blue): cell nuclei.

The scale bar represents 100 mm.

(E) Representative images of miR-105 in situ hybridization (ISH) in tissues collected from the two groups. The scale bar represents 50 mm.

(F) Collected tissues were subjected to double-label IF for ZO-1 (green) and CD31 (pink). Structures positive for CD31 are indicated by arrowheads. The scale bar

represents 100 mm.

See also Figure S4.
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Figure 6. miR-105 Inhibition Suppresses Metastasis and Restores Vascular Integrity In Vivo

(A) Luciferase-labeled MDA-231-HM cells were injected into the number 4 mammary fat pads of NSG mice. Mice were divided into three groups (n = 6) for

treatment with PBS, anti-miR-105 compound, or control compound. BLI at week 3 and week 6 is shown.

(B) Tumor volume determined in the three groups. *p < 0.005 compared with the other two groups.

(C) Quantification of metastases in the lung and brain. Mice shown in (A) were sacrificed at week 6 and tissues were subjected to RT-qPCR of luciferase gene

using mouse 18S as internal control (n = 6). *p < 0.01.

(legend continued on next page)
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with cancer progression and metastasis. The Rho family of small

guanosine triphosphatases (GTPases) has been implicated in

the regulation and function of TJs (Connolly et al., 2002; Gonzá-

lez-Mariscal et al., 2008; Jou et al., 1998; Shen et al., 2006). The

Rho-associated protein kinase, a downstream effector of RhoA,

regulates actomyosin contractility, TJ assembly, and endothelial

capillary formation through phosphorylation of the regulatory

myosin light chain (MLC2). Relevant to our study, junctional pro-

teins including ZO-1 have been reported to regulate Rho

GTPases through interacting with guanine nucleotide exchange

factors and GTPase activating proteins (Citi et al., 2011). In our

study, overexpression of miR-105 or treatment with exosomes

carrying miR-105 did not alter the activity of RhoA, Rac1/2/3,

or Cdc42, or the phosphorylation of MLC2, in recipient HMVECs

(data not shown), suggesting that the small GTPases are not

downstream effectors of the herein identified miR-105/ZO-1

pathway. In endothelial cells that normally express low miR-

105 levels (data not shown), ectopic, cancer-derived miR-105

transferred via exosomes can effectively reduce ZO-1 expres-

sion and disrupt the barrier function of these cells both in vitro

and in vivo. Although miR-105 secreted by the primary tumor

may only affect a fraction of endothelial niche cells, this would

be sufficient to open ‘‘gates’’ in these natural monolayer barriers

for traversal of cancer cells, thereby facilitating metastasis. In

addition, contact-dependent intercellular miRNA transfer be-

tween two adjacent cells through the transmembrane channel

protein SIDT1 has recently been reported (Elhassan et al.,

2012). Through this pathway, cancer-derived miRNAs (e.g.,

miR-105) that are transferred to a distant organ via circulating

exosomes may further extend their regulatory effect to those

interconnected niche cells without direct exosome uptake. In

patients with familial hypercholesterolemia but not normal sub-

jects, circulating miR-105 can be detected on high-density lipo-

protein, which delivers the miRNA to recipient cells as an exo-

some-independent mechanism (Vickers et al., 2011). It would

be interesting to determine the noncancer source of circulating

miR-105 and its role in regulating vascular permeability through

the herein demonstrated pathway in these patients.

It is likely that additional target genes and pathways regulated

by miR-105 also contribute to its prometastatic effect. Although

overexpression of miR-105 in MCFDCIS xenografts did not

significantly affect primary tumor growth, anti-miR-105 treat-

ment in animals bearing MDA-231-HM xenografts reduced

tumor volume and induced apoptosis of tumor cells. This may

suggest a cancer- or/and niche-specific effect of miR-105 that

facilitates cancer cell survival and, therefore, promotes metas-

tasis. Interestingly, miR-105 has been reported as a tumor sup-

pressor that inhibits proliferation through downregulating cyclin-

dependent kinase 6 in prostate cancer cells (Honeywell et al.,

2013). This miRNA may also have an anti-inflammatory effect

in gingival keratinocytes through targeting Toll-like receptor 2

(Benakanakere et al., 2009). In several cancer cell lines of non-

breast origin, maturemiR-105 is undetectable, possibly because

of the nuclear retention of miR-105 precursors (Lee et al., 2008).

These suggest important tissue-specific mechanisms control-

ling the biogenesis and function of miR-105. Understanding

these mechanisms and their relevance to cancer progression

and metastasis will provide further rationales for targeting miR-

105 as a treatment for MBC.

miRNA transfer between cancer cells and the genetically

normal niche cells is apparently bidirectional. In addition to

the cancer-derived adaptation of niche cells, normal epithelial

cells also secrete and transfer antiproliferative miRNAs (e.g.,

miR-143) to cancer cells, as a potential strategy to maintain tis-

sue homeostasis at an early stage in cancer formation (Kosaka

et al., 2012). In contrast, exosomes secreted by stromal fibro-

blasts promote BC cell protrusion and motility through Wnt-

planar cell polarity signaling (Luga et al., 2012). Because exo-

somes are secreted by multiple types of normal cells and

mediate their natural functions such as antigen presentation

(Théry et al., 2002), targeting exosome secretion as a potential

means of blocking this mode of cancer-host crosstalk requires

the identification of cancer-specific molecules or pathways that

control exosome production. The recently reported high

expression of Rab27A in cancer and the effect of Rab27A inter-

ference by reducing exosome production in multiple melanoma

cell lines may provide an approach to specifically inhibit can-

cer-derived exosomes (Peinado et al., 2012). In addition, as

the exosomal secretion of miRNAs exhibits a highly selective

pattern that differs between cancer and normal cells (Table

S1) (Pigati et al., 2010), understanding the cellular selection

mechanism for miRNA secretion, which may involve RNA-bind-

ing proteins, recognizing the primary or secondary structures of

miRNA and its dysregulation in cancer may reveal unique stra-

tegies to block cancer-specific miRNA secretion. Last, charac-

terization of cancer-secreted messengers and effectors, such

as miR-105, will enable the selection of patients for the corre-

sponding targeted therapy and eventually combination therapy

simultaneously targeting multiple secretory miRNAs and/or pro-

teins. Such patient selection may be achieved by a quantitative

blood test for circulating miR-105, which correlates with metas-

tasis in early-stage BC patients. In developing personalized

diagnostics and therapeutics, a combination of miR-105 with

other miRNA and/or protein markers in the blood that would

better specify the disease traits at the individual level will likely

enhance our ability to select BC patients with high risk for

metastasis for preventive treatment that targets miR-105 and

other effectors.

(D) Representative H&E images of the tumor edges showing local invasiveness. The scale bar represents 50 mm.

(E) Immunohistochemistry (IHC) was performed in xenograft tumors using antibodies of Ki-67, cleaved (clvd) caspase-3, and ZO-1. Representative images are

shown. The scale bar represents 50 mm.

(F) In vivo vascular permeability indicated by the penetration of rhodamine-dextran (red) into various organs. Tissues were collected from tumor-free NSGmice as

well as mice bearing MDA-231-HM tumors that were untreated when sacrificed at week 3 after tumor cell implantation (the premetastatic [pre-met] group) or

treated as indicated and sacrificed at week 6 (n = 4). Representative images are shown. DAPI (blue): cell nuclei. The scale bar represents 100 mm.

(G) Tissues were subjected to double-label IF for ZO-1 (green) and CD31 (pink). Structures positive for CD31 are indicated by arrowheads. The scale bar rep-

resents 100 mm.

Results are presented as mean ± SD (see also Figure S5).
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Figure 7. miR-105 Is Associated with ZO-1 Expression and Metastatic Progression in BC

(A) miRNA levels in the sera of tumor-free orMDA-231-HM tumor-bearingmice (premetastasis: serum collected at week 3;metastasis: serum collected at week 6;

n = 5 or 6) were measured by RT-qPCR and normalized to miR-16. **p > 0.05.

(B) Circulating exosomes were isolated from serum samples of stage II and III BC patients. miRNAs were measured by RT-qPCR, normalized to miR-16, and

compared among patients who developed distant metastases (mets) during follow-up (n = 16) and those who did not (n = 22). **p > 0.05.

(legend continued on next page)

Cancer Cell

Cancer-Secreted miR-105 Promotes Metastasis

512 Cancer Cell 25, 501–515, April 14, 2014 ª2014 Elsevier Inc.



EXPERIMENTAL PROCEDURES

Clinical Specimens

Human specimens were obtained from voluntarily consenting patients at the

City of Hope Medical Center (Duarte, CA) under institutional review board-

approved protocols. The clinical information is summarized in Tables S2–S5.

Details can be found in Supplemental Experimental Procedures.

Cells, Plasmids, and Viruses

Please see Supplemental Experimental Procedures.

Exosome Purification and Electron Microscopy

Detailed protocols for preparing exosomes by ultracentrifugation can be found

in Supplemental Experimental Procedures. For electron microscopy (EM),

exosomes were fixed with 2% paraformaldehyde, loaded on 200-mesh

Formvar-coated grids, and then contrasted and embedded as previously

described (Thery et al., 2006). Solexa deep sequencing of exosomal and

cellular RNA and genome-wide interrogation were performed as described

(Wu et al., 2012); data sets were submitted to Gene Expression Omnibus

(GEO) (GSE50429).

RNA Extraction, RT-qPCR, Western Blot Analysis, and

Immunofluorescence

These procedures were performed as described previously (Tsuyada et al.,

2012; Wang et al., 2011; Yu et al., 2010). See Supplemental Experimental Pro-

cedures for details.

Transendothelial Electrical Resistance, Endothelial Permeability,

and 3D Vascular Sprouting Assays

Detailed protocols can be found in Supplemental Experimental Procedures.

Vascular sprouting assay was performed as described using microcarrier

beads coated with endothelial cells and embedded in 3D fibrin gel (Newman

et al., 2011).

Wound Closure, Transwell Migration, and Transendothelial Invasion

Assays

Wound closure and transwell migration assays were performed as previously

described (Wang et al., 2006). Detailed protocols for transendothelial invasion

assay can be found in Supplemental Experimental Procedures.

Animals

All animal experiments were approved by the institutional animal care and use

committee at City of Hope. Detailed procedures can be found in Supplemental

Experimental Procedures. The control and miR-105 targeted compounds

used in the miR-105 intervention study had the same chemical modification

pattern, chimeric 20-fluoro and 20-methoxyethyl modifications on a phosphor-

othioate backbone (Davis et al., 2006), and were synthesized at Regulus

Therapeutics. The same compounds were also used in vitro to transfect

MDA-231-HM cells (Figures S5A and S5B).

In Situ Hybridization and Immunohistochemistry

Please see Supplemental Experimental Procedures.

Statistical Analyses

All results were confirmed in at least three independent experiments, and data

from one representative experiment were shown. All quantitative data are pre-

sented as mean ± SD. The statistical analysis was performed using SAS 9.2

software (SAS Institute). Student’s t tests were used for comparisons of means

of quantitative data between groups. The correlations between serum and

tumor miR-105 and between miR-105 and ZO-1 expression were evaluated

using Pearson’s correlation coefficient (r). Values of p < 0.05 were considered

significant.

ACCESSION NUMBERS

The GEO accession number for the exosomal and cellular RNA sequencing

data reported in this paper is GSE50429.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

six figures, and five tables and can be found with this article online at http://

dx.doi.org/10.1016/j.ccr.2014.03.007.
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SUMMARY

Twist is a key transcription activator of epithelial-mesenchymal transition (EMT). It remains unclear how Twist
induces gene expression. Here we report a mechanism by which Twist recruits BRD4 to direct WNT5A
expression in basal-like breast cancer (BLBC). Twist contains a ‘‘histone H4-mimic’’ GK-X-GK motif that is
diacetylated by Tip60. The diacetylated Twist binds the second bromodomain of BRD4, whose first bromo-
domain interacts with acetylated H4, thereby constructing an activated Twist/BRD4/P-TEFb/RNA-Pol II
complex at the WNT5A promoter and enhancer. Pharmacologic inhibition of the Twist-BRD4 association
reducedWNT5A expression and suppressed invasion, cancer stem cell (CSC)-like properties, and tumorige-
nicity of BLBC cells. Our study indicates that the interaction with BRD4 is critical for the oncogenic function of
Twist in BLBC.

INTRODUCTION

Recruitment and activation of RNA-Pol II at gene promoters are

two key steps required for a productive transcription (Zhou et al.,

2012). After RNA-Pol II recruitment to a gene promoter, TFIIH

phosphorylates serine 5 of the heptapeptide repeats in the C-ter-

minal domain (CTD) of RNA-Pol II, resulting in initial synthesis of

short RNA species. However, RNA-Pol II pauses in the proximal

promoter and requires a second phosphorylation event on serine

2 of the CTD that is carried out by the pause release factor

P-TEFb, a complex composed of CDK9 and cyclin T1/2. Impor-

tantly, the recruitment of P-TEFb to RNA-Pol II is mediated, in

part, by BRD4 (Jang et al., 2005).

BRD4 is a member of the BET (bromodomain and extra termi-

nal domain) family proteins that are characteristic of two tandem

bromodomains (BDs) located in the N terminus. The BDs of

BET proteins recognize acetylated-lysine residues in nucleo-

somal histones (Filippakopoulos et al., 2012), facilitating the

Significance

BLBC is associated with an aggressive clinical history, development of recurrence, distant metastasis, and shorter patient
survival. BLBC contains abundant EMT transcription factor Twist and possessesmany CSC-like characteristics, suggesting
that the Twist-activated EMT program confers growth advantages to BLBC. However, the absence of a clear ligand-binding
domain in Twist creates a formidable hurdle toward developing inhibitors that can suppress its function.We found that Twist
interacts with and recruits the BRD4/P-TEFb/RNA-Pol II transcription complex to theWNT5A superenhancer for gene acti-
vation. BET-specific inhibitors disrupted the Twist-BRD4 interaction and resulted in significant Wnt5a reduction, leading to
inhibition of invasion and tumorigenicity of BLBC in vitro and in vivo. Our study indicates that targeting the Twist-BRD4 inter-
action provides an effective approach for treating BLBC.
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recruitment of transcriptional proteins to chromatin. Recent

studies have shown that pharmacologic inhibition of BRD4

with BET-specific BD inhibitors effectively blocks MYC expres-

sion in multiple myeloma (Delmore et al., 2011), Burkitt’s

lymphoma, and acute myeloid leukemia (Dawson et al., 2011;

Zuber et al., 2011). However, many mechanistic questions about

BRD4 functions as a chromatin regulator in gene transcription

are still unanswered, including (1) howBRD4 interacts and works

with transcription factors at the target gene promoter and

enhancer sites and (2) whether and how the two BDs in BRD4

function differently in gene transcription.

Breast cancer is a heterogeneous disease that can be divided

into four major subtypes based on gene expression profiling:

luminal A, luminal B, ErbB2, and basal like. Basal-like breast

cancer (BLBC) is characterized by the lack of expression of es-

trogen receptor (ER), progesterone receptor (PR), and epidermal

growth factor receptor 2 (HER2) and positive expression of basal

markers (Cytokeratin 5/6 [CK5/6] and CK14) (Rakha et al., 2008).

The absence of effective targeted therapies and poor response

to standard chemotherapy often results in a rapidly fatal clinical

outcome for this disease. Notably, BLBC has activated the

epithelial-mesenchymal transition (EMT) program, which pro-

vides cells with increased plasticity and stem-cell-like properties

required during embryonic development, tissue remodeling,

wound healing, and metastasis (Thiery et al., 2009).

Twist and Snail are two key members of EMT-activating

transcriptional factors. During mesoderm development in

Drosophila, Snail functions as a transcriptional repressor to

prevent expression of genes that belong to ectoderm, whereas

Twist serves as a transcriptional activator to induce mesodermal

gene expression (Leptin, 1991). A complete loss of all meso-

dermal characteristics occurs only when both Snail and Twist

are absent. These results suggest that Snail and Twist work

synergistically, controlling distinct sets of genes, to coordinate

EMT induction and mesoderm formation (Zeitlinger et al., 2007).

We previously showed that Snail interacts with several tran-

scriptional repressive complexes to suppress gene expression.

However, the mechanism underlying gene transcriptional acti-

vation by Twist has remained elusive. In this study, we sought

to identify Twist-interacting proteins and determine the mecha-

nism by which Twist controls gene transcriptional activation in

EMT and BLBC.

RESULTS

BRD4-BD2 Interacts with Lysine-Acetylated Twist
We sought to identify Twist-interacting proteins from a stable

HeLa S3 cell line expressing Flag-Twist. Affinity protein purifica-

tion, followed by SDS-PAGE and analysis by mass spectrom-

etry, revealed the presence of BRD4 and TRRAP/EP400 (data

not shown). To validate the interaction between Twist and

BRD4, we coexpressed hemagglutinin (HA)-Twist and Flag-

BRD4 in HEK293 cells in the presence or absence of the histone

deacetylase inhibitor Trichostatin (TSA). After immunoprecipitat-

ing Twist, we detected the associated BRD4, and vice versa (Fig-

ure 1A and Figure S1A available online). Although similar

amounts of Twist were immunoprecipitated from cells with and

without TSA treatment, Twist was more acetylated and inter-

acted with more BRD4 in cells treated with TSA. In addition,

immunoprecipitation with a pan-acetylated-lysine (pan-AcK)

antibody pulled down Twist and BRD4 in cells treated with

TSA. Similar observations were made in Twist-expressing

HeLa S3 cells (Figures 1B and S1B). We further confirmed the

interaction between the endogenous Twist and BRD4 and acet-

ylation of the endogenous Twist in four BLBC cell lines, both of

which were substantially enhanced with TSA treatment (Figures

1C and S1C). The Twist-BRD4 interaction is specific because

Twist did not associate with other BET members (BRD2,

BRD3, and BRDT) or lysine specific demethylase 1 (LSD1), and

BRD4 did not associate with TCF4 (Figure S1D). The increased

Twist-BRD4 interaction by TSA could not be due to an altered

subcellular localization of these two proteins as TSA did not

affect their localization (Figure S1E).

We next generated BRD4 deletion constructs and coex-

pressed them with Twist in HEK293 cells. We found that only

N-terminal fragments containing both BDs, but not other regions

of BRD4, retained the ability to interact with Twist (Figure 1D).

When BD1 or BD2 was coexpressed with Twist in HEK293 cells,

only BD2WT, but not BD1WT, bound to Twist (Figures 1E and

S1F). Mutation of the conserved tyrosine and asparagine resi-

dues in the acetyllysine binding pocket of BD2 to alanine

(BD2YN) reduced its binding to Twist. The Twist-BRD4 inter-

action was readily disrupted when JQ1, a BET-specific BD inhib-

itor, was added to the immunoprecipitation reaction (Figures 1F,

1G, S1G, and S1H). Similarly, MS417, a BET-specific BD inhibi-

tor with approximately 10-fold higher binding affinity than JQ1

(Zhang et al., 2012), effectively blocked the Twist-BRD4 inter-

action in four BLBC cell lines (Figures S1I and S1J). These results

indicate that the Twist-BRD4 interaction is mediated by the BD2

of BRD4 binding to lysine-acetylated Twist.

Twist Diacetylation at K73 and K76 by Tip60 Is Required
for Twist-BRD4 Interaction
The N-terminal half of Twist contains an acidic segment and two

lysine/arginine-rich basic motifs that share high sequence simi-

larity to histones H2B and H4, respectively (Figure S2A). We

generated Twist deletion constructs DL1 (residues 15–202),

DL2 (residues 31–202), and DL3 (residues 47–202) and coex-

pressed them individually with Flag-BRD4 in HEK293 cells.

DL1 retained, whereas DL2 and DL3 lost, interaction with

BRD4 (Figures 2A and S2B). Surprisingly, in contrast to DL1,

DL2 and DL3 also completely lost acetylation (Figures 2B and

S2C). Because the first 30 N-terminal residues in Twist do not

contain lysine, the loss of acetylation in DL2 and DL3 suggests

that the N-terminal region is critical for Twist acetylation. In our

mass spectrometry analysis, the NuA4 histone acetyltransferase

complex proteins, including TRRAP and EP400 (Doyon and

Côté, 2004), were identified as Twist association partners. We

postulated that Tip60, the acetyltransferase of NuA4 complex,

was responsible for Twist acetylation. Indeed, when TwistWT,

DL1, DL2, and DL3 were coexpressed with Tip60 in HEK293

cells, we found that TwistWT and DL1, but not DL2 or DL3, inter-

acted with Tip60 (Figures 2C and S2D). Endogenous Twist-Tip60

interaction was confirmed in three BLBC cell lines, which was

markedly enhanced by TSA treatment (Figure S2E). We further

observed that ectopic expression of Tip60 in BT549 and

SUM1315 cells resulted in enhanced acetylation of Twist and

the association of Twist with BRD4 even in the absence of
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Figure 1. BD2 of BRD4 Is Required for Its Interaction with Acetylated Twist

(A) HA-Twist and Flag-BRD4 were coexpressed in HEK293 cells. After treatment of cells with TSA (2 mM) for 12 hr, Twist, BRD4, and acetylated Twist were

immunoprecipitated with HA, Flag, and pan-acetylated-lysine (pan-AcK) antibodies, respectively, and analyzed by western blotting.

(B) HeLa cells stably expressing Flag-Twist were treated with TSA as in (A). Flag-Twist, endogenous BRD4, and acetylated Twist were immunoprecipitated and

examined by western blotting.

(C) Cells were treated as described in (A). Endogenous Twist, BRD4, and acetylated Twist were immunoprecipitated and examined by western blotting.

(D) Schematic depiction of the functional domains of BRD4 and deletion constructs used (top). ET, extraterminal domain. Flag-tagged wild-type (WT) or deletion

mutants of BRD4 were coexpressed with HA-Twist in HEK293 cells. After being immunoprecipitated with HA or Flag antibody, the bound BRD4 or Twist was

examined by western blotting (bottom).

(legend continued on next page)
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TSA, whereas knockdown of Tip60 yielded opposite effects even

in the presence of TSA (Figures 2D and S2F).

Twist contains five lysine residues (K33, K38, K73, K76, and

K77) in its N-terminal region, which are highly conserved among

different species (Figure S2A). Point mutation of K33R, K73R,

and K76R showed a reduced level of acetylation compared to

that of TwistWT (Figures 2E and S2G). TwistWT, K33R, K38R,

and K77R showed a similar interaction with BD2, whereas

K73R and K76R exhibited clearly weaker binding to BD2 (Figures

2F and S2H). The K73R/K76R double mutant showed an almost

complete loss of acetylation and interaction with BD2 (Figures

2G and S2I). We further confirmed the Tip60-mediated Twist

acetylation on K73/K76 by mass spectrometry analysis (Figures

2H and S2J). There are 12 nuclear histone acetyltransferases

(HATs), divided into three major groups: (1) the GNAT family

(e.g., PCAF), (2) the MYST family (e.g., Tip60), and (3) the

p300/CBP family (e.g., p300 and CBP) (Rekowski and Giannis,

2010). To examine whether other HATs can also acetylate Twist,

we knocked down the expression of p300, CBP, PCAF, or Tip60

individually in BT549 and SUM1315 cells (Figure S2K). We found

that knockdown of Tip60, but not p300, CBP, or PCAF, sup-

pressed Twist acetylation at K73/K76. Taken together, these

data support our contention that Tip60 is the major HAT respon-

sible for the K73/K76 acetylation on Twist and that diacetylation

of Twist is required for its association with BRD4-BD2.

Histone H4 Mimicry in Twist Is Responsible for Its
Interaction with BRD4
Diacetylations of the N-terminal tail of H4 at K5 and K8 are often

required for the interaction of H4 with BDs of BET family proteins

(Filippakopoulos et al., 2012; Morinière et al., 2009). The Twist

sequence at K73 and K76 shares high similarity to the N-terminal

tail of H4 at K5 and K8 (Figure 3A). To investigate this ‘‘histone

mimicry’’ in the interaction between Twist and BRD4, we per-

formed a pull-down study using biotinylated H4 and Twist

peptides and lysate of HEK293 cells expressing BRD4-BD2.

We observed that biotinylated H4-K5ac/K8ac peptide (residues

1–21) was bound to BD2 and that this interaction was disrupted

by nonbiotinylated H4-K5ac/K8ac peptide (Figure 3B, lane 2

versus lane 1). This interaction was also markedly reduced by

a Twist-K73ac/K76ac peptide (residues 61–80) but not by the

unacetylated corresponding peptide (Figure 3B, lanes 3 and 4

versus lane 1). Similarly, the interaction of a biotinylated Twist-

K73ac/K76ac peptide with BD2 was disrupted by a Twist-

K73ac/K76ac, but not unacetylated, peptide (Figure 3B, lanes

7 and 8 versus lane 5). Notably, acetylated H4 peptide also

disrupted the acetylated Twist and BD2 association (Figure 3B,

lane 6 versus lane 5), indicating that diacetylated K5/K8 in H4

and diacetylated K73/K76 in Twist function similarly as a recog-

nition motif for BRD4-BD2.

We then developed a specific antibody against Twist-K73ac/

K76ac. Twist recognition by this antibody was disrupted by a

Twist-K73ac/K76ac peptide, but not the corresponding nonace-

tylated peptide (Figures 3C and S3A). This antibody recognized

immunoprecipitated TwistWT, but not TwistK73R/K76R that

harbored mutated K73 and K76 (Figures 3D and S3B). In line

with our contention that Tip60 acetylates Twist at K73/K76,

both Twist and H4 acetylated by purified Tip60 in vitro were

recognized by this Twist-K73ac/K76ac antibody and a pan-acet-

ylated antibody (Figure 3E). Furthermore, this antibody readily

detected endogenous Twist-K73ac/K76ac that was immuno-

precipitated from four BLBC cell lines (Figures 3D and S3B).

Although immunoprecipitation of the endogenous Twist by this

antibody was weak, it was robustly increased by the addition

of JQ1 to the binding buffer, indicating that the K73ac/K76ac

site is masked by binding to BRD4 in cells (Figure 3F).

We further characterized the functional importance of this

diacetylation-dependent Twist-BRD4 interaction in human

mammary epithelial (HMLE) cells. Ectopic expression of TwistWT

resulted in an induction of EMT, as indicated by the downregula-

tion of E-cadherin and upregulation of vimentin (Figures 3G and

S3C). While localized in the nucleus (Figure S3D), TwistK73R/K76R

expression failed to induce EMT, indicating that the interaction

with BRD4 is critical for the function of Twist.

Molecular Basis of BRD4 Binding to Lysine-Acetylated
Twist
To determine the molecular basis of diacetylation-dependent

Twist-BRD4 association, we characterized binding of the two

BDs of BRD4 to a series of Twist peptides (residues 68–79)

bearing no, single-acetylated, or diacetylated lysine at K73 and

K76 by nuclear magnetic resonance (NMR) titration. As shown in

2D 1H-15NHSQCspectra (Figure S4A), BRD4-BD2exhibited sub-

stantially more extended chemical shift perturbations upon bind-

ing to the single-acetylated, and even more to the diacetylated,

Twist peptides than those produced by BRD4-BD1, confirming

that BRD4-BD2 is largely responsible for BRD4 association

with the diacetylated Twist. The preferred recognition of Twist-

K73ac/K76ac by BRD4-BD2 was supported in a fluorescence

anisotropy competition binding study using a fluorescein-labeled

H4K5ac/K8ac peptide as an assay probe, yielding a Ki of 800 mM

and >3,000 mM for BRD4-BD2 and BRD4-BD1, respectively

(Figure S4B). Furthermore, BRD4-BD1 and other BDs, including

those from CBP and PCAF, showed almost no interaction with

the single- or diacetylated Twist peptides (data not shown).

We next solved the 3D structure of BRD4-BD2 bound to Twist-

K73ac/K76ac peptide using NMR spectroscopy to determine

the molecular basis of this selective interaction (Figures 4A,

4B, and S4C and Table S1). As revealed in the 3D structure,

the Twist-K73ac/K76ac peptide is bound in the protein across

(E) Schematic diagram showing the double bromodomain (BD1+BD2) of BRD4 and individual BD constructs used (top). Flag-BD1WT, BD1YN, BD2WT, and BD2YN

were coexpressed with HA-Twist in HEK293 cells treated with TSA as in (A). Twist and BDs were immunoprecipitated with HA and Flag antibodies, respectively,

and analyzed by western blotting (bottom).

(F) HA-Twist and Flag-BRD4 were coexpressed in HEK293 cells treated with TSA as in (A). Twist and BRD4 were immunoprecipitated with HA and Flag anti-

bodies, respectively, in the presence or absence of JQ1 (1 mM) and analyzed by western blotting.

(G) Cells were treated with TSA as in (A). Endogenous Twist and BRD4were immunoprecipitated with Twist and BRD4 antibodies, respectively, in the presence or

absence of JQ1 (1 mM) and examined by western blotting.

See also Figure S1.
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Figure 2. Twist Diacetylation at K73/K76 by Tip60 Is Required for Interaction with BRD4
(A) Schematic diagram showing the domain organization of Twist, with deletion and mutation constructs used (top). HA-tagged WT or deletion mutants of Twist

were coexpressed with Flag-BRD4 in HEK293 cells treated with or without TSA. Twist and BRD4 were immunoprecipitated with HA and Flag antibodies,

respectively, and analyzed by western blotting (bottom).

(B) HA-tagged WT or deletion mutants of Twist were expressed in HEK293 cells treated with TSA. Twist and acetylated Twist were immunoprecipitated with HA

and pan-AcK antibodies, respectively, and analyzed by western blotting.

(C) Flag-tagged WT or deletion mutants of Twist were coexpressed with HA-Tip60 in HEK293 cells treated with TSA. Twist and Tip60 were immunoprecipitated

with Flag and HA antibodies, respectively, and analyzed by western blotting.

(legend continued on next page)
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an elongated cavity formed between the ZA and BC loops of this

left-handed four-helical bundle structure. Specifically, acety-

lated K73 is bound in the canonical acetyllysine binding site,

forming a hydrogen bond between its carbonyl oxygen and the

side-chain nitrogen of the conserved Asn433. Acetylated K76

is recognized, next to K73ac, by the BD2 in a small hydrophobic

cavity that is lined with Trp374, Val380, Leu385, and Val439.

While the overall recognition of the diacetylated K73/K76 in Twist

by BD2 is similar to that of the diacetylated K5/K8 in H4 by the

BD1 of BRD4, several additional interactions observed in the

former complex explain its selectivity. For instance, the imid-

azole nitrogen atom of His437 of BD2 is within hydrogen bond

distance to the backbone carbonyl oxygen of the K73ac (Figures

4A and 4B). Notably, within this highly conserved acetyllysine

binding pocket, His437 in BRD4-BD2, which corresponds to

Asp144 in BRD4-BD1, is unique. Asp144 was not engaged in

any interaction with the H4 peptide as shown in the crystal struc-

ture of the BD1/H4-K5ac/K8ac peptide complex (Filippakopou-

los et al., 2012), explaining the failed binding of BRD4-BD1 to

Twist-K73ac/K76ac. To further examine the role of His437 in

BRD4/Twist association, we engineered two point mutants by

switching His437 and Asp144 in the two BDs, generating BD2-

H437D and BD1-D144H mutants. Remarkably, we found that

BD2-H437D almost completely lost its ability to bind to the diac-

etylated Twist, whereas BD1-D144H gained binding ability for

the acetylated Twist (Figure 4C), confirming the important func-

tion of His437 in the Twist-K73ac/K76ac recognition.

We observed additional intermolecular interactions in the

complex structure that contribute to the selectivity of BRD4-

BD2/Twist recognition. For instance, the methyl group of Ala70

of Twist interacts with the aromatic side chain of the conserved

Tyr432 in BRD4-BD2, whereas side chains of Ser78 of Twist and

Glu438 of the BD2 form electrostatic interactions. Importantly,

both Ala70 and Ser78 in Twist are located outside the diacetyla-

tion GK-X-GK motif and are not conserved in H4. Ala70 has no

corresponding residue in H4, whereas the corresponding resi-

due for Ser78 in H4 is Leu10, which could not form a favorable

interaction with Glu438 in BD2, or even Asp145 in BD1. Collec-

tively, our structural insights provide a detailed understanding

of the molecular basis for the selective recognition of Twist-

K73ac/K76ac by BRD4-BD2.

Histone H4 and Twist Synergistically Interact with BRD4
Because single BD2 of BRD4 can interact with H4 or Twist, we

examined their interactions in a cellular context by expressing

Twist or TwistK73R/K76R with single or double BDs of BRD4 in

HEK293 cells. After immunoprecipitation of Twist, BDs, or H4

individually, the association and acetylation of the other twomol-

ecules were analyzed by western blotting (Figures 4D and S4D).

First, we immunoprecipitated Twist and examined the presence

of other two molecules (Figure 4D, left panel). We found that

TwistK73R/K76R did not associate with any of the BDs (Figure 4D,

left panel, lanes 7–9), whereas Twist associated with BD2 and

BD1+BD2 but not BD1. Notably, the associated BD1+BD2 also

contained H4 (Figure 4D, left panel, lanes 4–6). Second, we

immunoprecipitated BD1, BD2, or BD1+BD2 and examined the

presence and acetylation of Twist and H4 (Figure 4D, middle

panel). BD1 associated with H4 but not Twist, whereas BD2

interacted with both Twist and H4, indicating that Twist and H4

can compete for interaction with BD2 (Figure 4D, middle panel,

lanes 4–6). BD1+BD2 also associated with Twist and H4. Intrigu-

ingly, the amount of H4 associatedwith single BD (BD1 or BD2) is

similar to that with double BDs in BD1+BD2 (Figure 4D, middle

panel, lanes 2 and 3 versus lane 1), suggesting that only one

BD in BD1+BD2 binds to H4. In the presence of Twist, the bind-

ing of BD1+BD2 to H4 did not alter (Figure 4D, middle panel, lane

4 versus lane 1). Because Twist interacts with BD2 but not BD1,

H4 likely only interacts with BD1 when BD1+BD2, Twist, and H4

are all present. Consistent with this contention, the amount of

Twist associated with BD1+BD2 was more than that with BD2

(Figure 4D, middle panel, lane 4 versus lane 5), where Twist

and H4 competed for the binding to the BD2. Lastly, we immuno-

precipitated H4 and examined the association of Twist and BDs

(Figure 4D, right panel). We found that levels of BD1, BD2, and

BD1+BD2 appeared to be equivalent, suggesting that H4 inter-

acted equally with BD1, BD2, and BD1+BD2 and that only one

BD interacted with H4 in BD1+BD2. In the presence of Twist,

the immunoprecipitated BD2 was reduced (Figure 4D, right

panel, lane 5 versus lane 2), suggesting that Twist and H4

compete for the interaction with single BD2. However, when

the double BDs (BD1+BD2) were present, only one BD was

engaged in interaction with H4, since the intensity of immunopre-

cipitated BD1+BD2 was about equal to that of Twist (Figure 4D,

right panel, lane 1 versus lane 4). Consistent with the results from

immunoprecipitated Twist, the immunoprecipitated BD1+BD2

by H4 contained Twist, reaffirming the association of three

protein molecules in cells. Taken together, these results indicate

that Twist and H4 can simultaneously interact with the double

BDs of BRD4, in which BD1 binds to H4, whereas BD2 associ-

ates with Twist. This distinct binding selectivity of the two BDs

of BRD4 is supported by our structural analysis.

Twist-BRD4 Interaction Is Required for WNT5A

Expression
To identify the transcriptional target of the Twist-BRD4 complex,

we performed cDNA microarray analysis of HMLE and luminal

(D) Ectopic expression of Tip60 or knockdown of endogenous Tip60 was performed in BT549 and SUM1315 cells. After endogenous Twist was immunopre-

cipitated, acetylation of Twist and the bound BRD4 were examined by western blotting.

(E) HA-tagged WT and mutant Twist were expressed in HEK293 cells, acetylated Twist was immunoprecipitated with HA and pan-AcK antibodies, respectively,

and examined by western blotting.

(F) HA-tagged WT or mutant Twist was coexpressed with Flag-tagged BD1 and BD2 in HEK293 cells treated with TSA. Twist and BDs were immunoprecipitated

with HA and Flag antibodies, respectively, and examined by western blotting.

(G) HA-tagged WT or mutant Twist was coexpressed with Flag-tagged BD2 in HEK293 cells treated with TSA. Twist, BRD4, and acetylated Twist were

immunoprecipitated with HA, Flag, and pan-AcK antibodies, respectively, and analyzed by western blotting.

(H) Determination of Tip60 catalyzed acetylation sites in Twist by mass spectrometry. Peptides contain K73 and K76 acetylations are shown at the top and

bottom, respectively.

See also Figure S2.
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Figure 3. K73ac/K76ac Twist and BRD4 Interaction Is Critical for the Function of Twist

(A) Sequence alignment between K5/8 of histone H4 and K73/76 of Twist. H, human; M, mouse; Ch, chimpanzee; Mk, monkey; R, rat; B, bovine; Sh, sheep.

(B) The indicated biotinylated peptides weremixedwith lysates fromHEK293 cells expressing BD2without or with indicated nonbiotinylated competing peptides.

The bound BD2 was analyzed by western blotting after pull-down of the biotinylated peptides.

(C) HA-Twist was expressed in HEK293 cells treated with or without TSA. The immunoprecipitated Twist was analyzed on western blots using indicated antibody

in the presence of Twist-K73/K76 or Twist-K73ac/K76ac peptides.

(D) HA-tagged or endogenous Twist was immunoprecipitated from cells treated with or without TSA using HA and Twist antibodies, respectively, and analyzed by

K73ac/K76ac antibody.

(legend continued on next page)
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T47D cells that have undergone Twist-mediated EMT (Figures

3G and S5A). We reasoned that genes that are transcriptionally

active in Twist/HMLE and Twist/T47D cells but are downregu-

lated by JQ1 in these cells but not in vector control cells are likely

targets of the Twist-BRD4 complex (Figure 5A). Among the 29

overlapping genes, WNT5A is noted to encode a critical ligand

of both canonical (controlling pluripotency) and noncanonical

(regulating motility and planar cell polarity) Wnt pathways. Upre-

gulation of Wnt5a is correlated with an aggressive phenotype in

melanoma, as well as breast, lung, and prostate tumors (Witze

et al., 2008). We thus selectedWNT5A as an example to charac-

terize the transcriptional mechanism of Twist. We noticed that

TwistWT but not TwistK73R/76R induced Wnt5a expression (Fig-

ures 3G and S3C). Similarly, TwistWT induced EMT and Wnt5a

expression in T47D cells (Figure S5A). In addition, TWIST expres-

sion positively correlates withWNT5A expression in eight micro-

array data sets from human breast cancer (Figure S5B). Using

Twist and Wnt5a antibodies that detect Twist and Wnt5a,

respectively, in xenograft tumors derived from SUM1315 cells,

which express high levels of Twist and Wnt5a, but not MCF7

cells, which express low levels of Twist and Wnt5a (Figure S5C),

we found that Twist is also positively correlated with Wnt5a

expression in breast cancer specimens, with both increased

expression found predominantly in estrogen receptor negative

(ER") breast cancer (Figure S5D). Further, in 14 breast cell lines

(Figure 5B), both the mRNA and protein levels of Twist and

Wnt5a were found to be largely correlated, with elevated expres-

sions found in BLBC cell lines. BRD4 expression is relatively

constant among normal breast, luminal, and BLBC cell lines

(Figure 5B). Consistently, no significant difference in BRD4

mRNA was found between ER+ and ER" breast cancers from a

477 sample microarray data set (Figure S5E).

We generated a clone of SUM1315 cells with stable knock-

down of Twist. Twist knockdown reduced the mesenchymal

phenotype as these cells were clustered together; cells also

gained expression of epithelial markers and reduced the expres-

sion of mesenchymal markers (Figures 5C and S5F). Ectopic

expression of TwistWT, but not TwistK73R/K76R, restored the

mesenchymal phenotype in these cells. Twist knockdown

also resulted in suppression of Wnt5a expression. Ectopic

expression of TwistWT, but not TwistK73R/K76R, recovered

Wnt5a expression (Figure 5C) and restored the invasiveness

and mammosphere formation in these cells (Figure S5G). These

results are in line with observations in HMLE cells (Figure 3G) and

indicate that the Twist-BRD4 interaction is critical in maintaining

mesenchymal phenotype/characteristics in BLBC cells. Consis-

tently, JQ1 suppressed Wnt5a expression in both Twist/HMLE

and Twist/T47D EMT cells (Figure S5H). In addition, knockdown

of Twist or BRD4 in five BLBC cell lines resulted in reduced

Wnt5a expression; double knockdown of these two molecules

almost completely abolished Wnt5a expression (Figure 5D).

The downregulation of Wnt5a by BRD4-knockdown is specific,

because knockdown of other BET members did not alter

Wnt5a expression (Figure S5I). In addition, knockdown of

BRD4 did not change the expression of either epithelial or

mesenchymal markers (Figure S5J). The downregulation of

Wnt5a correlated with inhibition of invasiveness in BLBC cells;

addition of recombinant Wnt5a partially restored invasiveness

(Figure S5K). Collectively, these results indicate that the Twist-

BRD4 interaction is most likely conserved in HMLE and BLBC

cells for EMT and that this interaction is required for the expres-

sion ofWnt5a, whichmay represent as a bona fide target of Twist

for promoting tumorigenicity in BLBC.

Twist-BRD4 Interaction Is Required for the Recruitment
of BRD4 at the WNT5A Superenhancer
To delineate how the Twist-BRD4 complex activates WNT5A

expression, we constructed a Twist-Gal4 fusion protein by fusing

Twist N-terminal residues 1–100 to Gal4 DNA-binding domain

(DBD). We also generated several N-terminal deletion mutants

of Twist fused with Gal4-DBD, including DL1-Gal4, DL2-Gal4,

DL3-Gal4, and KR-Gal4 (Figure S6A). When these Twist-Gal4

constructs were coexpressed with the Gal4-luciferase reporter,

Gal4-luciferase activity was moderately increased by about

2-fold compared to the control; coexpression of BRD4 with the

Twist-Gal4 fusion constructs that contain the N-terminal region

required for Tip60-mediated acetylation (i.e., TW and DL1)

greatly enhanced luciferase activity to approximately 8-fold,

suggesting that the N-terminal half of Twist contains transactiva-

tion activity and its interaction with BRD4 boosts this activity.

TheWNT5A promoter contains two Twist-responsive E boxes,

conserved in human and mouse, and located at "160 bp

and "67 bp from transcription start site (TSS) (Figure 6A). We

cloned the human WNT5A promoter ("2,000 bp upstream of

the translation start site) and generated several deletion and E

box mutants of the promoter-luciferase constructs, including

Luc1 ("2,000 bp), Luc2 ("760) and LucEM ("760, two E box

mutations). As expected, Twist alone induced Luc1 and Luc2

promoter luciferase activity; coexpression of BRD4 further

enhanced the Twist-induced Luc1 and Luc2 promoter luciferase

activities (Figure 6A, left panel). In addition, mutation of each E

box (E1M and E2M) in this region reduced, whereas mutation of

both E boxes (EM) completely abolished, Twist-BRD4-mediated

activation of theWNT5A promoter luciferase activity, suggesting

that both E boxes are required for Twist-BRD4-induced tran-

scriptional activation. TwistK73R/K76R mutant partially decreased

WNT5A promoter luciferase activity and was completely insen-

sitive to BRD4-mediated transcriptional activation (Figure 6A,

right panel). BRD4-mediated enhancement of Twist transcrip-

tional activity is specific because other BET members did not

possess this capability, and treatmentwith JQ1orMS417disrup-

ted this BRD4-mediated enhancement (Figure S6B).

(E) Purified human Twist or histone H4 was incubated with purified Tip60 in the absence or presence of acetyl-CoA. The acetylation of Twist and histone H4 was

examined by pan-AcK and anti-K73ac/K76ac antibodies.

(F) K73ac/K76ac Twist was immunoprecipitated with K73ac/K76ac antibody in the presence or absence of JQ1. The bound Twist was examined by western

blotting.

(G) HMLE cells expressing the vector or the WT or K73/76R Twist were examined for morphological changes indicative of EMT by phase microscopy and the

expression of E-cadherin, vimentin, Wnt5a, and Twist (green) by immunofluorescence staining. Nuclei were stained with DAPI (red). Scale bars, 50 mM.

See also Figure S3.
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Figure 4. The Structural and Molecular Basis of Twist-K73ac/K76ac Recognition by BRD4

(A) Stereo ribbon diagram of the 3D solution structure of the BRD4-BD2 bound to a diacetylated K73ac/K76ac Twist peptide (yellow). Side chains of key residues

engaged at the protein/peptide interactions are depicted and color coded by atom type.

(B) Surface electrostatic potential (left) or space-filled (right) representation of the BRD4-BD2/Twsit-K73ac/K76ac complex structure highlights His437 (red) at the

acetyllysine binding site that is responsible for the BRD4-BD20 specificity of this molecular recognition.

(legend continued on next page)
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Chromatin immunoprecipitation (ChIP) analysis revealed that

Twist, BRD4, and acetylated H4 associated at the WNT5A pro-

moter in BT549 and SUM1315 cells, together with P-TEFb and

RNA-Pol II (Figure 6B). A recent study indicated that BRD4prefer-

entially occupied a small subset of superenhancers in transcrip-

tional active key oncogenes that are critical for proliferation and

survival of tumor cells (Lovén et al., 2013). Intriguingly, WNT5A

is one of these key oncogenes that contain BRD4-associated

superenhancer, which covers exon1, promoter, and a region up

to 30 kb upstream of the TSS in the WNT5A genomic sequence

in chromosome 3. To examine whether Twist and BRD4 also

bind theWNT5A superenhancer in BLBC, we designed two sets

of ChIP primers that are 22 and 28 kb upstream of the TSS.

ChIP experiments indicated that Twist and BRD4 indeed occu-

pied the WNT5A enhancer together with H3K27ac, a mark of

active enhancer (Figure 6C). Knockdown of Twist or JQ1 treat-

ment inhibited the association of BRD4 at the WNT5A enhancer

(data not shown). Knockdown of Twist or JQ1 treatment also

reduced the presence of BRD4, P-TEFb, and RNA-Pol II at the

WNT5A promoter (Figure 6D). However, JQ1 treatment did not

affect the association of Twist at theWNT5A promoter, suggest-

ing that Twist is required for the recruitment of the BRD4/P-TEFb/

RNA-Pol II complex to the WNT5A promoter. Consistent

with these observations, TwistKR, which could not interact with

BRD4 and failed to rescue Wnt5a expression (Figure 5C), was

unable to recruit the BRD4/P-TEFb/RNA-Pol II complex to the

WNT5A promoter (data not shown). In addition, ectopic expres-

sion of BRD4 increased Twist interaction with P-TEFb and RNA-

Pol II, whereas knockdown of BRD4 reduced the association of

Twist with P-TEFb andRNA-Pol II (Figure 6E). Our results indicate

that Twist recruitsBRD4andacts togetherwithP-TEFbandRNA-

Pol II at theWNT5A promoter/enhancer to activate transcription.

The direct transcriptional activation of WNT5A by the Twist-

BRD4 complex prompted us to investigate the stimuli respon-

sible for Twist acetylation and WNT5A expression. We found

that several stimuli, including TNFa and EGF plus insulin, could

induce Twist acetylation at K73/K76 (Figure S6C). TNFa and

EGF/insulin treatments greatly enhanced the interaction of Twist

with BRD4 and with Tip60, increased K73ac/K76ac of Twist, and

promoted Wnt5a expression (Figure 6F, left panel); JQ1 blocked

the interaction of Twist with BRD4 and thus suppressed Wnt5a

expression (Figure 6F, right panel). Consistent with these find-

ings, TNFa or EGF/insulin treatment greatly enhanced the asso-

ciation of Twist, BRD4, P-TEFb, and RNA-Pol II at the WNT5A

promoter (Figure S6D). Knockdown of Twist suppressed the

association of BRD4 and Twist at the WNT5A promoter; how-

ever, JQ1 treatment did not inhibit the binding of Twist at the

WNT5A promoter (Figure S6E). These data suggest that the as-

sociation of BRD4 at theWNT5A promoter is mediated by Twist.

Although JQ1 was reported to reduce c-Myc expression, we

noticed that JQ1 (1 mM) caused a decrease of c-Myc expression

only in one of five examined BLBC cell lines (Figure 6G). How-

ever, JQ1 reduced Wnt5a expression in all cell lines. The low

sensitivity to JQ1 in Hs578T cells is likely due to the remarkably

high expression levels of Twist and Wnt5a in this particular cell

line (Figure 5B). Increased JQ1 concentration resulted in

Wnt5a downregulation in a dose-dependent manner in this cell

line (Figure S6F). The downregulation of Wnt5a by JQ1 corre-

lated with its inhibition of invasion and tumorsphere formation

of these cells; addition of recombinant Wnt5a could partially

restore this inhibitory effect (Figures 6H, S6F, and S6G).

Together, these data indicate that the Twist-BRD4 interaction,

enhanced by extracellular signals, is required for the recruitment

of P-TEFb/RNA-Pol II complex to theWNT5A superenhancer for

transcription of WNT5A, which executes, at least in part, the

oncogenic function of Twist. JQ1 disrupts this interaction and

thereby suppresses WNT5A expression in BLBC.

The Twist-BRD4-Wnt5a Axis Is Critical for
Tumorigenicity in Breast Cancer
To further examine the oncogenic role of the Twist-BRD4-Wnt5a

axis and explore the therapeutic potential of BET-specific inhib-

itors for targeting this axis in BLBC in vivo, we established two

Wnt5a knockdown clones in SUM1315 cells. Knockdown of

Wnt5a inhibited the noncanonical Wnt pathway, exemplified by

the downregulation of JNK phosphorylation (Figure 7A). Wnt5a

knockdown also suppressed the canonical Wnt/b-catenin

pathway, indicated by the downregulation of b-catenin and the

suppression of Akt/GSK-3b phosphorylation. These effects

were further confirmed by b-catenin reporter assay (Figure S7A).

Although Wnt5a knockdown did not alter the expression of

epithelial or mensenchymal markers, it did reduce the expres-

sion of several pluripotent molecules (CD44, Sox2, and Oct4).

Consistently, Wnt5a knockdown suppressed invasion and tu-

morsphere formation in these cells (Figure 7B).

In vivo studieswere performed by injection of SUM1315 vector

control cells or Wnt5a knockdown clones into the mammary fat

pads of NOD-SCID mice. When control tumors were approxi-

mately 100 mm3, mice were divided into three groups to receive

daily treatments of JQ1 (50mg/kg), MS417 (20mg/kg), or solvent

control for 2 weeks. We found that knockdown of Wnt5a

completely inhibited tumor growth in SUM1315 cells and

that both JQ1 and MS417 treatments significantly inhibited

tumor growth (Figure 7C). The growth inhibitory effect of JQ1

and MS417 correlated with suppression of Wnt5a expression

and downregulation of proliferative marker Ki67 in these tumors

(Figure S7B). These results suggest that Wnt5a is critical for the

tumorigenicity of BLBC. BET-specific inhibitors suppress the

tumorigenicity of BLBC by inhibiting the Twist-BRD4 interaction

and WNT5A expression.

DISCUSSION

Our study provides several mechanistic insights into how Twist

and BRD4 function cooperatively to activate gene transcription

in EMT and BLBC. First, we show that Twist uses a unique

(C) HA-tagged Twist was coexpressed with Flag-taggedWT or mutant BD1 and BD2 in HEK293 cells. Twist and BDs were immunoprecipitated with HA and Flag

antibodies, respectively, and the bound BDs and Twist were analyzed by western blotting.

(D) HA-tagged Twist was coexpressed with Flag-tagged BD1, BD2, and BD1+BD2 in HEK293 cells. After immunoprecipitation of Twist, BDs, and H4, the

association and acetylation of these molecules were examined by western blotting.

See also Figure S4 and Table S1.
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Figure 5. Twist Positively Correlates with Wnt5a Expression in Breast Cancer

(A) Gene expression profiling analysis (left) was used to identify potential Twist target genes. Common Twist target genes between HMLE and T47D cells are

shown in the heatmap (right).

(B) The mRNA and protein levels of Twist, Wnt5a, and BRD4 were analyzed by RT-PCR and western blotting.

(C) The effects of stable small hairpin RNA knockdown of endogenous Twist in SUM1315 cells that were transiently transfected with WT or mutant (KR) Twist on

the expression of Wnt5a and various molecules was evaluated by western blotting.

(D)Wnt5a expression in fiveBLBCcell lineswith knockdownof Twist and/or BRD4was analyzed bywestern blotting. NTC, nontarget control small interfering RNA.

See also Figure S5.
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Figure 6. The Twist-BRD4 Complex Directly Activates WNT5A Transcription

(A) Schematic depiction of theWNT5A promoter andWNT5A reporter luciferase constructs used (top). Enhancement ofWnt5a luciferase activity by coexpression

of Twist and BRD4 in HEK293 cells is shown (bottom).

(B) Twist, BRD4, H4ac4, RNA-Pol II, and P-TEFb (CDK9) association at theWNT5A promoter as assessed by ChIP. SP, specific primer; CP, control primer (5 kb

downstream of the 30 untranslated region).

(C) Twist, BRD4, H4ac, and H3K27ac association at the WNT5A enhancer as assessed by ChIP. SP, specific primer (22 kb upstream of the TSS); CP, control

primer (5 kb downstream of the 30 untranslated region).

(legend continued on next page)
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mechanism for recruiting BRD4 in gene transcription (Figure 7D).

Although BRD4 is the key transcriptional regulator, it lacks

specific DNA binding motif. How BRD4 and its associated tran-

scriptional complex are recruited to gene-specific promoters/

enhancers remains elusive. We found that Twist contains an

‘‘H4-mimic’’ GK-X-GK motif and becomes diacetylated by

Tip60, which also acetylates multiple lysine residues in histone

H4 including K5 and K8. By binding to BRD4-BD2 via the

K73ac/K76ac motif, Twist recruits BRD4 to target gene pro-

moters/enhancers through the recognition of and interaction

with E boxes by its bHLH domain. Once localized in the chro-

matin, BRD4-BD1 binds with acetylated H4-K5ac/K8ac to facil-

itate the docking of the BRD4 complex on promoters/enhancers

and thereby activates pause release factor P-TEFb to phosphor-

ylate and release RNA-Pol II for WNT5A transcription.

Our study demonstrates that the two BDs of BRD4 have

distinct functions and binding specificities for acetylated pro-

teins in transcription. Although a single BD1 or BD2 of BRD4 is

individually capable of interacting with acetylated H4 in vitro,

only BD1 is engaged in the binding with acetylated H4 in the

tandem BD1+BD2. This is consistent with the observation that

a single BD1 of Brdt binds to acetylated histone H4 nearly as

well as Brdt (full length; contains BD1+BD2) (Morinière et al.,

2009) and that BRD4-BD1 specifically recognizes acetylation

marks on H4, whereas BRD4-BD2 has broad binding specificity

for diacetylated substrates (Filippakopoulos et al., 2012). In line

with this contention, only BRD4-BD2 interacts with Twist-

K73ac/K76ac. We found that charged amino acid residues

(D144 in BD1, H437 in BD2) surrounding the acetyllysine-binding

pocket of BDs contributed to the binding specificity of BD1 and

BD2. Additional residues beyond the diacetylation motif further

contribute to Twist’s association with BRD4-BD2. Notably, it

has recently been reported that BRD4 is phosphorylated by

CK2 on several Ser residues in the C-terminal region of BD2

and that these phosphorylations were suggested to affect the

interaction of BRD4 with acetylated histones and transcriptional

cofactors (Wu et al., 2013). Although a single BD2 of BRD4 can

interact with either acetylated H4 or Twist-K73ac/K76ac individ-

ually, the tandem BD1+BD2 of BRD4 apparently form a ternary

complex with two acetylated proteins in that diacetylated H4 is

bound to BD1 and diacetylated Twist is bound to BD2. These

results suggest that BRD4 utilizes its tandem BDs as an integra-

tion platform to cooperatively interact with H4 and Twist in

assembling the integrated transcriptional complex containing

P-TEFb and RNA-Pol II at target gene promoters/enhancers.

Notably, several transcription-associated proteins that contain

tandem binding modules have been shown to engage in combi-

natorial recognition of different posttranslational modifications

(PTMs) in histones for the assembly of transcriptional complexes

(Zeng et al., 2010). For example, the tandem PHD-BD module in

BPTF specifically recognizes a combination of H3K4me3 and

H4K16ac in gene activation (Ruthenburg et al., 2011). Our results

not only support this notion, but also extend the functionality of

these tandem binding modules in directing gene transcriptional

activation as exemplified by the tandem BDs of BRD4 in bridging

histone and nonhistone transcription factor.

Notably, these histone-mimic sequences contain lysine/argi-

nine-rich resides, which are often viewed conventionally as a

nuclear-localization signal (NLS), as in the case of Twist. How-

ever, TwistKR mutant, which cannot be acetylated but still re-

sides in the nucleus, fails to interact with BRD4 and is unable

to induce EMT and WNT5A expression. Our results suggest

that theses lysine/arginine-rich ‘‘potential’’ NLS motifs in tran-

scription factors may have previously unrecognized histone-

mimic functions. Consistent with our findings, histone-mimic

sequences are deployed by influenza nonstructural protein 1

(NS1) in inhibiting human transcription elongation complex in

the antivirus response and by HP1 in forming HP1-chromatin

complex (Canzio et al., 2013; Marazzi et al., 2012). We believe

that PTMs on histone-mimic sequences present in nonhistone

proteins likely play an important role, via conserved molecular

mechanisms as seen with those PTMs in histone, in governing

the assembly and function of transcriptional complexes in

chromatin.

Second, our study demonstrates that Twist is a transcriptional

activator responsible for WNT5A expression in BLBC. Twist has

been shown to bind to the E-cadherin promoter to repress

transcription in a way similar to that of Snail. However, this

contradicts the role of Twist in development, where it acts as a

transcriptional activator to upregulate mesoderm-specific genes

in Drosophila. When the bHLH domain of Twist was replaced

with Gal4-DBD, we found that the Twist-Gal4-DBD fusion was

sufficient to activate gene expression, indicating that Twist

functions as a transcriptional activator. We further show that

Twist recruits BRD4 and the associated P-TEFb and RNA-Pol

II to the WNT5A promoter/enhancer to directly activate WNT5A

expression, which is required for invasion and the maintenance

of CSC-like properties of BLBC. Notably, Wnt5a is induced in

epithelial cells during EMT and required for maintenance of

CSC-like properties in the resulting mesenchymal cells (Scheel

et al., 2011). In addition, Wnt5a expression is required for the

loss of cell-cell contacts, allowing cells to migrate to the edge

(D) Effects of Twist knockdown or JQ1 treatment on the association of Twist, BRD4, RNA-Pol II, and P-TEFb (CDK9) and H4ac4 at the WNT5A promoter as

assessed by ChIP in SUM1315 cells. SP and CP primers are same as in (B).

(A–D) Statistical analysis (mean ± SD) from three separate experiments in triplicates is shown.

(E) Assessment of the effects of transient expression of HA-Twist and/or Flag-BRD4 on their association with RNA-Pol II and P-TEFb (CDK9) in HEK293 cells (left)

and assessment of the effect of endogenous BRD4 knockdown on the association of Twist, BRD4, RNA-Pol II, and P-TEFb (CDK9) in SUM1315 cells (right) are

shown.

(F) SUM1315 cells were serum starved for overnight followed by stimulation with FGF, TNFa, or EGF plus insulin for 3 hr in the absence or presence of JQ1 (right).

Twist was immunoprecipitated and K73ac/K76ac of Twist and the association of Tip60 and BRD4 were analyzed. Expression of Wnt5a, Twist, BRD4 and Tip60

were also examined by western blotting (left).

(G) BLBC cells were treated with JQ1. Expression of c-Myc and Wnt5a was analyzed by western blotting.

(H) Invasion (left) and tumorsphere formation (right) assays of cells treated as in (G) were examined in the absence or present of recombinant Wnt5a (100 ng/ml).

Statistical analysis (mean ± SD) from three independent experiments with duplicates is shown.

See also Figure S6.

Cancer Cell

Twist-BRD4 Interaction in Gene Transcription

222 Cancer Cell 25, 210–225, February 10, 2014 ª2014 Elsevier Inc.



A C

Wnt5a

V
e
c
to
r

s
h
R
1

s
h
R
2

SUM1315

p JNKn
o
n
ic
a
l B
e
fo
re

Control JQ1 MS417 shR1 shR2

1200
Ctr

β-catenin

JNK

p-JNK

pAkt

Akt

N
o
n
-c
a
n

o
n
ic
a
l

A
ft
e
r

400

800
T
u
m
o
r
s
iz
e
(m
m
3
) JQ1

MS417

shR1

shR2

CD44

GSK3β

Akt

pGSK3β

C
a
n

Sox2p
o
te
n
c
y

0

T

15 45 60 63 65 67 69 71 73 (day)

Sox2

Oct4

E-cad

Claudin-3

Occlaudinp
it
h
e
lia
l

P
lu
ri
p

Control

g
) Ctr

2.0

Vimentin

Occlaudin

EGFR

SPARC

E
e
s
e
n
c
h
y
m
a
l

FoxA1 JQ1

MS417

shR1

shR2

T
u
m
o
r
w
e
ig
h
t
(g JQ1

MS417

shR1

shR2

0.5

1.0

1.5

B D

%
)

e
(%
)

Vector90

120

90

120

Actin

SPARCM 0.0

In
v
a
s
io
n
(%

T
u
m
o
rs
p
h
e
re

Vector
shR1
shR2

0

30

60

0

30

60

Vector shR1 shR2

Figure 7. The Twist-BRD4-Wnt5a Axis Is Critical for Tumorigenicity In Vitro and In Vivo

(A) Expression of various molecules in SUM1315 cells with Wnt5a knockdown.

(B) Invasion and tumorsphere formation in SUM1315 cells with Wnt5a knockdown. Data are presented as a percentage of vector control values (mean ± SD in

three separate experiments in duplicates). Representative pictures of tumorspheres are shown at the bottom. Scale bar, 100 mM.

(C) Vector control and Wnt5a knockdown SUM1315 cells were injected into the mammary fat pad of NOD-SCID mice. When tumors from mice injected with

control cells reached 100mm3, micewere divided into three groups and treatedwith JQ1 (50mg/Kg), MS417 (20mg/Kg), or solvent control, respectively. The size

(legend continued on next page)
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of wounds, and is also necessary for intestinal epithelial stem

cells to regenerate damage tissues during wound healing and

tissue repair (Miyoshi et al., 2012). The correlated expression

of Twist and Wnt5a in BLBC supports our contention that the

Twist-BRD4-Wnt5a signaling axis plays a critical role in the

development and progression of BLBC.

Third, our study indicates that the Twist-BRD4 interaction

represents a druggable target for treating BLBC. Although Twist

is highly expressed in BLBC, the absence of a clear ligand-bind-

ing domain in Twist creates a formidable obstacle toward devel-

oping small molecules that inhibit its activity as a transcription

factor. We found that BET-specific BD inhibitors disrupted the

Twist-BRD4 interaction and resulted in significant Wnt5a reduc-

tion, leading to inhibition of invasion and tumorigenicity of BLBC

cells in vitro and in vivo. Based on our mechanistic understand-

ing of Twist-BRD4 interaction in gene transcription, we predict

that selective chemical inhibition of BRD4/H4 interaction would

result in a broad inhibition of BRD4 functions as chromatin regu-

lator in gene transcription, whereas selective inhibition of the

BRD4/transcription factor association might affect specific tran-

scription factor’s ability in their target gene activation. BD inhib-

itors selectively target BD2 over BD1 of BRD4 are needed to

address these questions; they will also further functionally

validate the effectiveness and therapeutic benefits of targeting

BRD4 for treating BLBC.

EXPERIMENTAL PROCEDURES

Protein Purification and Mass Spectrometry Analysis

We generated a clone of HeLa S3 cells with stable expression of Flag-Twist (Li

and Zhou, 2011). After enriching the nuclear extracts from 40 l of suspension

culture, we carried out affinity protein purification with Flag affinity columns.

The final eluted immunocomplexes were separated on SDS-PAGE, and the

bound proteins were excised from the gel and subjected to nano-liquid chro-

matography-tandem mass spectrometry (nano-LC-MS/MS) analysis (Applied

Biomics). For identification of the acetylated lysine residues on Twist, the acet-

ylated Twist was digested with trypsin, and the tryptic peptides were analyzed

by LC-MS/MS using an LTQVelos Orbitrapmass spectrometer (Thermo Fisher

Scientific) coupled with a nano-LC Ultra/CHiPLC Nanoflex high-performance

liquid chromatography system (Eksigent) through a nanoelectrospray ioniza-

tion source (Li et al., 2013). MS/MS data were acquired using CID fragmenta-

tion of selected peptides during the information-dependent acquisition. The

LC-MS/MS results were subjected to protein identification and acetylation

sites determination using ProteomeDiscoverer 1.3 software (Thermo Fisher

Scientific) and MASCOT server.

Protein Structure Analysis by NMR

The NMR spectral collection, analysis, and structure determination of the

BRD4-BD2 with Twist-K73ac/K76ac were performed as previously reported

(Zhang et al., 2012). In brief, NMR samples contained a protein/peptide com-

plex of 0.5 mM in a 100 mM sodium phosphate buffer (pH 6.5) that contains

5 mM perdeuterated dithiothreitol and 0.5 mM EDTA in H2O/2H2O (9/1) or
2H2O. All NMR spectra were collected at 30#C on NMR spectrometers of

800, 600, or 500 MHz. The 1H, 13C, and 15N resonances of the protein in the

complex were assigned by triple-resonance NMR spectra collected with a
13C/15N-labeled and 75% deuterated BRD4-BD2 bound to an unlabeled Twist

peptide (Clore and Gronenborn, 1994). The distance restraints were obtained

from 3D 13C-NOESY or 15N-NOESY spectra. Protein structures were calcu-

lated with a distance geometry-simulated annealing protocol using X-PLOR

(Brunger, 1993) that was aided with iterative automated NOE assignment by

ARIA for refinement (Nilges and O’Donoghue, 1998). Structure quality was

assessed by PROCHECK-NMR (Laskowski et al., 1996). The structure of the

protein/ligand complex was determined using intermolecular NOE-derived

distance restraints that were obtained from 13C-edited (F1),
13C/15N-filtered

(F3) 3D NOESY spectra.

Immunoprecipitation, Immunoblotting, Immunofluorescence,

Immunohistochemical Staining, RT-PCR, and ChIP

Detailed methods are provided in the Supplemental Experimental Procedures.

Tumorigenesis Assay

All procedures were approved by the Institutional Animal Care and Use

Committee at the University of Kentucky College of Medicine and conform

to the legal mandates and federal guidelines for the care and maintenance

of laboratory animals. Animals were maintained and treated under path-

ogen-free conditions. Female NOD-SCID mice (6–8 weeks old; Taconic)

were injected with breast cancer SUM1315 (2 3 106 cells/mouse) cells via

mammary fat pad, and mice had three groups: vector control and two stable

clones with Wnt5a-knockdown expression. Tumor growth was monitored

with caliper measurements. When tumors were approximately 1.0 cm in

size, mice were euthanized and tumors excised. Data were analyzed by Stu-

dent’s t test; p < 0.05 was considered significant.

Statistical Analysis

Data are presented as mean ± SD. A Student’s t test (two-tailed) was used to

compare two groups (p < 0.05 was considered significant) unless otherwise

indicated.

ACCESSION NUMBERS

Microarray data of Twist expression in HMLE and T47D cells with or without

JQ1 treatment were deposited at the Gene Expression Omnibus database

with the accession number GSE53222. Structure factors and coordinates for

the second bromodomain of BRD4 in complex with K73ac/K76ac diacetylated

Twist peptide were deposited at the Protein Data Bank under ID code 2MJV,

and the NMR spectral data were deposited at the BioMagResBank (BMRB)

under BMRB accession number 19738.
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seven figures, and one table and can be found with this article online at
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SUMMARY

Sonic hedgehog (Shh), a soluble ligand overexpressed by neoplastic cells in pancreatic ductal adenocarci-
noma (PDAC), drives formation of a fibroblast-rich desmoplastic stroma. To better understand its role in
malignant progression, we deleted Shh in a well-defined mouse model of PDAC. As predicted, Shh-deficient
tumors had reduced stromal content. Surprisingly, such tumors were more aggressive and exhibited undif-
ferentiated histology, increased vascularity, and heightened proliferation—features that were fully recapitu-
lated in control mice treated with a Smoothened inhibitor. Furthermore, administration of VEGFR blocking
antibody selectively improved survival of Shh-deficient tumors, indicating that Hedgehog-driven stroma sup-
presses tumor growth in part by restraining tumor angiogenesis. Together, these data demonstrate that
some components of the tumor stroma can act to restrain tumor growth.

INTRODUCTION

Pancreatic ductal adenocarcinoma (PDAC) is notable for its

profuse desmoplastic stroma comprised of activated fibro-

blasts, leukocytes, and extracellular matrix (Olive et al., 2009;

Theunissen and de Sauvage, 2009). Studies utilizing in vitro

assays and transplantation models have concluded that

various stromal elements can enhance cancer cell prolifera-

tion and invasion (Hwang et al., 2008; Ikenaga et al., 2010;

Lonardo et al., 2012; Vonlaufen et al., 2008; Xu et al.,

2010). Various stromal cells can also contribute to immune

suppression, further supporting tumor survival and growth.

Together, these observations have led to the paradigm that

tumor stroma functions to support and promote the growth of

cancer (Hanahan and Weinberg, 2011). Based on this para-

digm, the concept of ‘‘antistromal’’ therapy has emerged as a

Significance

Numerous therapies are being developed based on the premise that tumor stroma functions to promote cancer growth and
invasion while simultaneously limiting the delivery of chemotherapy. Here, we demonstrate that depletion of stromal cells
frompancreatic tumors—through genetic or pharmacological targeting of the Hh pathway—results in a poorly differentiated
histology, increased vascularity and proliferation, and reduced survival. The study thus provides insight into the failure of
Smoothened inhibitors, an antistromal therapy, in pancreatic cancer clinical trials. Moreover, we report that Hh-deficient
tumors exhibit an increased sensitivity to VEGFR inhibition. Because poorly differentiated human pancreatic tumors are
well-vascularized, in contrast to most pancreatic cancers, our results suggest that this patient subset may be susceptible
to angiogenesis inhibitors.
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promising, albeit unproven, therapeutic approach (Engels et al.,

2012).

The Hedgehog (Hh) signaling pathway contributes to stromal

desmoplasia in multiple solid tumor systems. Although normally

absent in the adult pancreas, this developmental morphogen

pathway is reactivated during inflammation and neoplasia.

Both sonic hedgehog (Shh) ligand and downstream signaling

are induced de novo in preneoplastic lesions and increase signif-

icantly during PDAC progression as the stromal compartment

enlarges (Thayer et al., 2003). Although ectopic activation of

Hh signaling within pancreatic epithelial cells can accelerate

tumorigenesis (Mao et al., 2006; Morton et al., 2007; Pasca di

Magliano et al., 2006), deletion of the Hh signaling mediator

Smoothened (Smo) from the epithelium has no impact on

PDAC progression (Nolan-Stevaux et al., 2009). Hence, canoni-

cal Hh signaling in PDAC is likely to occur in a paracrine fashion,

whereby Shh ligand secreted from epithelial cells activates Smo-

dependent downstream signaling in adjacent stromal cells, pro-

moting desmoplasia (Bailey et al., 2008; Tian et al., 2009). The

notion that Hh-dependent tumor stroma facilitates tumorigen-

esis is supported by the finding that inhibiting Hh signaling re-

tards pancreatic tumor growth and metastasis in transplantation

models (Bailey et al., 2008; Feldmann et al., 2008a, 2008b) and

through our own study of the effects of acute inhibition of Smo

in genetically engineered mouse models (Olive et al., 2009). In

this study, we sought to interrogate the role of the tumor stroma

by using both genetic deletion and long-term pharmacologic in-

hibition to eliminate stroma-promoting Hh signaling.

RESULTS

Shh Loss Accelerates PDAC Progression
To explore the role of paracrine Hh signaling in an autochthonous

mouse model of PDAC, we conditionally deleted Shh, the pre-

dominant Hh ligand expressed in the diseased pancreas, by

breeding Shhfl alleles into the Pdx1-Cre;KrasLSL-G12D/+;p53fl/+;

Rosa26LSL-YFP/+ (PKCY) model (Rhim et al., 2012). Because

Pdx1-Cre mediates recombination exclusively in the epithelial

cells of the pancreas (Rhim et al., 2012), this combination of

alleles results in the simultaneous activation of mutant Kras

and deletion of Shh and p53within this tissue compartment (Fig-

ure 1A). Shh deletion had no effect on pancreatic development

(Figure S1A available online), and the resulting Shhfl/fl;Pdx1-

Cre;KrasLSL-G12D/+;p53fl/+;Rosa26LSL-YFP (ShhPKCY) mice were

born at expected Mendelian ratios and were phenotypically

normal at birth.

To confirm the deletion of Shh in the pancreatic epithelial

compartment, we performed transcriptional analysis on FACS-

sorted yellow fluorescent protein (YFP+) cells from 10- to 16-

week-old PKCY and ShhPKCY mice (Rhim et al., 2012). As

predicted, Shh transcripts were markedly reduced in YFP+

pancreatic epithelial cells from ShhPKCY mice (Figure 1B).

A B Shh

C

B

D

E F

Pdx1 Cre

STOP KrasG12D p53

Shh STOP YFP

X

KrasG12D p53 Shh YFP

(In pancreatic epithelial cells)

p=0.0049, Log Rank

Figure 1. Sonic Hedgehog Behaves as a

Tumor Suppressor in a Genetically Engi-

neered Mouse Model of PDAC

(A) Schematic of the ShhPKCY mouse model used

in this study, which employs the KrasG12D (K), Pdx1-

Cre (C), p53 (P), RosaYFP (Y), and Shh alleles. Cre-

mediated deletion results in simultaneous activation

ofKras, deletion of one allele of p53, and both alleles

of Shh and recombination of the YFP lineage label.

(B) Confirmation of Shh knockdown in ShhPKCY

animals. Quantitative PCR analysis of Hedgehog

signaling components in YFP+ sorted pancreatic

epithelial derived cells and F4/80+ cells from tumors

as well as whole tumor derived from PKCY (blue)

and ShhPKCY (red) mice (n = 5 for each group; bars

represent means ± SD).

(C) Kaplan-Meier survival analysis for PKCY (n = 26)

and ShhPKCY mice (n = 23). p < 0.005 by Mantel-

Cox (log rank) test.

(D) Survival of mice from first clinical palpation of

tumor. Presence of tumor was confirmed by ultra-

sound. Bars represent means ± SD; p < 0.001.

(E) Fraction of mice with any macrometastatic lesion

by visual inspection at the time of tissue harvest by

genotype (n = 26 and 23 for PKCY and ShhPKCY

mice, respectively). p = 0.039.

(F) Quantitation of acinar to ductal metaplasia (bar A)

and PanIN lesions by grade (bars 1–3) in 8-week-old

PKCY and ShhPKCY mice. Eighty nonoverlapping

high powered fields in which pancreas tissue

covered at least 90% of the entire field were

analyzed (n = 3 for each group).

Data are presented as the aggregate number of

ADMs and PanINs (by grade) for each genotype.

#, p < 0.05; *, p < 0.01; **, p < 0.001 by two-tailed

Student’s t test. See also Figure S1.
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Interestingly, this decrease in Shh transcription was accompa-

nied by a 10-fold increase in the expression of Indian hedgehog

(Ihh), another Hh ligand, although absolute levels of Ihh remained

significantly lower than Shh. Desert hedgehog was undetectable

under all conditions (data not shown). We then determined the

impact of Shh deletion on signaling within the stromal compart-

ment by measuring the expression of the Hh target genes Ptch1

and Gli1 in sorted PDAC-associated F4/80+ monocytes and

whole pancreas, as previously described (El-Zaatari et al.,

2013). Although Ptch1 expression was similar, transcript levels

for Gli1 were significantly decreased in ShhPKCY samples as

compared to PKCY samples, indicating that overall Hh signaling

was reduced following Shh deletion (Figure 1B).

Given the important role of Shh in promoting the desmoplastic

stroma of PDAC, we expected that Shh loss would impair tumor-

igenesis. Surprisingly, however, pancreatic tumors arose in both

PKCY and ShhPKCY mice, demonstrating that Shh is dispens-

able for tumorigenesis. Remarkably, ShhPKCY mice developed

tumors earlier and had a significantly decreased survival

compared to PKCY mice (p < 0.001 by log rank [Mantel-Cox]

test; Figure 1C). Specifically, ShhPKCY mice had a median

survival of 3.61 ± 1.97 months as compared to a median

survival of 6.17 ± 2.65 months for PKCY mice (Figure S1B). Het-

erozygous Shhfl/+;Pdx-Cre; KrasLSL-G12D/+;p53fl/+;Rosa26LSL-YFP

(Shhfl/+PKCY) mice that retained one copy of Shh also had

reduced median survival compared to PKCY mice (4.14 ±

1.57 months, p = 0.004; Figure S1B). ShhPKCY tumors were

more aggressive than PKCY tumors, because mean survival

from first detection of tumor was significantly shorter in

ShhPKCYmice (19.2 ± 5.27 versus 6.5 ± 2.7 days, p < 0.001; Fig-

ure 1D), and the frequency of gross metastasis was higher in

ShhPKCY mice than in PKCY mice (43.4 versus 15.3%, p =

0.039 by chi-squared test; Figure 1E), although the tissue distri-

bution of macrometastases was similar (Figure S1C). Moreover,

histological analysis revealed a higher frequency of acinar-to-

ductal metaplasia (ADM) and pancreatic intraepithelial neoplasia

(PanIN) of all grades in 8-week-old ShhPKCY compared to PKCY

mice (Figure 1F). These data indicate that Shh is not merely

dispensable for pancreatic tumorigenesis, but that it somehow

restrains tumor progression and aggressiveness.

Shh Loss Is Associated with Changes in Stromal
Composition
Next, we compared the histology of ShhPKCY and PKCY

tumors. In contrast to thewell-differentiated tomoderately differ-

entiated histology of most PKCY tumors, ShhPKCY tumors

exhibited predominantly undifferentiated and poorly differenti-

ated histology, with few of the ductal elements observed in

most PKCY and human pancreatic tumors (Figures 2A and 2B;

Figure S2A). ShhPKCY tumors also exhibited a significant in-

crease in Zeb1 and Slug expression, two markers of epithelial-

to-mesenchymal transition, consistent with the predominance

of poorly differentiated and undifferentiated histology (Singh

et al., 2009; Watanabe et al., 2009) (Figure S2B; p < 0.05).

Using the YFP lineage label to distinguish epithelial-derived

cancer cells from mesenchyme-derived stromal cells, we found

that Shh-deficient tumors had significantly reduced stroma, as

indicated by decreased numbers of YFP-negative alpha smooth

muscle actin (SMA)-positive myofibroblasts (3.7% ± 0.7%

versus 16.7% ± 3.2% of all DAPI+ cells within pancreas tumors;

p = 0.016; Figures 2C and 2D). Despite their increased aggres-

siveness (but consistent with stromal loss), ShhPKCY tumors

exhibited a trend toward decreased weight (Figure S1B). In addi-

tion, ShhPKCY tumors had fewer CD45+ myeloid cells (4.9% ±

0.9% versus 36.7% ± 5.2%; p = 0.0039; Figures 2E and 2F)

and F4/80+ monocytes (2.8% ± 0.5% versus 15.5% ± 2.7%;

p = 0.010; Figures 2G and 2H). Indeed, the stromal cell compo-

sition of ShhPKCY tumors was similar to that of normal pancreas

tissue from Pdx1-Cre;Rosa26LSL-YFP/+ mice (data not shown).

These results demonstrate that robust tumor formation can

occur in the absence of a fibroblast- and leukocyte-rich desmo-

plastic stroma.

Because ShhPKCY tumors progressed more rapidly than their

PKCY counterparts, we hypothesized that parallel but opposite

changes in tumor vasculature might influence tumor growth.

Hence, we examined the endothelial compartment in tumors

with and without Shh by CD31 staining. Consistent with this hy-

pothesis, ShhPKCY tumors exhibited a substantial increase in

the number of blood vessels within the tumor (32.4 ± 7.2 versus

11.2 ± 3.8 CD31+ vessels per high powered field; p = 0.0004;

Figures 3A and 3B). In addition, the autofluorescent drug doxo-

rubicin was delivered more effectively to ShhPKCY tumors, sug-

gesting that increased vascular density was accompanied by

greater perfusion (Figures 3C and 3D). To assess whether this in-

crease in vasculature was associated with changes in autophagy

or proliferation, we stained for the autophagosome marker LC3

and the proliferation marker proliferating cell nuclear antigen

(PCNA). This analysis revealed a decrease in YFP+LC3+ cells in

ShhPKCY tumors (Figures 3E and 3F) and an increase in the

frequency of YFP+PCNA+ proliferating tumor cells (Figures 3G

and 3H). These data therefore suggest that undifferentiated

ShhPKCY tumors are better perfused than PKCY tumors, a

change that was associated with enhanced nutrient delivery,

decreased autophagy, and increased proliferation.

Chronic Smoothened Inhibition Phenocopies Shh
Deletion
We next sought to learn whether the effect of Shh deletion in

pancreatic cancer is mediated by canonical Hh signaling. We uti-

lized IPI-926 (Infinity Pharmaceuticals), a targeted inhibitor of

Smo, to inhibit canonical Hh signaling in KPC mice (a PDAC

model closely related to the PKCY model). We previously per-

formed a preclinical evaluation of IPI-926 in KPC mice harboring

large (6–9 mm) pancreatic tumors and found that the combina-

tion of IPI-926 and the nucleoside analog gemcitabine (gem) re-

sulted in extension of overall survival (Olive et al., 2009), a finding

at odds with the observed effect of genetic Shh deletion. We

reasoned that long-term, chronic exposure to Smo inhibition

might unveil indirect responses related to the depletion of stroma

from tumors rather than the acute response to improved drug

delivery. Therefore, we treated KPC mice with IPI-926 alone or

vehicle beginning at 8 weeks of age, a time point at which

ADM and PanIN lesions are present but at which mice have

not yet developed tumors (Figure S3A; see Supplemental Exper-

imental Procedures for additional details).

Strikingly, IPI-926-treated KPC mice exhibited a reduction in

overall survival compared to vehicle-treated mice (121 versus

156 days, p < 0.0001 by log rank test; Figure 4A). This result
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diverged dramatically from those obtained in our previous inter-

vention study (Olive et al., 2009), despite the fact that the model,

drug, dose, route, and schedule were all identical. In an effort to

replicate this result and also determinewhether coadministration

of gemcitabine might change the dynamics of tumor response,

we treated a separate cohort of mice with the combination of

gemcitabine + IPI-926 or gemcitabine + vehicle. As shown in Fig-

ure 4B, the addition of gemcitabine provided a minor extension

of survival over IPI-926 monotherapy (p = 0.01, log rank), but

the IPI-926-gem combination therapy still resulted in shortened

survival compared to vehicle-treated mice from the previous

cohort. These results suggest that any benefit afforded by

improved drug availability following Smo inhibition is outweighed

by other effects on tumor biology in the chronic setting.
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Figure 2. Loss of Shh Leads to a Shift in

Pancreatic Tumor Histopathology

(A and B) H&E staining showing representative

histology from PKCY (A) and ShhPKCY (B) tumors.

Insets show higher magnified view of sections

marked by the box.

(C–H) Multicolor immunofluorescence images of

PKCY (left column) and ShhPKCY tumors

(right column) assessed for myofibroblasts (C and

D), total leukocytes (E and F), or macrophages

(G and H).

(C and D) Fluorescent images showing staining

with the pancreas epithelial lineage label YFP

(green) and the myofibroblast marker alpha-SMA

(red). Inset, quantitation of SMA+ cells as a per-

centage of all nucleated (DAPI+) cells within PKCY

(blue) and ShhPKCY (red) tumors (n = 3–5; #, p =

0.016; bars represent means ± SD).

(E and F) Fluorescent images showing staining

with YFP (green) and the pan-leukocyte marker

CD45 (red). Inset, quantitation of CD45+ cells as

a percentage of all nucleated (DAPI+) cells (n =

3–5; *, p = 0.0039; bars represent means ± SD).

(G and H) Fluorescent images showing staining

with YFP (green) and the macrophage marker

F4/80 (red). Inset, quantitation of F4/80+ cells as

a percentage of all nucleated (DAPI+) cells (n =

3–5; #, p = 0.010; bars represent means ± SD).

Scale bars, 40 mm for main panels and 20 mm for

insets. See also Figure S2.

Analysis of 3D high resolution ultra-

sound data (Sastra and Olive, 2013)

demonstrated that KPC mice treated

with IPI-926 or IPI-926-gemcitabine suc-

cumbed more rapidly following initial

tumor detection (Figure 4C) and that

tumor size was significantly smaller at

sacrifice (Figure 4D), similar to the

reduced tumor weight observed in

ShhPKCY mice (Figure S1B). Indeed,

several mice met endpoint criteria before

it was possible to detect tumors in their

pancreas by ultrasound. However, all

but one of these mice was found to

have tumors upon careful histopatholog-

ical analysis. There was no difference in

the age at which tumors developed between the two groups,

suggesting that IPI-926 treatment accelerates tumor progres-

sion after initiation without reducing latency (Figure 4E). Com-

plete tumor volume data for these mice are presented in Figures

4F and 4G.

To better understand why IPI-926-treatedmice with very small

tumors were dying, we performed detailed necropsies on each

mouse and assigned a ‘‘proximal cause of death’’ to each

animal. Vehicle- or gem-treated KPC mice typically succumbed

to the consequences of locally destructive disease (e.g., local

invasion into the gut or abdominal hemorrhage) or high metasta-

tic burden, with only a small subset exhibiting severe weight

loss. By contrast, nearly all of the IPI-926-treated mice were

euthanized following a period of rapid and severe weight loss
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(Figures S3B and S3C), a phenomenon also observed in

ShhPKCY animals (data not shown).

The tumors arising in IPI-926-treated mice were more poorly

differentiated than those arising in controls treated with vehicle

or gem alone (Figures 5A–5F), consistent with the observation

that ShhPKCY mice developed poorly differentiated tumors. It

is worth highlighting a pair of noteworthy exceptions that empha-

size the relationship between differentiation state and tumor

progression: one IPI-926-treated tumor was extremely well-

differentiated and progressed slowly, whereas one vehicle-

treated mouse succumbed at an early time point from a

small tumor that was 50% poorly differentiated (Figure 4F,

highlighted). Examination of pancreatic tissues adjacent to

the tumors revealed an exceptionally high content of ADMs

A B

C D

E F

G H

Figure 3. Shh Deletion Results in Greater

Vascular Density and Proliferation within

Pancreatic Tumors

(A and B) Blood vessel density in PKCY and

ShhPKCY tumors was determined by staining for

the endothelial marker CD31 (red) and the tumor

cell lineage marker YFP (green). Inset, measure-

ment of mean vascular density (MVD) within PKCY

(blue) and ShhPKCY (red) tumors (quantified as

number of CD31+ vessels per high powered field;

n = 3–5; *, p = 0.004; bars represent means ± SD).

No Tx, no treatment.

(C and D) Cellular perfusion in PKCY and

ShhPKCY tumors was determined by intravas-

cular delivery of the autofluorescent drug doxoru-

bicin. The inset in C shows fluorescence of a liver

section from the same PKCY mouse (positive

control). The inset in D shows fluorescence of a

ShhPKCY tumor injected with PBS (negative

control).

(E and F) Autophagy in PKCY and ShhPKCY

tumors was determined by staining for the auto-

phagosomal protein LC3 (red). Inset, percentage

of LC3+ cells within the YFP+ tumor cell popula-

tion in PKCY (blue) and ShhPKCY (red) tumors

(n = 3–5; #, p = 0.002; bars represent means ± SD).

(G and H) Proliferation in PKCY and ShhPKCY

tumors was determined by staining for the cell

cycle marker PCNA (red). Inset, percentage of

PCNA+ cells within the YFP+ tumor cell popula-

tion in PKCY (blue) and ShhPKCY (red) tumors

(n = 3–5; *, p = 0.004; bars represent means ± SD).

Scale bars, 40 mm.

and PanINs in IPI-926-treated mice (Fig-

ures S4A–S4D). This feature was not

shared in IPI-926+gemcitabine-treated

mice, possibly because of the impact of

genotoxic chemotherapy on the pro-

liferation of preneoplastic lesions. Immu-

nohistochemical analyses revealed that

IPI-926-treated tumors were more highly

proliferative (Figure 5G; Figures S4E–

S4H) and had increased vascular content

(Figure 5H; Figures S4I–S4L). Together,

these data demonstrate that pharmaco-

logic inhibition of canonical Hedgehog

signaling accelerates tumor growth, phenocopying the effect of

genetic deletion of Shh in pancreatic tumors.

HedgehogSignaling Acts in aParacrine Fashion inPDAC
During embryonic endoderm development, Hedgehog ligand is

secreted by gut epithelial cells and acts on adjacent mesen-

chymal cells to pattern the submucosal layers of the gut (Roberts

et al., 1998; Sukegawa et al., 2000). Given strong evidence from

previous literature that Hedgehog signaling acts in a paracrine

fashion during pancreatic carcinogenesis (Bailey et al., 2008;

Tian et al., 2009), we sought to determine whether a similar

signaling relay was operating in the autochthonous models. To

this end, we introduced a Gli1GFP reporter (Brownell et al.,

2011) into the KPC background and assessed the distribution
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of GFP+ cells in the resulting KPC-Gli1GFP mice by immunofluo-

rescence. GFP staining was readily observed in the E-cadherin-

negative (stromal) portions of KPC-Gli1GFP mice but was absent

from E-cadherin-positive (epithelial) cells (Figures 6A and 6B).

Consistent with this observation, spheroid formation of a KPC

pancreatic tumor cell line was unaffected by treatment with re-

combinant Shh protein or IPI-926 (Figure S5A). In contrast,

nearly all alpha-SMA+ myofibroblasts were found to be Gli1GFP

positive, indicating active Hh pathway signaling in this mesen-

chymally derived cell type (Figures 6A and 6C). This is consistent

with previous reports demonstrating a proliferative effect from

Hh pathway signaling in fibroblasts (Walter et al., 2010). How-

ever, further examination of these tissue sections revealed that

many Gli1GFP-positive cells (43%) were alpha-SMA negative

(Figures 6A and 6C), indicating that multiple stromal cell types

can respond to Hh signaling. Importantly, treatment of KPC-

Gli1GFP mice with IPI-926 for 10 days completely abrogated

GFP staining, indicating that GFP staining was accurately report-

ing canonical Hedgehog signaling (Figures 6D and 6E). Taken

together, these experiments confirm that canonical Hh signaling

Figure 4. Smoothened Inhibition Acceler-

ates Pancreatic Tumor Development

(A–G) Two separate cohorts of KPC mice were

treated with vehicle (VEH) versus IPI-926 (926), or

gemcitabine (GEM) versus IPI-926 + gemcitabine

(926/GEM), beginning at 8 weeks of age, as

described in Supplemental Experimental Pro-

cedures. High resolution 3D ultrasound was used

to monitor tumor development and to quantify

tumor volumes. Treatment continued until mice

met endpoint criteria.

(A) Kaplan-Meier curve showing IPI-926 treated

KPC mice (red, n = 12), vehicle-treated KPC mice

(blue, n = 12) (p < 0.0001, log rank test, vehicle

versus IPI-926), and an historical collection of un-

treated KPC mice (gray, n = 165) (p < 0.0001, log

rank test, historical cohort versus IPI-926).

(B) Kaplan-Meier curve showing IPI-926 + gemci-

tabine-treated KPCmice (red, n = 11) and vehicle +

gemcitabine-treated KPC mice (blue, n = 12) (p <

0.004, log rank test, gemcitabine + vehicle versus

gemcitabine + IPI-926). The data from panel A are

overlaid in gray (p = 0.01, log rank test, IPI-926

versus IPI-926 + gemcitabine).

(C) Graph of time from first detection of tumor (by

3D ultrasound) to death in animals among the four

treatment groups, comparing animals that received

IPI-926 to those that did not (p = 0.0003 in mono-

therapy group, p = 0.006 in combination group).

Animals with microscopic tumors on necropsy but

no measurable tumor on ultrasound were included

as 0 days. The data are presented as standard box

and whisker plots.

(D) Final tumor volumes (measured by 3D ultra-

sound) among the four treatment groups, com-

paring animals that received IPI-926 to those that

did not (p = 0.0026 in monotherapy group, p =

0.012 in the combination group). Several IPI-926-

treated mice met endpoint criteria prior to the

detection of tumors by ultrasound and are included

as 0 mm3. The data are presented as standard box

and whisker plots.

(E) Age of tumor detection (by 3D ultrasound)

among the four treatment groups (p = 0.17 for

monotherapy, p = 0.48 for combination). The

data are presented as standard box and whisker

plots.

(F) Graph showing tumor volumes of mice treated

with IPI-926 (red) or vehicle (blue) plotted versus

the mouse’s age in days. Two exceptional tumors

noted in the text are highlighted in yellow.

(G) Graph showing tumor volumes of mice treated with gemcitabine + IPI-926 (red) or gemcitabine + vehicle (blue) are plotted versus the mouse’s age in days.

Lethal tumors that were undetectable by ultrasoundwere assigned a volume of 0 on the day of death. Animals still alive at the time of submission are denoted with

open diamonds.

See also Figure S3.
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operates in a paracrine fashion in PDAC, as it does during em-

bryonic development.

Shh-Deficient Tumors Are Sensitive to VEGF Inhibition
We next investigated the surprising increase in vasculature in

ShhPKCYmice and in IPI-926-treated KPCmice.We first sought

to determine whether increased angiogenesis was a direct result

of reduced Hh pathway signaling in endothelial cells. We

performed coimmunofluorescence on untreated KPC-Gli1GFP

mice for GFP and the endothelial marker endomucin but found

that Hh pathway signaling is absent in nearly all tumor endothelial

cells (Figures 6A and 6F). Consistent with this observation,

Figure 5. Long-Term Smoothened Inhibi-

tion Yields Poorly Differentiated Pancreatic

Tumors with Increased Proliferation and

Vascularity

(A–D) Representative histology (hematoxylin and

eosin stain) of KPC tumors arising after long-term

treatment with vehicle (A, VEH), IPI-926 (B),

gemcitabine + vehicle (C), or gemcitabine + IPI-

926 (D).

(E and F) Quantification of the differentiation state

for each cohort. The fraction of each tumor

that was observed to be well-differentiated (W),

moderately differentiated (M), poorly differentiated

(P), or undifferentiated (U) was scored in a blinded

manner, and compared between the treatments.

No tumor could be located in one IPI-926 + gem-

citabine-treated mouse (N).

(G) Quantification of phospho-histone H3+ cells

per 40[times] field in each treatment group (p =

0.034 for monotherapy, p = 0.011 for combina-

tion). The data are presented as standard box and

whisker plots.

(H) Quantification of CD31+ vessel structures by

IHC in each treatment cohort (p = 0.004 for mon-

otherapy, p < 0.0001 for combination). The data

are presented as standard box and whisker plots.

Two-tailed Mann-Whitney U tests were used for

all unpaired tests. Scale bars, 50 mm. See also

Figure S4.

capillary sprouting of cultured human

umbilical venous endothelial cells was

unaffected by exposure to recombinant

Shh or IPI-926 (Figure S5B). These results

suggest that the proangiogenic effect of

Hh pathway inhibition is mediated indi-

rectly by signals from mesenchyme-

derived stromal cells.

VEGF is a well-known soluble angio-

genic factor. As a group, mouse and

human PDAC are unaffected by treat-

ment with VEGF receptor inhibitors,

consistent with their poor vascularization

(Singh et al., 2010). However, undifferen-

tiated tumors comprise approximately

5%–10% of all advanced PDAC (Iacobu-

zio-Donahue et al., 2009). We hypothe-

sized that the higher vessel density and

paucity of stroma of undifferentiated

tumors might render them sensitive to angiogenesis inhibitors.

To test this hypothesis, we treated tumor-bearing ShhPKCY

and control PKCYmice with DC101, a blocking antibody against

VEGFR2. Similar to previous studies (Singh et al., 2010), VEGFR

inhibition had little effect on tumor size or survival in PKCY mice

(Figure 7A; Figure S6A). However, treatment of ShhPKCY mice

with DC101 led to significantly improved overall survival com-

pared to treatment with Ig control (median survival 22.4 versus

12.5 days from enrollment; p = 0.028; Figure 7B). DC101 treat-

ment was associated with the appearance of large areas of

necrosis on hematoxylin and eosin (H&E) (Figures 7C and 7D),

and immunofluorescence staining demonstrated a reduced
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number of CD31+ blood vessels (Figure 7E; Figures S6B and

S6C), an increase in the percentage of tumor cells with LC3+

autophagosomes (Figure 7F; Figures S6D and S6E), and

reduced proliferation (Figure 7G; Figures S6F and S6G) in

DC101-treated ShhPKCY mice. Interestingly, there was no dif-

ference in tumor VEGF expression between ShhPCKY versus

PKCY mice or between IPI-926- versus vehicle-treated KPC

tumors (data not shown). Thus, the depletion of Hh-dependent

stroma from pancreatic tumors leads to a greater utilization

and dependence on existing VEGF-mediated angiogenic path-

ways rather than a de novo induction of VEGF ligand.

Finally, we examined human pancreatic tumors to determine

whether similar relationships between histology, Hedgehog

signaling, and vascularity were present. In a set of 225 prospec-

tively collected and analyzed human PDAC, undifferentiated

tumors had significantly less Gli1 expression compared to all

other tumors with well, moderately, and poorly differentiated

histology (1.42 versus 2.99; p = 0.0102 by Student’s t test,

A B

C D

E F

Figure 6. Hh Pathway Activity Is Restricted

to Mesenchymally Derived Stromal Cells

(A) Quantification of coimmunofluorescence (Co-

IF) for the Gli1GFP Hh reporter and markers of

various tumor and stromal populations.

(B) Co-IF for Gli1GFP (green) and E-Cadherin (red,

E-Cad) in KPC-Gli1GFP tumors.

(C) Co-IF for Gli1GFP (green) and alpha-SMA (red,

aSMA) in in KPC-Gli1GFP tumors. White arrow de-

notes an alpha-SMA+, Gli1+ cell. Yellow arrow de-

notes an alpha-SMA", Gli1+ cell. Orange arrow

denotes an aSMA+, Gli1" cell.

(D and E) Co-IF for Gli1GFP reporter on an untreated

KPC-Gli1GFP tumor (D) or after 10 days of IPI-926

treatment (E).

(F) Co-IF for Gli1GFP (green) and the endothelial

marker endomucin (red, Endo) in KPC-Gli1GFP

tumors. Arrow denotes a Gli1" endothelial cell.

Scale bars, 10 mm. See also Figure S5.

two-tailed; Figure S6H). However, no

statistically significant difference was de-

tected in Shh expression. Thus, undiffer-

entiated human PDACmay be associated

with attenuated canonical Hedgehog

signaling, as predicted by our studies

of genetically engineered mice. In a

separate, independently collected and

analyzed set of human PDAC, we exam-

ined 13 total human pancreatic tumors

stratified into differentiated (n = 5) and

undifferentiated (n = 8) histology to deter-

mine whether differentiation status corre-

lated with vessel density in patients.

Similar to mice, undifferentiated human

pancreatic tumors exhibited significantly

greater vascular density and less stroma

compared to differentiated tumors, even

when both components were present

within the same primary carcinoma (Fig-

ures 7H–7J). Surprisingly, undifferentiated

PDAC had a similar vascular density as normal human pancreas

tissue (Figure 7J). These data indicate that like murine ShhPKCY

tumors, undifferentiated pancreatic tumors in patients also have

a more prominent vasculature.

DISCUSSION

Nearly 50 years have passed since Stoker’s pioneering studies

of epithelial/stromal interactions in cancer demonstrated that

normal fibroblasts restrain the growth of transformed baby

hamster kidney cells (Stoker et al., 1966). This ‘‘neighbor sup-

pression’’ effect may be part of an evolved microenvironment

surveillance against the development of preneoplasia (Klein,

2014). Nevertheless, in the context of established tumors,

the prevailing paradigm of the tumor microenvironment field

has been that tumor stroma supports, rather than inhibits,

neoplastic growth and progression (Hanahan and Weinberg,

2011). This concept has been bolstered by work on pancreatic
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tumors, which are associated with a particularly dense ‘‘desmo-

plastic’’ stroma. Such studies, which have mostly relied on cell

transplantation or in vitro assays, have affirmed that the stroma

plays a supportive role in of pancreatic cancer progression

(Bailey et al., 2008; Feldmann et al., 2008a, 2008b; Hwang

et al., 2008; Ikenaga et al., 2010; Lonardo et al., 2012; Xu

et al., 2010). In this study, we have examined the effects of per-

turbing the tumor microenvironment by genetically deleting

sonic hedgehog or pharmacologically inhibiting its essential

signaling mediator Smoothened. These interventions greatly

reduced stromal desmoplasia, but such tumors unexpectedly

exhibited accelerated tumor growth, increased systemic

morbidity, and increased metastasis, ultimately leading to earlier

mortality. Thus, our findings demonstrate that at least some stro-

mal constituents can act to restrain, rather than promote, tumor

progression.

We previously reported that acute administration of IPI-926 to

KPC mice bearing large tumors leads to stromal collapse and

increased vascularity, consistent with the results shown here

(Olive et al., 2009). In that study, treatment with Smo inhibitor

alone had minimal effects on tumor size or survival, whereas

combined treatment with the Smo inhibitor and gemcitabine

led to transient stabilizations and regressions, producing a

modest survival benefit (Olive et al., 2009). These results were in-

terpreted as an indication that stromal inhibition could lead to

improved drug delivery without a direct effect on tumor growth.

However, because most animals in our previous study experi-

enced less than 3 weeks of IPI-926 treatment, there was little

opportunity to detect accelerated tumor progression in this

acute setting. Indeed, despite the success of IPI-926 in treating

basal cell carcinoma (Jimeno et al., 2013), the poor clinical per-

formance of Smo inhibitors in pancreatic cancer trials has led to

uncertainty regarding the approach of stromal targeting. Our

current data suggest that the short-term, beneficial effects of

increased drug delivery are eventually overcome by the negative

effects of long-term Smo inhibition.

What is responsible for the increase in tumor cell proliferation

and overall mortality in ShhPKCY (and IPI-926-treated) tumors?

At present, the precise mechanism for increased tumor cell

proliferation remains unknown and is likely to be complex.

Nevertheless, the nearly 3-fold increase in blood vessel density

in ShhPKCY tumors compared to PKCY tumors—an associa-

tion that has been previously observed in IPI-926-treated KPC

mice (Olive et al., 2009)—is likely to be a major contributor to

this effect. This inference is supported by the observation that

the more vascular ShhPKCY tumors had a nearly 5-fold

decrease in autophagy, a process of cellular autodigestion

used by nutrient-deprived cells (Kondo et al., 2005). Moreover,

ShhPKCY tumors exhibited a responsiveness to antiangiogenic

therapy that was absent in PKCY tumors, suggesting that the

more highly vascular Shh-deficient tumors were dependent on

this enhanced blood supply. Thus, our study suggests that

the interaction between the tumor and its microenvironment is

complex, with certain components of the microenvironment

(i.e., vasculature) having a tumor-promoting role and other com-

ponents (i.e., myofibroblasts) having an inert or tumor-suppres-

sive role.

A paradoxical result of our study was the observation that the

tumors lacking Hedgehog signaling—following either genetic

ablation or treatment with IPI-926—were smaller despite their

more aggressive and lethal phenotype, a finding that may reflect

the fact that the stroma normally comprises a large percentage

of PDAC tumor volume (Chu et al., 2007). Although we do not

fully understand the accelerated mortality of Shh-deficient

tumors, one possibility is suggested by the finding that tumor-

bearing animals treated with IPI-926 exhibited significantly

more weight loss and wasting prior to death than vehicle- or

gem-treated tumors. It is conceivable that stromal inhibition

(and associated changes in tumor metabolism) may lead to

increased cachexia, a wasting syndrome common in human

PDAC patients. Importantly, we do not believe that IPI-926 con-

tributes to increased mortality or wasting independent of PDAC,

because extensive clinical follow-up (Jimeno et al., 2013) and our

own observations treating tumor-free animals (data not shown)

failed to demonstrate any such toxicity.

There are several models that could account for the finding

that ShhPKCY tumors have a reduction in myofibroblasts and

leukocytes and an increase in blood vessels. Our data demon-

strate that Hh signaling is nearly absent in the endothelial popu-

lation, arguing against a direct role in angiogenesis. Rather, our

findings are consistent with a model in which mesenchymal

stromal cells exert an antiangiogenic effect on endothelial cells,

possibly acting either directly or indirectly to elevate interstitial

fluid pressure, which then represses blood vessel growth (Jaco-

betz et al., 2013; Provenzano et al., 2012). Importantly, these

possibilities are not mutually exclusive, and future studies will

be needed to understand the nature of cellular crosstalk be-

tween different components of the microenvironment and the

role that Shh plays in each.

It is worth noting that global deletion of Gli1, a knownmediator

of Hedgehog signaling, completely blocks the development of

KrasG12D-driven pancreatic tumors (Mills et al., 2013). However,

because Gli1 can be activated by signals other than Smooth-

ened, it is unclear whether this reported requirement for Gli1

is due to so-called ‘‘canonical’’ (Smo-mediated) Hedgehog sig-

naling or is mediated by other Gli1-dependent signaling path-

ways. Moreover, because the Gli1GFP reporter showed little if

any activity within the tumor epithelium, it is unlikely that the

effects we observed are due to a Hh-Smo-Gli1 signaling relay

within the tumor cells themselves. Importantly, we employed

autochthonous models that harbor mutant Kras and p53—muta-

tions that are present in 95% and 75%–90% of human PDAC

patients, respectively—and it remains to be determined whether

the observed effects of Hedgehog deficiency on tumor biology

occur only in the context of these genetic lesions or are more

generalizable.

It is remarkable that the genetic or pharmacologic manipula-

tion of Hedgehog signaling was associated with a dramatic

change in tumor histology, illustrating the high degree of plas-

ticity of differentiation status that exists within tumors in vivo.

These data are corroborated by our analysis of human pancre-

atic tumors. Because poorly differentiated histopathology is

strongly associated with poor outcome in PDAC (Han et al.,

2006; Yonemasu et al., 2001), this finding has potential clinical

implications. Specifically, the observation that inhibition of the

Hedgehog pathway leads to the development of less differenti-

ated andmore aggressive tumors may explain the lack of benefit

observed in clinical trials.
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Figure 7. VEGFR2 Antagonism Leads to Selective Inhibition of Tumor Growth in ShhPKCY Mice

(A) Kaplan-Meier survival curve for tumor-bearing PKCY mice treated with bi-weekly DC101 (purple, n = 10) or Ig control (blue, n = 11).

(B) Kaplan-Meier survival curve for tumor-bearing ShhPKCY mice treated with bi-weekly DC101 (purple, n = 13) or Ig control (red, n = 10).

(C and D) H&E analysis of ShhPKCY tumors showing a large area of necrosis upon DC101 treatment (D). Scale bars, 250 mm.

(E) Quantification of CD31+ vessel density in ShhPKCY mice treated with DC101 compared to Ig control, depicted as mean (±SD) number of CD31+ vessels per

high powered field (n = 3–5).

(F) Quantification of YFP+ cells containing LC3+ autophagosomes in ShhPKCYmice treated with DC101 compared to Ig control, depicted as percentage (±SD) of

YFP+ tumor cells exhibiting LC3 staining (n = 3–5).

(legend continued on next page)
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Finally, our discovery that undifferentiated tumors were sensi-

tive to VEGFR inhibition points to a possible biomarker of sensi-

tivity to angiogenesis inhibitors in pancreatic cancer. Themarked

response of ShhPKCY tumors to an antiangiogenesis agent

suggests that such undifferentiated tumors are dependent on a

plentiful vascular network. Although clinical trials of antiangio-

genesis agents failed to show benefit in PDAC, a portion of

patients treated with bevacizumab did exhibit a durable

response (Kindler et al., 2010). Approximately 5%–10% of

advanced human pancreatic tumors exhibit an undifferentiated

histology (Iacobuzio-Donahue et al., 2009), and the data we

present here suggest that such tumors have a higher blood

vessel density. Given our finding that poorly differentiated but

well-vascularized pancreatic tumors respond to VEGF receptor

blockade, it may be worth reconsidering antiangiogenesis treat-

ment strategies for the subset of patients who harbor predomi-

nantly undifferentiated PDAC.

EXPERIMENTAL PROCEDURES

Mouse Models

All studies were conducted in compliance with the institutional guidelines of

their respective locations. Two genetically engineered mouse models were

used in these studies: p53fl/+; KrasLSL-G12D/+;Pdx1-Cre;Rosa26YFP (PKCY)

(Rhim et al., 2012) and KrasLSL-G12D/+;p53LSL-R172H;Pdx1-Cre (KPC) (Hingorani

et al., 2005). ShhPKCY and PKCY mice were used to determine the effect of

Shh deletion in tumorigenesis and cancer progression. KPC mice were used

in a chronic treatment trial of IPI-926. The Gli1eGFP/+ allele was crossed into

the KPC mouse for immunofluorescence studies (Brownell et al., 2011).

Analysis of Tumor Progression and Survival in PKCY and

ShhPKCY Mice

All experiments involving mice were performed in accordance with relevant

institutional and national guidelines and were approved by the institutional

animal care and use committees at the University of Pennsylvania, Columbia

University, and University of Michigan prior to experimentation. Starting at

2 months of age, mice were palpated twice weekly for evidence of tumor. If

a potential mass was appreciated, transabdominal ultrasound was performed

using a SonoSite M-Turbo ultrasound. If the presence of a tumor was

confirmed, mice were examined weekly using ultrasound and general physical

exam. If the mouse appeared moribund (decreased spontaneous physical

activity, decreased toe pinch reflex, tachycardia, tachypnea, failure to groom,

and ruffled coat), indicating low probability of surviving for greater than 24 hr, it

was sacrificed for analysis. The tumors were immediately removed and

weighed; the dimensions were measured; and the animals were analyzed for

evidence of macrometastatic disease.

In Vivo DC101 T1rial

Upon detection of tumor by ultrasound, ShhPKCY and PKCY mice were ran-

domized to two treatment arms: DC101 or IgG1 control (800 mg per mouse;

Bio X Cell, West Hanover, NH) administered intraperitoneally every Monday

and Thursday. Technicians were blinded to treatment group.

Analysis of Human Pancreatic Tumors

Studies involving all human pancreas tumors were approved by the institu-

tional review boards of Johns Hopkins University and Mayo School of

Medicine, and informed consent was obtained from all patients prior to tissue

procurement and subsequent analysis. Paraffin-embedded sections (4 mm

thickness) of eight human ductal adenocarcinomas with undifferentiated

features from the Johns Hopkins Gastrointestinal Rapid Medical Donation

Program (Iacobuzio-Donahue et al., 2009) were used and compared to five

conventional PDACs and three samples of normal pancreas. Immunolabeling

for CD31 was performed using standard histologic methods with prediluted

anti-human CD31 monoclonal antibody (Ventana, clone JC70) and detected

using the Dako universal liquid DAB+ substrate chromagen system per the

manufacturer’s instructions (catalog K3468). Slides were counterstained

with hematoxylin for 30 s. Microvascular density was calculated as the number

of CD31+ vessels per field using a 40[times] objective and a minimum of four

fields per sample.

Statistics

All statistics, including Kaplan-Meier statistics (log rank) and results from chi-

squared tests, Mann-Whitney U tests, and Student’s t tests, were calculated

using GraphPad Prism v.5.04 or v.6. The p values from Student’s t tests are

listed unless otherwise specified. In all graphs, means (bars) and standard

deviations (lines) are denoted.
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(G) Quantification of YFP+ cells staining with the proliferation in ShhPKCYmice treatedwith DC101 compared to Ig control, depicted as percentage (±SD) of YFP+

tumor cells that were PCNA positive (n = 3 YFP 5).

(H and I) IHC for CD31 in differentiated (H) and undifferentiated (I) portions of human pancreas tumor A21. Scale bars, 200 mm.

(J)Mean vascular density of normal pancreas (n = 3), differentiated human PDAC (n = 5), and undifferentiated human PDAC (n = 8). Bars represent p values by two-

sided Student’s t test.

See also Figure S6.
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SUMMARY

Macrophage infiltration has been identified as an independent poor prognostic factor in several cancer types.
The major survival factor for these macrophages is macrophage colony-stimulating factor 1 (CSF-1). We
generated a monoclonal antibody (RG7155) that inhibits CSF-1 receptor (CSF-1R) activation. In vitro
RG7155 treatment results in cell death of CSF-1-differentiated macrophages. In animal models, CSF-1R in-
hibition strongly reduces F4/80+ tumor-associated macrophages accompanied by an increase of the CD8+/
CD4+ T cell ratio. Administration of RG7155 to patients led to striking reductions of CSF-1R+CD163+ macro-
phages in tumor tissues, which translated into clinical objective responses in diffuse-type giant cell tumor
(Dt-GCT) patients.

INTRODUCTION

Colony-stimulating factor 1 (CSF-1) and its receptor, CSF-1R,

regulate the migration, differentiation, and survival of macro-

phages and their precursors (Hume and MacDonald 2012; Chitu

and Stanley 2006). CSF-1R is a member of the receptor protein

tyrosine kinase (rPTK) family of growth factor receptors, which

includes several known proto-oncogenes. Themolecular pathol-

ogy of the diffuse-type giant cell tumor (Dt-GCT; formerly known

as pigmented villonodular synovitis [PVNS or Dt-PVNS]), a rare

proliferative disease affecting large joints, vividly demonstrates

the effects of deregulated CSF-1 production. In the majority of

Significance

Preclinical data indicate that tumor-associated macrophages (TAMs) represent an attractive therapeutic target as they
represent key orchestrators of various tumor-promoting processes, such as escape of immune surveillance. Here, we report
that treatment with an anti-CSF-1R antibody (RG7155) depletes TAMs from the tumor tissue of cancer patients across
various tumor types. Moreover, in Dt-GCT patients, a neoplastic disorder characterized by CSF-1 overexpression,
RG7155-induced reduction of CSF-1R+ mononuclear cells provided significant clinical benefits and offers a therapeutic
option other than surgery, which is associated with a high likelihood of relapse. Furthermore, our work forms the basis
for exploring combination therapies especially in those tumor entities in which TAMs contribute to tumor pathogenesis.
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Dt-GCT patients, chromosomal translocations involving the

gene encoding CSF-1 result in overexpression of this cytokine

by cells within the synovial lining (West et al., 2006). This leads

to massive recruitment of CSF-1R-expressing cells, mainly

nonmalignant mononuclear and multinucleated cells that form

the bulk tumorous mass (Cupp et al., 2007; West et al., 2006).

Marginal excision or complete synovectomy remain the treat-

ments of choice (Ravi et al., 2011) for Dt-GCT, but the disorder

sometimes necessitates mutilating surgery due to locally

destructive and recurring tumor growth. Another investigational

approach for treating Dt-GCT patients exploits the CSF-1R-

targeting component of the tyrosine kinase inhibitor imatinib

mesylate (Gleevec), thus suggesting that this receptor repre-

sents an attractive target for development of cancer therapies

(Cassier et al., 2012; Blay et al., 2008).

In solid tumors, such as those in breast and pancreatic cancer,

infiltrating CD68+ or CD163+ tumor-associated macrophages

(TAMs) correlate with poor outcome (DeNardo et al., 2011; Kur-

ahara et al., 2011; Shabo et al., 2008). The tumor-promoting

function of TAMs is based on their capacity to secrete proangio-

genic and growth factors, as well as to potently suppress T cell

effector function by releasing immunosuppressive cytokines

and affecting their metabolism (Wynn et al., 2013; Biswas and

Mantovani 2010; Gordon and Martinez 2010; Hoves et al.,

2006). Macrophages exerting these protumorigenic functions

are also termed M2-type macrophages, in contrast to the antitu-

morigenic M1 subtype (Mantovani et al., 2002).

Here, we investigate the effect of blocking CSF-1R signaling

by a humanized anti-CSF-1R antibody (RG7155) and the result-

ing effect on TAMs in vitro, in in vivo animal models, and in

RG7155-treated Dt-GCT patients and patients with various other

malignancies.

RESULTS

Antibody RG7155 Blocks CSF-1R Dimerization
We generated and characterized RG7155, a humanized anti-

human CSF-1R immunoglobulin G1 (IgG1) monoclonal anti-

body that binds to human and cynomolgus CSF-1R with high

affinity (KD = 0.2 nM, as determined by surface plasmon reso-

nance [SPR]; Figure 1A). The binding epitope and the mode of

action of RG7155 was characterized using the crystal structure

of the full-length CSF-1R extracellular domain (ECD) bound to

the RG7155 Fab fragment in a 1:1 ratio (Figure 1B and Table

S1). In the structure, the ligand binding domains D1–D3 of

CSF-1R (Ma et al., 2012) are assembled into a helical-like

arrangement, in contrast to the planar surface of the receptor

dimerization interface formed by domains D4 and D5.

RG7155 blocks the receptor dimerization interface with its

epitope being located within D4 and D5 (Figures 1C and 1D).

Previously, it has been shown for the homologous type III re-

ceptor tyrosine kinase (RTK) c-Kit that homotypic D4-D4 con-

tacts between a strictly conserved Arg-Glu residue pair are

essential for formation of the receptor dimer interface (Yuzawa

et al., 2007). In our structure, the corresponding residues
D4Arg370 and D4Glu375 form salt bridge contacts with Asp98

and Arg100 of the heavy chain CDR3 of RG7155, thereby pre-

venting lateral receptor contacts (Figure 1C). Mutation analysis

of the CSF-1R ECD confirmed that binding of RG7155 was

abolished in constructs lacking D4 or D5 as determined by

SPR (Figure 1E).

High-affinity binding of dimeric CSF-1 to CSF-1R requires re-

ceptor dimerization (Verstraete and Savvides 2012; Elegheert

et al., 2011). This cooperative formation of the ligand receptor

complex is inhibited by RG7155’s blocking the receptor dimer-

ization interface. As a consequence, the antibody inhibits bind-

ing of both CSF-1 and the other ligand, interleukin-34 (IL-34),

to CSF-1R in a competitive manner (Figure 1F). Additionally,

RG7155 blocks the transforming activity of a ligand-independent

CSF-1R mutant, resulting in significantly reduced cell viability of

NIH 3T3-CSF-1R L301S Y969F recombinant cells (Roussel et al.,

1990) (Figure S1A) and OCl-AML-5 (wild-type [WT] CSF-1R; Fig-

ure S1B). Other human type III RTKs such as c-Kit and platelet-

derived growth factor, or mouse CSF-1R, are not targeted by

RG7155 (data not shown), thus confirming the selectivity of

this antibody. Taking these data together, we conclude that

RG7155 is a selective CSF-1R receptor dimerization inhibitor

that blocks ligand-dependent and ligand-independent receptor

activation.

RG7155 Depletes CSF-1R+CD163+ Macrophages
In Vitro and In Vivo
Human macrophages were differentiated from monocytes

in vitro in the presence of either CSF-1 or granulocyte macro-

phage (GM)-CSF. CSF-1-differentiated macrophages were

characterized by the expression of CSF-1R and CD163, whereas

differentiation with GM-CSF resulted in CD80+MHC-IIhigh-ex-

pressing macrophages with undetectable CD163 and CSF-1R

(Figure 2A). This profile indicates an M2-like polarization of mac-

rophages in the presence of CSF-1 (Geissmann et al., 2010;

Martinez et al., 2008). RG7155 potently inhibited the viability of

CSF-1-differentiated macrophages with an IC50 of 0.3 nM by

inducing cell death (Figures 2B and S1C). Moreover, cross-titra-

tion of GM-CSF and CSF-1 revealed that addition of small

amounts of GM-CSF can protect macrophages from RG7155-

induced apoptosis (Figure 2B).

To mimic the physiologic concentrations of these two cyto-

kines in the tumor context, we investigated the effect of

RG7155 on macrophages (TC-Macs) differentiated with tumor-

conditioned media (TCM). Differentiation of TC-Macs suscepti-

ble to RG7155 was enabled by TCM with high CSF-1 and low

GM-CSF levels, in contrast to tumor cells secreting high concen-

trations of GM-CSF (Figure 2C). Furthermore, these TC-Macs

differentiated with high CSF-1 TCM displayed anM2-like pheno-

type characterized by a principal component analysis (PCA)

using the first, second, and third PC, based on 23 selected re-

ceptors, cytokines, chemokines, and growth factors (Figure S2).

TC-Macs differentiated with TCM containing high GM-CSF

showed a mixed M1/M2 phenotype. (Figure S2). Blockade of

both GM-CSF and CSF-1 signaling pathways resulted in cell

death of GM-CSF/CSF-1 polarized TC-Macs, while blockade

of each single cytokine did not (Figure 2D), confirming again

the dominating influence of GM-CSF on TC-Mac survival in the

presence of RG7155.

M2macrophages are also characterized by their ability to sup-

press T cell activation, which was confirmed for macrophages

susceptible to RG7155 in coculture assays with autologous

T cells: CSF-1-differentiated macrophages potently suppressed
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Figure 1. RG7155 Binds to the Human CSF-1R Dimerization Interface

(A) SPR sensorgrams showing binding of a series of concentrations of human and cynomolgus CSF-1R ECD to RG7155 captured onto a Biacore sensor chip.

(B) Schematic representation (left) of theCSF-1R ECDdimer. Key residues Arg370 andGlu375most likely involved in dimerization in domain 4 are highlighted. The

overall structure of the CSF-1R ECD monomer complex with Fab fragment of RG7155 is shown in surface representation (right).

(C) Close-up view of the Fab fragment binding site. Important Fab fragment residues for interaction with domains 4 and 5 of the receptor are shown as sticks. The

surface patch in light gray resembles the receptor dimerization interface (based on an overlay with the c-KIT structure; Protein Data Bank [PDB] entry 2E9W) in

domains 4 and 5 of the CSF-1R ECD, which is blocked by RG7155.

(D) Mapping of the Fab (RG7155) epitope on the CSF-1R ECD domain 4 (surface in yellow) and domain 5 (surface in purple). Residues interacting with the Fab

(RG7155) HC (light blue), LC (cyan), or both HC and LC (dark blue) are labeled. Labels of residues involved in dimerization are shown in red.

(E) RG7155 requires both the D4 andD5 domains for binding. Full-length ECD/Fc (CSF-1R), dimeric CSF-1R delD4, D1-D4/Fc, andD1-D3/Fcwere amine coupled

onto a Biacore sensor chip, and binding of RG7155 and comparator monoclonal antibodies recognizing the ligand binding domain (Amgen and Imclone) or

domain D5 (Sherr et al., 1989) was determined at 5 nM. Signals were corrected for the level of immobilization and are reported for each monoclonal antibody

normalized to its binding of the full-length receptor = 100%.

(legend continued on next page)
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CD4 and CD8 T cell proliferation induced by CD3/CD28 anti-

bodies (Figure 2E). In contrast, macrophages polarized toward

aM1phenotype by the TCM fromMDA-MB231 are least suscep-

tible to RG7155 mediated killing (Figure 2C). Indeed, these

TC-Macs were able to stimulate T cell proliferation (Figure 2F),

indicating that RG7155 efficiently eliminates immunosuppres-

sive M2-like macrophages.

The activity profile of RG7155 was tested in vivo using the

cross-reactive nonhuman primate Macaca fascicularis (Fig-

ure 1A). The pharmacokinetic (PK) and pharmacodynamic

(PD) profiles of RG7155 were assessed for various dose levels

in a single-dose and repeat-dose study. Two doses of 30 and

100 mg/kg were administered weekly for analysis of tissue-resi-

dent macrophages. The PK profile was nonlinear, suggesting a

target-mediated elimination pathway, pronounced at very low

doses and saturated at higher doses (Figure 3A). Plasma

CSF-1 concentrations increased at all tested doses immedi-

ately after RG7155 infusion and returned to baseline with

declining drug levels (Figure 3B). RG7155 mediated rapid elim-

ination of nonclassical CD14+CD16+, but not of classical

CD14+CD16", monocytes in peripheral blood of cynomolgus

monkeys. With increasing doses, more durable reduction of

nonclassical monocytes was observed. Of note, a strong

rebound effect on these monocytes occurred with decay of

RG7155 levels, most likely due to a stimulatory feedback

mechanism mediated by increased CSF-1 levels. The extent

and duration of the rebound phase of CD14+CD16+ monocytes

was dose dependent and transient (Figure 3C). RG7155 effi-

ciently reduced CSF-1R+ and CD68+163+ macrophages in the

liver (Kupffer cells) and colon of cynomologus monkeys. How-

ever, reduction of alveolar macrophages in the lung was rather

minor (Figure 3D).

Mouse CSF-1R Inhibition Results in Depletion of TAMs
and a Shift toward Higher CD8/CD4 T Cell Ratio
Since RG7155 does not cross-react with mouse CSF-1R (data

not shown), we generated a chimeric mouse IgG1 antagonistic

antibody (2G2) that binds to mouse CSF-1R with high affinity

(KD = 0.2 nM; Figure S3A). This antibody enables specific and

long-term CSF-1R inhibition in immune-competent mice.

Antibody 2G2 reduces survival of CSF-1-dependent murine

M-NFS-60 cells (Nakoinz et al., 1990), confirming its bioactivity

(Figure S3B). Both MC38 colorectal adenocarcinoma and

MCA1 fibrosarcoma represent tumor models that are dominated

by TAMs (Figures 4A and S3D). Flow-cytometric analysis of

MC38 tumor-associated immune cells revealed significant

reduction in TAMs (Figures 4A and S3F), accompanied by a rela-

tive increase of other types of immune cells including Ly6Ghigh

neutrophils, natural killer (NK) cells, and both CD4+ and CD8+

T cells (Figures 4A, 4B, S3F, and S3G). Importantly, tumors

recovered from 2G2 antibody-treated mice showed a pro-

nounced increase of CD8+ compared with CD4+ T cells, resulting

in a positive shift of the CD8 to CD4 ratio toward cytotoxic

effector T cells (Figure 4B). This changed ratio was associated

with a decrease in FoxP3+ T regulatory cells, which represent

the tumor-promoting subset of the CD4 T cell population (Fig-

ure 4C). These findings suggest that aside from the strong reduc-

tion of TAMs in the tumor infiltrate, other immune effector cells

are indirectly influenced by CSF-1R blockade.

The direct functional relationship between TAMs isolated from

MC38 tumors and T cells was investigated in coculture experi-

ments. TAMs markedly suppressed the in vitro expansion of

CD3/CD28-activated CD8+ T cells in a dose-dependent fashion

(Figure 4D). Hence, TAMs not only affect the frequency of T cells,

but also their functional activity. In both MC38 and MCA1 tumor

models, we observed that in vivo administration of 2G2 antibody

caused a delay in tumor growth (Figures 4E and S3C) associated

to a dramatic reduction of TAMs that contribute to the tumorous

mass (Figures 4A and S3D). Furthermore, 2G2 therapy reduced

the number of spontaneously developed metastases in the

MCA1 model (Figure S3E).

RG7155 Treatment Results in Marked Clinical Benefit
for Patients with Diffuse-Type Giant Cell Tumors
A phase 1 clinical trial was initiated with RG7155 that included

patients suffering from Dt-GCT. Eligible patients were treated

every 2 weeks by intravenous infusion and monitored by

(18F)-fluorodeoxy-glucose-positron emission tomography

(FDG-PET) and tumor biopsies at baseline and on treatment af-

ter two administrations of RG7155 (at 4 weeks of treatment).

Concurrently, whole blood was taken to investigate RG7155

infusion-related PK and PD effects (Figure 5A). Clinical activity

was demonstrated by high metabolic response rate based on

FDG-PET and objective clinical responses according to RE-

CIST 1.1 accompanied by significant symptomatic improve-

ment in all Dt-GCT patients as early as 4 weeks after treatment

initiation. All seven evaluable patients showed partial metabolic

response in FDG-PET imaging (according to the European Or-

ganization for Research and Treatment of Cancer, EORTC;

Young et al., 1999), with two patients approaching a complete

metabolic response. Five of the seven patients went on to

achieve partial responses (RECIST) at the first assessment

(Figure 5B).

The FDG-PET and magnetic resonance imaging (MRI) im-

ages of a 19-year-old female patient with recurring, nonresect-

able Dt-GCT of the right ankle clearly confirmed the disaggre-

gation of the tumorous mass by RG7155 treatment

(Figure 5C). Clinical activity correlated with a significant reduc-

tion of CD68+/CD163+ macrophages and of CSF-1R+ cells in

matching tumor biopsies (Figure 5D). The analysis of mono-

cytes in the peripheral blood of this patient revealed rapid

and sustained elimination of nonclassical CD14+CD16+ mono-

cytes between 5 and 96 hr after RG7155 infusion. Classical

CD14+CD16" monocytes did not show a sustained alteration

(Figure 5E). Accordingly, CSF-1R expression was significantly

increased on nonclassical monocytes compared to classical

activated and intermediate monocytes analyzed from healthy

donors (Figure 5F).

(F) Binding of RG7155 to CSF-1R is competitive with ligand binding. Binding of CSF-1R/Fc (4 nM) to sensor-chip-captured RG7155 was determined in the

presence of increasing concentrations of CSF-1 or IL-34. The amount of free receptor boundwas calculated using a calibration curve and depicted as the percent

inhibition of the maximal signal.

See also Figure S1 and Table S1.
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Figure 2. RG7155 Induces Cell Death of In Vitro-Differentiated Human M2-like, but Not M1-like, Macrophages

(A) Surface marker profile of GM-CSF (M1)- or CSF-1 (M2)-differentiated macrophages was assessed by flow cytometry. The given numbers indicate the mean

ratio fluorescence intensity (MRFI ± SD; n R 5) calculated from the antigen’s MFI (empty profiles) relative to the matching isotype (filled profiles).

(B) Macrophages were differentiated using different ratios of CSF-1 and/or GM-CSF in presence of RG7155. Cell viability was determined at day 7 using CellTiter-

Glo. Data are pooled from four independent experiments and are shown as means ± SD (each sample run in triplicate; pairwise comparisons by Tukey-Kramer

test; p < 0.0001).

(C) RG7155 inhibits monocyte survival during differentiation by TCM. Monocytes were cultured for 6 days in TCM with 30 mg/ml RG7155 or huIgG, and survival

was analyzed by DAPI staining. Columns depicted were normalized to viable cells in the corresponding huIgG control (at least three donors; mean ± SEM;

pairwise t test; *p < 0.05, **p < 0.01). The corresponding M-CSF/GM-CSF ratio of TCM is indicated on the secondary scale (blue squares). TC-Macs were

classified as GM-CSF/CSF-1 polarized and are depicted by black bars at a CSF-1/GM-CSF ratio <50.

(legend continued on next page)
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RG7155 Decreases CSF-1R+CD163+ TAMs in Patients
with Various Types of Solid Malignancies and Alters
T Cell Tumor Microenvironment Composition
Macrophage reduction by RG7155 in Dt-GCT patients was fur-

ther confirmed and extended in patients with various advanced

solid tumors, using doses every 2 weeks from 200 mg up to

3000mg RG7155 in monotherapy and in combination with pacli-

taxel. Again, RG7155 treatment induced significant reduction of

CSF-1R+ cells and CD68+CD163+macrophages in on-treatment

biopsies from tumor lesions compared to matched biopsies

taken from the same lesion prior to treatment in all patients

analyzed after 4 weeks of therapy (Figures 6A and 6B). The re-

sults from the phase 1 dose escalation trial demonstrate that

anti-CSF-1R treatment inducesmacrophage depletion in tumors

and indicate proof of mechanism in patients with various types of

malignant neoplasms. In patients who received doses of 600 mg

or higher (to ensure saturation of the target based on PK and PD

assessments), we additionally analyzed the respective T cell infil-

trate. The baseline T cell infiltrate was dominated by CD4+ T cells

and switched to a predominantly CD8+ lymphocyte infiltrate

upon therapy. This is reflected in the increased CD8/CD4 ratio

in five out of seven patients treated with RG7155 (Figure 6C),

thus mirroring observations in mouse models. Baseline infiltrate

in these patients of either CSF-1R+ cells or CD68+CD163+ TAMs

varied from 10% to 60%. However, the dramatic TAM reduction

was independent of the degree of basal macrophage infiltrate

(Figures 6B and 6C).

DISCUSSION

Here we describe a specific and potent CSF-1R targeting anti-

body, RG7155, that shows significant clinical activity in Dt-

GCT patients and reduces TAMs in tumors of patients suffering

from various cancers. In contrast to RG7155’s blocking both

ligand-dependent and -independent receptor activation, all

other blocking CSF-1R antibodies currently known to be in

phase 1 clinical development for advanced solid tumors (anti-

body AMG820, identifier NCT01444404; antibody IMC-CS4,

identifier NCT01346358) target the ligand binding domains

(Amgen, human C-FMS antigen binding proteins US2008/

073611, 2009; Imclone, antibodies against CSF-1R, US2011/

030148, 2011). Further clinical evaluation is needed to explore

whether targeting of different CSF-1R epitopes will impact effi-

cacy and safety as shown for other therapeutic antibodies tar-

geting an RTK (King and Wong 2012) and the impact of direct

versus indirect competition in settings in which the ligand con-

centration increases as much as 1,000-fold after receptor

blockade. Additional toxicities triggered by less-specific CSF-

1R small-molecule tyrosine kinase inhibitors have been dis-

cussed as another limiting factor of CSF-1R blockade in tumor

tissue (El-Gamal et al., 2013), such as imatinib, which is a

weak CSF-1R inhibitor compared with its primary targets, ABL

and c-KIT (Taylor et al., 2006; Dewar et al., 2005). Imatinib mesy-

late and its more potent and better-tolerated successor, niloti-

nib, have been tested in small series of Dt-GCT patients with

only limited clinical activity (Gelderblom et al., 2013; Cassier

et al., 2012) compared to the objective clinical responses in

74% of Dt-GCT patients treated with RG7155 as described

here. The overall safety profile for RG7155 was acceptable,

with the most frequent adverse event being periorbital edema,

which mirrored the findings from the monkey study. Thus far,

none of these patients was reported to have progressive dis-

ease, with the longest follow-up being 12 months.

The molecular pathology of Dt-GCT represents a model dis-

ease for CSF-1R targeting agents, with a few aberrant cells pro-

ducing CSF-1, resulting in massive recruitment of CSF-1R

positive macrophages. Additionally, in solid malignancies such

as sarcoma or breast cancer CSF-1, overexpression by tumor

cells and an extensive CD68+ or CSF-1R+ macrophage infiltrate

are associated with poor prognosis (Espinosa et al., 2009; Kluger

et al., 2004). In solid malignancies, additional chemokines such

as MCP-1 or SDF-1 might support recruitment of monocytes

(Pollard, 2009; Murdoch et al., 2008). However, GM-CSF or

CSF-1 control TCM macrophage survival, as shown in our

in vitro studies. Since CSF-1 (unlike GM-CSF) is systemically

available (Hamilton and Achuthan 2013), we postulate that

TAMs are amenable to anti-CSF-1R therapy independently of

their recruitment mechanism. Hence, patients enrolled in the

phase 1 trial with RG7155 were not preselected for CSF-1 levels

in tumor, serum, or TAM infiltrate. Yet, in all paired tumor

biopsies, a significant reduction of CSF-1R+ TAMs upon

RG7155 therapy was detectable. Analysis into whether patients

with a stronger macrophage infiltrate benefit more from RG7155

therapy is ongoing, a question that will require treatment of a

larger patient cohort to answer. As our in vitro data show that

the presence of GM-CSF during macrophage differentiation in-

hibits RG7155 induced cell death, which has been demonstrated

previously also for a small-molecule CSF-1R inhibitor (Pyonteck

et al., 2013), it will be important to address in future clinical

studies the role of tumor-derived GM-CSF on the efficacy of

RG7155-mediated TAM depletion. In particular, pancreatic can-

cer has been described to express GM-CSF, and the role of this

growth factor in inducing immunosuppressive myeloid-derived

suppressor cells in mouse models has been reported (Bayne

et al., 2012; Dolcetti et al., 2010; Bronte et al., 2000). Even if

TAM depletion is diminished in GM-CSF-expressing tumors, in-

hibition of CSF-1R signaling can alter the polarization of macro-

phages and hence be therapeutically beneficial (Pyonteck et al.,

2013). However, tumor types to be treated with RG7155will have

to be selected carefully, taking into account that TAMs have

been also attributed good prognostic relevance, e.g., in colo-

rectal cancer (Zhang et al., 2012).

(D) Macrophages were differentiated for 6 days followed by incubation with 30 mg/ml RG7155 and/or 10 mg/ml GM-CSF-neutralizing antibody for 6 days. Survival

was determined by DAPI staining, and data were normalized to live cells observed in huIgG control (mean ± SEM of at least four donors; **p < 0.01, ***p < 0.001).

(E) Constant numbers of autologous T cells were cocultured with the indicated amounts of CSF-1-differentiated macrophages and activated by anti-CD3/CD28

beads. Proliferation was determined by CFSE dilution. Data are representative of five different donors and are given as means + SD of triplicates (*p < 0.05).

(F) MDA-MB231 conditioned-media-differentiated macrophages were cocultured with T cells and activated as described above. Data are representative of two

donors and are given as means + SD of triplicates (*p < 0.05).

See also Figure S2.
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Figure 3. PK/PD Effects in RG7155-Treated Nonhuman Primates’ Peripheral Blood and Tissue

(A) RG7155 serum concentration-time profiles at different doses shown for the two individual animals treated per dose cohort.

(B) Increase of CSF-1 concentration in serum at the same time points as for PK analytics.

(C) Nonclassical CD14+CD16+ and classical CD14+CD16" monocytes determined by flow cytometry at baseline and after single RG7155 doses. One repre-

sentative individual dosed at 1 mg/kg (left) and 100 mg/kg (right) as the percent change from the baseline is depicted.

(D) Representative immunohistochemistry (IHC) images from one cynomolgus male animal is shown for each liver, colon, and lung from the vehicle-, 30 mg/kg

RG7155-, and 100 mg/kg RG7155-treated groups (left). Each group is represented by one male and one female treated once weekly for 2 weeks. Individual

scores for the percent area coverage of the different cell types are shown for both animals per vehicle and dosing groups tested (right).
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Furthermore, the Langerhans cell infiltrate in skin biopsies

from RG7155-treated patients will be analyzed since keratino-

cyte derived IL-34 was identified as their survival factor (Greter

et al., 2012). Microglia, the other macrophage population regu-

lated by neural progenitor and glial cell-derived IL-34, was not

affected in the RG7155-treated monkey brain tissue (data not

shown). Currently, it is unclear whether, in the context of glio-

blastoma accompanied with an impaired blood-brain barrier, a

sufficient amount of antibody would reach the tumor. Proneural

glioblastoma (GBM) might be a promising avenue for further

development of RG7155 since this resembles a tumor type in

which inhibition of CSF-1R resulted in TAM re-education instead

Figure 4. CSF-1R Inhibition Depletes TAMs and Increases Lymphocyte Infiltration into MC38 Colon Carcinomas

(A–C) Female C57BL/6Nmice were inoculated subcutaneously with 106MC38 tumor cells and treated with 30mg/kg of either murine IgG1 control (clone MOPC-

21) or anti-CSF-1R (clone 2G2) when tumor size reached 50mm3 (day 7). Mice were treated twice (days 7 and 14 after tumor inoculation), and tumor infiltrate was

analyzed on day 16 by flow cytometry (A and B) or immunohistochemistry (C). Total tumor leukocyte and myeloid cell infiltrate were analyzed from n = 6 animals

per group (A), and lymphocyte infiltrate was analyzed from n R 3 per group (B). The graphs depict data pooled from two independent experiments for sub-

populations relative to total infiltrate (CD45+). FoxP3+ regulatory T cell and CTL infiltrate were analyzed from n = 5 per group by IHC; total cell counts were

summarized from five high power fields (HPF) each (C). The graphs in (A)–(C) showmeans ± SEM and were analyzed using an unpaired t test plus Bonferroni post

test (*p < 0.05, **p < 0.01, ***p < 0.001; n.s., not significant).

(D and E) TAM were isolated from MC38 tumors and cocultured at the ratios indicated with CFSE-labeled CD8+ T cells in the presence of CD3/CD28 stimulation

(D). T cell proliferation was analyzed in triplicates after 3 days using bead quantification of CFSElow dividing cells (shown as means + SEM). MC38 tumors were

treated continuously in weekly intervals (indicated by black arrows), and tumor growth wasmonitored every 3 to 4 days for n = 10mice per group (E). In (D) and (E),

one representative experiment is depicted as means ± SEM.

See also Figure S3.
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of depletion (Pyonteck et al., 2013). Furthermore, the presence of

IL-34 has been shown to inhibit GBM cell line proliferation via its

second receptor protein-tyrosine phosphatase (Nandi et al.,

2013), which we expect to be similarly elevated upon RG7155

administration as CSF-1. Hence, the use of a CSF-1R inhibitor

in GBMmight not only indirectly effect tumor growth by reducing

TAM suppressive function and re-educating their antitumoral

state, but also directly target GBM tumor cells via IL-34.

Targeting of macrophages is a promising therapeutic

approach, considering their role in mediating resistance to can-

cer therapies. TAMs have been shown to blunt chemotherapy-

induced antitumor responses by secreting chemoprotective

factors such as MMP-9 and cathepsins (De Palma and Lewis

2013; Shree et al., 2011). A previous report of small-molecule

CSF-1R inhibitors used for macrophage depletion in PyMT

mice (DeNardo et al., 2011) described increased CD8+ T cell

levels, but only when administered in combination with chemo-

therapy. In contrast, our 2G2 antibody mediated macrophage

depletion and relatively increased CD8+ T cells and NK cells in

tumors when delivered in monotherapy. These differences might

be attributed to the dominating role of macrophages in theMC38

and MCA1 models employed for our studies or to differences in

the CSF-1R inhibitors used. The latter is more likely since an in-

crease of CD8+ T cells has been observed in PyMT using another

CSF-1R small-molecule inhibitor, BLZ945 (Strachan et al., 2013).

The immunosuppressive function of TAMs is well documented

(Cavnar et al., 2013) and was also confirmed here for the CSF-

1-dependent human in vitro-differentiated and ex vivo-isolated

murine TAMs. Most strikingly, we report that targeting of CSF-

1R results in a higher CD8/CD4 T cell ratio in tumor lesions in

the majority of the cancer patients analyzed. However, we

were unable to identify a correlation between the grade of

macrophage depletion or the severity of basal macrophage infil-

trate and the changes in the T cell composition, due to the low

number of patients analyzed. Of note, patients with a tumor

type in which macrophages have been associated with its etio-

pathology, such as mesothelioma (Yang et al., 2008), were

among those patients that showed the most pronounced

changes in lymphocyte infiltrate. Taken together, these observa-

tions provide rationale for future testing of combinations of

RG7155 with currently available immunostimulatory therapies,

such as sipuleucel-T and anti-CTLA-4 (Chen and Mellman

2013). Accordingly, an obstacle limiting the efficacy of such

immune-activating therapies may well be the presence of an

immunosuppressive myeloid infiltrate, which now can be tar-

geted by RG7155. While some studies have suggested an anti-

tumorigenic activity of TAM subpopulations (Weiskopf et al.,

2013; Beatty et al., 2011), targeting of the strong immunosup-

pressive function of TAMs at the cost of their potential tumorici-

dal activity is expected to be therapeutically beneficial, given that

T cells are considered to be the more powerful effector cells, due

to their capability to expand by proliferation.

In summary, we report the characterization of a specific CSF-

1R inhibitor, RG7155, that offers Dt-GCT patients a highly active

therapeutic agent. In contrast to surgical resection as the current

mainstay of treatment and investigational approaches such as

imatinib and nilotinib therapy and radiation therapy, RG7155

shows promising activity in Dt-GCT patients. In addition, we

speculate that patients with some types of solid tumors may

also benefit from the TAM-depleting effects of RG7155, espe-

cially when combined with ‘‘standard of care’’ treatments such

as chemotherapeutic drugs or immunotherapies. In this regard,

the effects of RG7155 are not limited only to reducing TAMs,

but also are likely to be manifested by increases within tumors

of other immune effector cells, as reflected by the increased

CD8/CD4 T cell ratio that we observed clinically in a broad range

of cancers.

EXPERIMENTAL PROCEDURES

X-Ray Crystallography

Prior to crystallization experiments, the Fab-ectodomain complex was degly-

cosylated with peptide-N-glycosidase. Crystallization screening was per-

formed at a concentration of 20 mg/ml in sitting-drop plates at 21#C. The
largest crystals were obtained from 0.2 M lithium sulfate, 25% PEG 3350,

and 0.1 M HEPES (pH 7.5). Diffraction data were collected at a wavelength

of 1.0000 Å using a PILATUS 6M detector at the beamline X10SA of the Swiss

Light Source.

Data were processed with XDS (Kabsch 2010) and scaled with SADABS

(BRUKER). The structure was determined at a resolution of 2.55 Å by molecular

replacement with PHASER (McCoy et al., 2007) using the coordinates of an in-

house Fab fragment and of PDB entries 3EJJ and 2EC8 for Ig domains 1–4 of

the receptor. Domain 5 was directly traced into difference electron density.

Coordinates were refined by rigid-body and positional refinement using the

CCP4suite (CollaborativeComputationalProject,Number4,1994)andBUSTER

(Bricogne et al., 2011). Difference electron density was used to change amino

acids according to sequence differences by real-space refinement. Manual

rebuilding of the protein was performed using COOT (Emsley et al., 2010). The

final structure includes residues 21 to 500 of the receptor ectodomain.

Construction of Antibodies

RG7155 was generated by immunization of nuclear MRI mice with an expres-

sion vector pDisplay (Invitrogen) encoding the ECD of huCSF-1R by

Figure 5. RG7155 Treatment Reduces Tumor Burden in Patients with Diffuse-type Giant Cell Tumors

(A) RG7155 treatment and biomarker assessment schedule. Patients were intravenously infused biweekly and underwent tumor biopsy sampling, FDG-PET, and

MRI assessment at baseline prior to the first RG7155 dose and on treatment at 4 weeks (FDG-PET and biopsy) and 6 weeks (MRI), i.e., after two or three RG7155

infusions. Additionally, blood sampling was performed as indicated (solid triangle) for assessment of PK/PD markers.

(B) Changes in standard uptake valuemaximum (SUVmax) by FDG-PET and the sum of the largest diameter (SLD) assessed byMRI in Dt-GCT patients compared

with the baseline. Partial metabolic response in FDG-PET imaging (EORTC criteria) was observed in seven out of seven patients, two of whom had near-complete

metabolic response. Partial response (RECIST 1.1.) was seen in five out of seven patients at first assessment.

(C) Top: FDG-PET of the left ankle of a 19-year-old Dt-GCT patient (left, pretreatment; right, on treatment). Bottom: MRI assessment of the same patient at

6 weeks revealing significant disaggregation of the tumor.

(D) Corresponding immunohistochemistry of CD68+CD163+ TAMandCSF-1R+ cells in pretreatment and on-treatment tumor biopsy from the same patient (n = 2).

RG7155 treatment reduced CD68+CD163+ macrophages by 88% and CSF-1R+ cells by 91%.

(E)Whole-blood samples fromDt-GCT patientswere analyzed formonocyte subpopulations pretreatment and on treatment by flow cytometry. CD14+CD16" and

CD14"CD16+ cells are shown as relative change from the baseline.

(F) Analysis of CSF-1R expression on monocyte subsets from healthy volunteers given as ratio of CSF-1R relative to the matching isotype.
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Figure 6. RG7155DecreasesCSF-1R+CD163+TAM in Patientswith Various Types of Solid Tumors andAlters Intratumoral TCell Composition

(A) DetectionofCD68+CD163+TAMorCSF-1R+cells in representativepretreatment andon-treatment tumorbiopsies frompatientswithmetastatic primarypleural

mesothelioma, endometrial carcinoma, and colorectal cancer treatedwith 600 and 2,000mg (colorectal cancer) RG7155 as assessed by IHC (203magnification).

(B) The relative decrease of area coverage of CD68+CD163+macrophages and CSF-1R+ cells is depicted as the change from the baseline, which is derived from

the pretreatment biopsy of patients treated in RG7155 monotherapy and in combination with weekly paclitaxel.

(C) Absolute numbers of CD8+ and CD4+ lymphocyte infiltrates were analyzed by IHC from the indicated patients treated with RG7155 at doses of 600 mg and

higher and are depicted as CD8/CD4 ratios of pretreatment and on-treatment biopsies with a different symbol for each individual patient. In addition, the cor-

responding CD68+CD163+ TAM and CSF-1R+ cells in pretreatment and on-treatment biopsies are shown.
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electroporation. Splenocyte-derived hybridomas were subcloned and

screened for inhibition of receptor-ligand interaction by ELISA and inhibition

of phosphorylation in human WT CSF-1R overexpressing NIH 3T3 cells.

RG7155 was selected as the lead candidate after extensive screening of

subcloned hybridomas in additional cell-based assays (Figures 2B, S1A, and

S1B).

2G2 was generated by immunizing hamster with mouse CSF-1R ECD pro-

tein (Wang et al., 1993). Subcloned hybridomas were screened for inhibition

of M-NFS-60 cell viability. The parental hamster antibody was chimerized to

mouse IgG1.

Monocyte-Derived Macrophages

The study was approved by the local ethics committee (Bayerische

Landesärztekammer). Monocytes were enriched from whole blood by nega-

tive selection using the Rosette Sep (STEMCELL Technologies) according to

the manufacturer’s instructions. Monocytes were differentiated into macro-

phages for 6 days in RPMI plus 10% fetal bovine serum (FBS), 4 mM L-gluta-

mine with recombinant human (rhu)-CSF-1, or rhuGM-CSF for M2 or M1

macrophages, respectively. Monocytes were also treated with different ratio

of rhu-CSF-1/rhu-GM-CSF (total 100 ng/ml) for 6 days in the absence or pres-

ence of RG7155 or human IgG as a control (data not shown).

Tumor-derived macrophages were generated by culturing freshly isolated

monocytes in TCM for 6 days. These media were prepared by culturing of

tumor cell lines overnight in media containing 10% FBS followed by 3 days

in 1% FBS.

Animal Studies

Monkey

A90-day pharmacokinetic studywas conducted inmale cynomolgusmonkeys

(Maccaca fascicularis ofMauritius origin) to assessmonocyte subsets in blood,

in order to determine the CSF-1 concentration-time profiles in plasma and

serum concentration-time profiles of RG7155 after single intravenous (i.v.)

administration of 0.1, 1, 10, 30, and 100 mg/kg (n = 2 per dose group). Details

of quantification of RG7155 inmonkey serumcan be found in theSupplemental

Experimental Procedures. A 2-week toxicity studywas conducted, and IHC tis-

sue analysis of lung, liver, and colon tissue was performed after repeated i.v.

doses of 0, 30, and 100 mg/kg given once weekly for 2 weeks to male and

female cynomolgus (n = 1 per dose group and per sex). The in vivo studies

are in compliance with the Animal Welfare Act, the Guide for the Care and

Use of Laboratory Animals, and the Office of Animal Welfare. The study design

was based on the principles of the Food and Drug Administration Center for

Drug Evaluation and Research (CDER)/International Conference on Harmoni-

sation (ICH) Harmonised Tripartite Guidelines ICH-M3 and Nonclinical Safety

Studies for the Conduct of Human Clinical Trials for Pharmaceuticals (CDER,

January 2010) and was approved by the Institutional Animal Care and Use

Committee (IACUC) at our Association for Assessment and Accreditation of

Laboratory Animal Care International (AAALAC)-accredited facility.

Mouse

Female C57BL/6N mice (Charles River) were inoculated subcutaneously with

106MC38 or injected intramuscularly with 104MN/MCA1 tumor cells in the left

hind leg. Treatment of ten mice per group with control antibody (MOPC-21;

Bio X Cell) and anti-CSF-1R antibody 2G2 at a weekly intraperitoneal dose

of 30 mg/kg was initiated when a tumor volume of 50 mm3 was established

(for MC38) or 1 week after injection (for MN/MCA1). Tumor growth was moni-

tored by measurement of tumor size bycaliper two to three times a week. For

MN/MCA1, lung metastases were estimated 4 weeks after tumor cell injection,

as previously described (Bottazzi et al., 1986). All procedures were performed

in accordancewith the National Institutes of Health Guidelines for the Care and

Use of Laboratory Animals and European Union directives and guidelines and

were approved by the local ethics committees (for studies conducted at

Roche: Regierung von Oberbayern, Munich, Germany; for studies conducted

at the Humanitas Clinical and Research Center: Scientific Board of Humanitas

Clinical and Research Center, Milan, Italy).

Clinical Phase 1 Trial

Data are taken from an ongoing multicenter, open-label study at five study

sites in France (clinicaltrials.gov identifier NCT01494688). The study is being

conducted in accordancewith the Declaration of Helsinki, current International

Conference on Harmonisation of Technical Requirements for Registration of

Pharmaceuticals for Human Use (ICH) guidelines, and all applicable regulatory

and ethical requirements. All subjects provided written informed consent

before study-related procedures were performed. Patients with relapsed

and histologically confirmed diffuse-type giant cell tumors (formerly known

as pigmented villonodular synovitis) were enrolled, as well as patients with

solid malignancies who were not amenable to standard treatment. In the

dose escalation, RG7155 was administered every 2 weeks as an intravenous

infusion as monotherapy and in combination with a fixed weekly dose of pacli-

taxel. The study protocol was approved by the local ethics committee (Comité

de la Protection des Personnes of Sud-Est IV) on Octover 26, 2011, and by the

French Health Products Safety Agency (ANSM) on November 10, 2011.

Metabolic-Response Assessment by FDG-PET

PET acquisition procedures were standardized across the sites, and images

were analyzed centrally. The metabolic response (MR) was assessed using

the modified guidelines of the EORTC. MRwas classified in relation to the per-

centage change from the baseline in the sum of the SUVmax for up to five

lesion values for each individual patient. Complete MR was defined as the

complete resolution of FDG uptake in all lesions, which becomes indistinguish-

able from surrounding normal tissue. Partial MR (PMR)was defined as a reduc-

tion of 25% or more in the sum of the SUVmax after two i.v. administrations of

RG7155, with no new lesions detected and no progression of those lesions not

selected for SUVmax measurement.

Flow-Cytometric Analysis

Six-week-old female C57BL/6 mice were inoculated with 106 MC38 tumor

cells and treated with either murine IgG1 or 2G2 twice (days 7 and 14 after

tumor inoculation). Leukocyte infiltrate was analyzed 2 days after the second

2G2 administration. Tumors were excised, mechanically and enzymatically

processed, and analyzed on a BD FACS Canto II (BD Biosciences). The

following antibodies (clones) were used to analyzed leukocyte infiltrate:

CD45 (30-F11), CD11b (M1/70), F4/80 (BM8), Ly6G (1A8), Ly6C (AL-21),

NK1.1 (PK136), CD4 (RM4-5), CD8 (53-6.7), and the matching isotype controls

(all fromBioLegend). Viability was determinedwith either DAPI or Zombie Aqua

(BioLegend) dyes.

TAM Suppression Assay

TAMs were enriched from single-cell suspensions of MC38 tumors after enzy-

matic digest using a two-step protocol. Single cells were stained with CD11b-

FITC (clone M1/70) and positively enriched over MACS columns by anti-FITC

beads (Miltenyi). Upon removal from the column, anti-FITC beads were de-

tached using release buffer protocol as provided by the manufacturer. Finally,

TAMs were isolated by addition of anti-Ly6G and anti-Ly6C positive selection

beads in order to remove granulocytic and monocytic cells from TAM prepa-

rations. Final cell purity was analyzed and was usually >90%. Subsequently,

TAMs were titrated in the indicated ratios to total CD3+ T cells labeled with

CFSE in U-bottom plates coated with anti-CD3, and soluble anti-CD28 was

added. Cell proliferation was determined from CFSElow cells using blank

Sphero beads as previously described after 3 days of incubation (Hoves

et al., 2006, 2011).

Statistical Analyses

Results are shown as means ±SEM or ±SD as indicated. Dose-response fits

and the calculation of the area under the curve (AUC) were performed using

the Excel plug-in XLfit. Statistical analyses were performed using GraphPad

Prism and SAS-JMP. For pairwise comparisons, the Tukey-Kramer method

was used for multiple testing correction. Individual t tests were performed

for significance assessment of the differences between treatments at different

cell states.

Further or detailed experimental procedures can be found in the Supple-

mental Experimental Procedures.

ACCESSION NUMBERS

Coordinates and structure factors have been deposited in the PDB database

under accession number 4LIQ.
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Shabo, I., Stål, O., Olsson, H., Doré, S., and Svanvik, J. (2008). Breast cancer

expression of CD163, a macrophage scavenger receptor, is related to early

distant recurrence and reduced patient survival. Int. J. Cancer 123, 780–786.

Sherr, C.J., Ashmun, R.A., Downing, J.R., Ohtsuka, M., Quan, S.G., Golde,

D.W., and Roussel, M.F. (1989). Inhibition of colony-stimulating factor-1 activ-

ity by monoclonal antibodies to the human CSF-1 receptor. Blood 73, 1786–

1793.

Shree, T., Olson, O.C., Elie, B.T., Kester, J.C., Garfall, A.L., Simpson, K., Bell-

McGuinn, K.M., Zabor, E.C., Brogi, E., and Joyce, J.A. (2011). Macrophages

and cathepsin proteases blunt chemotherapeutic response in breast cancer.

Genes Dev. 25, 2465–2479.

Strachan, D.C., Ruffell, B., Oei, Y., Bissell, M.J., Coussens, L.M., Pryer, N., and

Daniel, D. (2013). CSF1R inhibition delays cervical and mammary tumor

growth in murine models by attenuating the turnover of tumor-associated

macrophages and enhancing infiltration by CD8(+) T cells. OncoImmunology

2, e26968.

Taylor, J.R., Brownlow, N., Domin, J., and Dibb, N.J. (2006). FMS receptor for

M-CSF (CSF-1) is sensitive to the kinase inhibitor imatinib andmutation of Asp-

802 to Val confers resistance. Oncogene 25, 147–151.

Verstraete, K., and Savvides, S.N. (2012). Extracellular assembly and activa-

tion principles of oncogenic class III receptor tyrosine kinases. Nat. Rev.

Cancer 12, 753–766.

Wang, Z.E., Myles, G.M., Brandt, C.S., Lioubin, M.N., and Rohrschneider, L.

(1993). Identification of the ligand-binding regions in the macrophage

colony-stimulating factor receptor extracellular domain. Mol. Cell. Biol. 13,

5348–5359.

Weiskopf, K., Ring, A.M., Ho, C.C., Volkmer, J.P., Levin, A.M., Volkmer, A.K.,

Ozkan, E., Fernhoff, N.B., van de Rijn, M., Weissman, I.L., and Garcia, K.C.

(2013). Engineered SIRPa variants as immunotherapeutic adjuvants to anti-

cancer antibodies. Science 341, 88–91.

West, R.B., Rubin, B.P., Miller, M.A., Subramanian, S., Kaygusuz, G.,

Montgomery, K., Zhu, S., Marinelli, R.J., De Luca, A., Downs-Kelly, E., et al.

(2006). A landscape effect in tenosynovial giant-cell tumor from activation of

CSF1 expression by a translocation in a minority of tumor cells. Proc. Natl.

Acad. Sci. USA 103, 690–695.

Wynn, T.A., Chawla, A., and Pollard, J.W. (2013). Macrophage biology in

development, homeostasis and disease. Nature 496, 445–455.

Yang, H., Testa, J.R., and Carbone, M. (2008). Mesothelioma epidemiology,

carcinogenesis, and pathogenesis. Curr. Treat. Options Oncol. 9, 147–157.

Young, H., Baum, R., Cremerius, U., Herholz, K., Hoekstra, O., Lammertsma,

A.A., Pruim, J., and Price, P.; European Organization for Research and

Treatment of Cancer (EORTC) PET Study Group (1999). Measurement of clin-

ical and subclinical tumour response using [18F]-fluorodeoxyglucose and

positron emission tomography: review and 1999 EORTC recommendations.

Eur. J. Cancer 35, 1773–1782.

Yuzawa, S., Opatowsky, Y., Zhang, Z., Mandiyan, V., Lax, I., and Schlessinger,

J. (2007). Structural basis for activation of the receptor tyrosine kinase KIT by

stem cell factor. Cell 130, 323–334.

Zhang, Q.W., Liu, L., Gong, C.Y., Shi, H.S., Zeng, Y.H., Wang, X.Z., Zhao,

Y.W., and Wei, Y.Q. (2012). Prognostic significance of tumor-associated mac-

rophages in solid tumor: a meta-analysis of the literature. PLoS ONE 7,

e50946.

Cancer Cell

Targeting Tumor-Associated Macrophages in Patients

Cancer Cell 25, 846–859, June 16, 2014 ª2014 Elsevier Inc. 859



Cancer Cell

Article

Identification of Distinct Basal and Luminal
Subtypes of Muscle-Invasive Bladder Cancer with
Different Sensitivities to Frontline Chemotherapy
Woonyoung Choi,1 Sima Porten,1 Seungchan Kim,6 Daniel Willis,1 Elizabeth R. Plimack,7 Jean Hoffman-Censits,8

Beat Roth,1 Tiewei Cheng,1,5 Mai Tran,1,5 I-Ling Lee,1 Jonathan Melquist,1 Jolanta Bondaruk,3 Tadeusz Majewski,3

Shizhen Zhang,3 Shanna Pretzsch,1 Keith Baggerly,4 Arlene Siefker-Radtke,2 Bogdan Czerniak,3 Colin P.N. Dinney,1

and David J. McConkey1,5,*
1Department of Urology, University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
2Department of Genitourinary Medical Oncology, University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
3Department of Pathology, University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
4Department of Bioinformatics, University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
5The University of Texas-Graduate School of Biomedical Sciences (GSBS) at Houston, Houston, TX 77030, USA
6Computational Biology Division, Translational Genomics Research Institute, 445N, Fifth Street, Phoenix, AZ 85004, USA
7Department of Medical Oncology, Fox Chase Cancer Center, 333 Cottman Avenue, Philadelphia, PA 19111-2497, USA
8Department of Medical Oncology, Thomas Jefferson University Hospital, 1025 Walnut Street, Suite 700, Philadelphia, PA 19107, USA
*Correspondence: dmcconke@mdanderson.org

http://dx.doi.org/10.1016/j.ccr.2014.01.009

SUMMARY

Muscle-invasive bladder cancers (MIBCs) are biologically heterogeneous and have widely variable clinical
outcomes and responses to conventional chemotherapy. We discovered three molecular subtypes of
MIBC that resembled established molecular subtypes of breast cancer. Basal MIBCs shared biomarkers
with basal breast cancers and were characterized by p63 activation, squamous differentiation, and more
aggressive disease at presentation. Luminal MIBCs contained features of active PPARg and estrogen recep-
tor transcription and were enriched with activating FGFR3mutations and potential FGFR inhibitor sensitivity.
p53-like MIBCs were consistently resistant to neoadjuvant methotrexate, vinblastine, doxorubicin and
cisplatin chemotherapy, and all chemoresistant tumors adopted a p53-like phenotype after therapy. Our ob-
servations have important implications for prognostication, the future clinical development of targeted
agents, and disease management with conventional chemotherapy.

INTRODUCTION

Bladder cancer progresses along two distinct pathways that

pose distinct challenges for clinical management (Dinney et al.,

2004). Low-grade non-muscle invasive (‘‘superficial’’) cancers,

which account for 70% of tumor incidence, are not immediately

life-threatening, but they have a propensity for recurrence that

necessitates costly lifelong surveillance (Botteman et al., 2003).

In contrast, high-grade muscle-invasive bladder cancers

(MIBCs) progress rapidly to become metastatic and generate

the bulk of patient mortality (Shah et al., 2011). Radical cystec-

tomy with perioperative cisplatin-based combination chemo-

therapy is the current standard of care for high-risk MIBC.

Treatment selection depends heavily on clinico-pathologic

features, but current staging systems are woefully inaccurate

and result in an unacceptably high rate of clinical understaging

and consequently inadequate treatment (Svatek et al., 2011).

Furthermore, cisplatin-based chemotherapy is only effective in

30%–40% of cases, and it is not yet possible to prospectively

identify the patients who are likely to obtain benefit (Shah

Significance

Using whole genomemRNA expression profiling, we identified threemolecular subtypes of muscle-invasive bladder cancer
(MIBC) that shared molecular features with basal and luminal breast cancers. Tumors in one of them expressed an active
p53 gene signature, and these ‘‘p53-like’’ MIBCs were consistently resistant to frontline neoadjuvant cisplatin-based com-
bination chemotherapy. Furthermore, comparison of matched gene expression profiles before and after chemotherapy
revealed that all resistant tumors expressed wild-type p53 gene expression signatures. Together, the data indicate that
‘‘p53-ness’’ plays a central role in chemoresistance in bladder cancer and suggest that it should be possible to prospectively
identify the patients who most likely will not benefit from neoadjuvant chemotherapy.
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Figure 1. Basal and Luminal Subtypes of Bladder Cancer

(A) Left:whole genomemRNAexpressionprofilingandhierarchical cluster analysis of a cohort of 73MIBCs.RNA from fresh frozen tumorswasanalyzedusing Illumina

arrays.RAS, TP53,RB1, and FGFR3mutationswere detected by sequencing and are indicated in the color bars below the dendrogram.Black,mutation; white, wild-

type;gray,mutationdatawereunavailable.Right:Kaplan-Meierplotsofoverall survival (p=0.098)anddisease-specificsurvival (p=0.028) in the three tumor subtypes.

(B) Expression of basal and luminal markers in the three subtypes. The heat maps depict relative expression of basal (left) and luminal (right) biomarkers. GSEA

analyses (below, left) were used to determine whether basal and luminal markers were enriched in the subtypes.

(C) Quantitative RT-PCRwas used to evaluate the accuracy of the gene expression profiling results. Relative levels of the indicated basal (red shades) and luminal

(blue shades) biomarkers measured by RT-PCR were compared to the levels of the same markers measured by gene expression profiling on RNA isolated from

macrodissected FFPE sections of the same tumors. Results are presented as relative quantitation (RQ) and the error bars indicate the range of RQ values as

defined by 95% confidence level. RT-PCR results are shown on top, DASL gene expression profiling results are shown below.

(D) Analysis of basal and luminal marker expression by immunohistochemistry. Results from two representative basal (left) and luminal (right) tumors as defined by

gene expression profiling are displayed. The scale bars correspond to 100 mm.

See also Figure S1.
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et al., 2011). To add to the quandary, no effective alternative to

cisplatin-based chemotherapy has been identified for resistant

tumors. Therefore, there is an urgent need to develop a more

precise, biology-based approach to the classification of bladder

cancer to inform clinical management.

Gene expression profiling has been used to identify molecular

heterogeneity in other human cancers. For example, Perou and

coworkers (Perou et al., 2000) used gene expression profiling

to identify molecular subtypes of breast cancer (basal/triple

negative, HER2+, luminal A, and luminal B) that behave clinically

as though they are distinct disease entities—luminal breast can-

cers respond to estrogen receptor (ER)-targeted therapy, HER2+

tumors to Herceptin and other ErbB2-blocking agents, and basal

tumors to chemotherapy only (Rouzier et al., 2005). Previous

studies in bladder cancer identified signatures associated with

stage and outcomes (Blaveri et al., 2005; Dyrskjøt et al., 2003;

Sanchez-Carbayo et al., 2006; Sjodahl et al., 2012) and progres-

sion (Kim et al., 2010; Lee et al., 2010), but the biological and

Table 1. Clinicopathologic Characteristics of the MDACC Discovery Cohort

Characteristic Total Basal p53-like Luminal p Value

Cohort size 73 23 (32%) 26 (36%) 24 (33%)

Mean age (years) ± SD 68.8 ± 10.2 70.1 ± 9.4 69.8 ± 8.9 66.4 ± 12.1 0.371

Gender

Female 19 (26%) 10 (44%) 6 (23%) 3 (13%) 0.133

Male 54 (74%) 13 (57%) 20 (77%) 21 (88%)

Race

Caucasian 54 (74%) 14 (61%) 21 (81%) 19 (79%) 0.352

African American 12 (16%) 6 (26%) 2 (7%) 4 (17%)

Hispanic 7 (10%) 3 (13%) 3 (12%) 1 (4%)

Clinical stage at TUR (N0,M0)

%cT1 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0.990

cT2 37 (51%) 9 (39%) 16 (62%) 12 (50%)

cT3 16 (22%) 4 (17%) 7 (27%) 5 (21%)

cT4 6 (8%) 2 (9%) 2 (8%) 2 (8%)

Positive clinical lymph nodes, cN+ 11 (15%) 5 (22%) 1 (4%) 5 (21%) 0.137

Positive clinical metastasis, cM+ 7 (10%) 5 (22%) 0 (0%) 2 (8%) 0.035

Primary treatment

Cystectomy 57 (78%) 15 (65%) 25 (96%) 17 (71%) 0.019

Othera 16 (22%) 8 (35%) 1 (4%) 7 (29%)

Neoadjuvant Chemotherapy, NAC 18 (25%) 5 (22%) 7 (27%) 6 (25%) 0.910

Response to NACb

Yes 6 (33%) 2 (40%) 0 (0%) 4 (67%) 0.018

No 12 (67%) 3 (60%) 7 (100%) 2 (33%)

Pathologic T stage (n = 57)

pT0 4 (7%) 2 (13%) 0 (0%) 2 (12%) 0.001

pTa, pT1, pTis 6 (11%) 2 (13%) 1 (4%) 3 (18%)

pT2 10 (18%) 1 (7%) 4 (16%) 5 (29%)

pT3 25 (44%) 4 (27%) 18 (72%) 3 (18%)

pT4 12 (21%) 6 (40%) 2 (8%) 4 (22%)

Positive pathologic lymph nodes 23 (40%) 3 (13%) 14 (54%) 6 (25%) 0.010

Variant histology in specimen

Squamous differentiation 18 (32%) 13 (57%) 4 (15%) 1 (4%) <0.001

Sarcomatoid differentiation 3 (5%) 3 (13%) 0 (0%) 0 (0%)

Other (micropapillary, glandular, adenocarcinoma) 3 (5%) 0 (0%) 3 (12%) 0 (0%)

Median overall survival (months) 37.2 14.9 34.6 65.6 0.098

Median disease-specific survival (months) 46.3 14.9 not reached 65.6 0.028

The Kruskal-Wallis test was used to compare differences in mean age between groups. Log-rank test was used to compare differences in survival

(overall and disease-specific) between groups. For the remainder of categorical variables, Fisher’s exact test was used to determine differences

between subtypes. p values < 0.05 were considered significant.
aChemotherapy was recommended for all 16 patients, based on available medical records; nine patients had documentation of completion.
bDecrease in stage to pT0 or pT1 (for patients with high-risk features at TUR: lymphovascular invasion, variant histology, hydronephrosis, or abnormal

exam under anesthesia) at cystectomy.
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clinical significance of these signatures remain unclear. Here we

also used gene expression profiling and unsupervised analyses

to identify molecular subtypes of MIBC with the goal of defining

the biological basis for the molecular heterogeneity that is

observed in them.

RESULTS

Muscle-Invasive Bladder Cancers Can Be Grouped into
Basal and Luminal Subtypes
We performed whole genome mRNA expression profiling and

unsupervised hierarchical cluster analyses on a cohort of 73

primary fresh-frozen MIBCs obtained by transurethral resection

at our institution. We identified three distinct molecular subtypes

(Figure 1A; Table 1). The upregulated genes (fold changes) that

determined subtype assignments contained signature bio-

markers for basal (CD44, KRT5, KRT6, KRT14, and CDH3) and

luminal (CD24, FOXA1, GATA3, ERBB2, ERBB3, XBP1, and

KRT20) breast cancers, respectively (Figure 1B, heat maps; Fig-

ure S1A available online; Perou et al., 2000), and formal gene set

enrichment analyses (GSEA) confirmed that the subtypes were

enriched with basal and luminal markers (Figure 1B, below). In

control experiments, we confirmed that the array-based mea-

surements of basal and luminal marker expression correlated

well with the results obtained with quantitative RT-PCR (Fig-

ure 1C) or immunohistochemistry (Figure 1D) in some of the

same tumors. We therefore propose the names ‘‘basal’’ and

‘‘luminal’’ for two of the MIBC subtypes. Although the tumors

in the third subtype also expressed luminal biomarkers

(Figure 1B; Figure S1A), we have termed this MIBC subtype

‘‘p53-like’’ because its distinguishing feature was an activated

wild-type p53 gene expression signature that we will discuss

further below.

Table 1 depicts the clinical and pathologic characteristics of

the discovery cohort by molecular subtype. Basal tumors were

enriched with sarcomatoid features and metastatic disease at

presentation (Table 1) and were associated with shorter overall

survival (14.9 months, p = 0.098), and disease-specific survival

(median 14.9 months, p = 0.028; Figure 1A, right). Although

they expressed epithelial cytokeratins, basal tumors also con-

tained ‘‘mesenchymal’’ biomarkers (i.e., TWIST1/2, SNAI2,

ZEB2, and VIM;McConkey et al., 2010; Peinado et al., 2007; Fig-

ure S1B), as do basal breast cancers (Chaffer et al., 2013). In

addition, basal tumors expressed high levels of the epidermal

growth factor receptor (EGFR) and several of its ligands (Fig-

ure S1B), similar to basal breast and head and neck squamous

cell carcinomas (Perou et al., 2000; Romano et al., 2009; Sørlie

et al., 2001). On the other hand, luminal tumors were enriched

with ‘‘epithelial’’ biomarkers (E-cadherin/CDH1 and members

of the miR-200 family; Gregory et al., 2008; Figure S1B), high

levels of fibroblast growth factor receptor-3 (FGFR3), and acti-

vating FGFR3 mutations (Figures 1A and 1B; Figure S1C).

TP53 mutation frequencies were similar in all of the subtypes

(Figure S1C). To examine cluster stability, we calculated silhou-

ette scores for each subtype. All of the basal and luminal tumors

were stable, whereas 9/26 of the p53-like tumors were not (Fig-

ure S1D); five of these unstable tumors were most similar to the

luminal subtype (data not shown).

We developed a classifier using the differentially expressed

genes associated with subtype membership in the discovery

cohort and applied it to whole genome mRNA expression

data from an independent cohort of formalin-fixed paraffin-

embedded MIBCs (n = 57, MD Anderson validation cohort; Fig-

ure 2A; Table S1). Like the discovery cohort, basal tumors in the

validation cohort were associated with shorter overall survival

(median 25.0 months, p = 0.011) and disease-specific survival

(median 25.3 months, p = 0.004; Figure 2A, right side) and

were enriched with basal biomarkers compared to tumors in

the other subtypes (Figure 2B). We then used the classifier to

make additional predictions in the MIBCs (n = 55) from a third,

publicly available gene expression profiling data set (‘‘Chungbuk

cohort’’; Kim et al., 2010; Figure 2C; Table S2). The Chungbuk

basal tumors were also associated with shorter median dis-

ease-specific survival (11.2 months, p = 0.102) and overall

survival (10.4 months, p = 0.058; Figure 2C, right side) and

were enriched with basal biomarkers (Figure 2D). In addition,

GSEA confirmed that luminal biomarkers were enriched in

luminal subtypes in both of the validation cohorts (Figures 2B

and 2D).

Basal Tumors Are Characterized by Squamous
Differentiation
Bladder cancers with squamous histological features are gener-

ally considered distinct from conventional urothelial cancers.

However, the basal MIBCs in the discovery and validation co-

horts were significantly enriched with squamous features (Fig-

ure 3A; Table 1; Table S1), and the basal tumors with squamous

features also expressed higher basal biomarker mRNA levels

than did basal tumors without squamous features (data not

shown). The high molecular weight keratins (KRT5, KRT6, and

KRT14) that characterized basal MIBCs were also enriched in

a lethal ‘‘squamous cell carcinoma’’ MIBC subtype that was

Figure 2. Characterization of Basal and Luminal Subtypes in other MIBC Cohorts

(A) Subtype classification of the MD Anderson validation cohort (n = 57). RNA was isolated frommacrodissected FFPE tumor sections and whole genomemRNA

expression was measured using Illumina’s DASL platform. Kaplan-Meier plots of overall survival (p = 0.011) and disease-specific survival (p = 0.004) associated

with the three subtypes are presented on the right.

(B) Expression of basal and luminal markers in the molecular subtypes in the MD Anderson validation cohort. The results of GSEA of basal and luminal

marker expression in the subtypes are displayed on the left, and heat maps depicting relative basal and luminal marker levels in the subtypes are displayed on

the right.

(C) Subtype classification of the Chungbuk cohort (n = 55). Whole genomemRNA expression profiling (Illumina platform) and clinical data were downloaded from

GEO (GSE13507), and the oneNN classifier was used to assign tumors to subtypes. Tumors were assigned to subtypes using the oneNN prediction model (left).

Kaplan-Meier plots of overall survival (p = 0.102) and disease-specific survival (p = 0.058) as a function of tumor subtype (right).

(D) Expression of basal and luminal markers in the molecular subtypes in the Chungbuk cohort. The results of GSEA of basal and luminal marker expression in the

subtypes are displayed on the left, and heat maps depicting basal and luminal marker expression are displayed on the right.

See also Tables S1 and S2.
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Figure 3. Presence of Squamous Features in the Subtypes

(A) Tumor squamous feature content in the MD Anderson discovery and validation cohorts. Subtype designations are indicated by the top color bars, and the

presence of squamous features (in black) is indicated in the color bars below.

(B) Relationship between the MD Anderson subtypes and the molecular taxonomy developed by Sjodahl and colleagues (Sjodahl et al., 2012). Whole genome

mRNA expression (Illumina platform) and clinical data were downloaded from GEO (GSE32894), and the oneNN classifier was used to assign the Lund tumors to

subtypes. Subtype membership is indicated by the top color bars, and FGFR3 and TP53mutations in the Lund tumors are indicated in color bars below. Black,

mutant; white, wild-type; gray (N/A), mutation data were not available.

(C) Presence of squamous features in the UCSF data set. Gene expression profiling (in-house platform) and clinical data were downloaded fromGEO (GSE1827),

and the oneNN classifier was used to assign the UCSF tumors to the subtypes. Subtype memberships for each tumor are indicated in the top color bars, and the

presence of squamous features (in black) is indicated in the color bar below.

(legend continued on next page)
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identified recently by another group (Sjodahl et al., 2012). We

applied our subtype classifier to the other group’s data set

(‘‘Lund cohort’’; Sjodahl et al., 2012) and confirmed that the

Lund squamous cell carcinoma subtype (Sjodahl et al., 2012)

corresponded to the basal subtype identified here (‘‘Lund’’

tumors, Figure 3B; Table S3). Furthermore, like theMDAnderson

discovery and validation cohorts, the Lund basal/SCC-like

tumors were enriched with squamous differentiation (Sjodahl

et al., 2012). Other Lund features also correlated with the sub-

types described here—the MD Anderson p53-like subtype and

the Lund ‘‘infiltrated’’ (MS2b.1) tumors were enriched with extra-

cellular matrix biomarkers (Figure 3B; also see Figure S2; Sjodahl

et al., 2012), and all of the Lund ‘‘urobasal A’’ tumors were

confined to the MD Anderson luminal subtype (Figure 3B). In

addition, as was the case in the MD Anderson discovery cohort,

the Lund luminal tumors were enriched with activating FGFR3

mutations (p < 0.05; Figure 3B; Figure S1C). High molecular

weight keratins (KRT5 and KRT14) also characterized a bladder

cancer ‘‘squamous cluster’’ (cluster D) identified by a group at

the University of California-San Francisco (‘‘UCSF cohort’’; Bla-

veri et al., 2005). We applied our classifier to the UCSF data set

and confirmed that the UCSF basal tumors were also enriched

with squamous features (Figure 3C; ‘‘UCSF,’’ Table S4). Finally,

we stained a tissue microarray containing 332 pT3 MIBCs (Table

S5) with clinical-grade antibodies specific for basal (CK5/6) or

luminal (CK20) cytokeratins, quantified antigen expression

across the tissue microarray by image analysis, and correlated

cytokeratin levels with the presence of squamous features (Fig-

ure 3D). Mean CK5/6 levels were significantly higher in tumors

with squamous differentiation, whereas CK20 was expressed

at higher levels in conventional MIBCs, and expression of CK5/

6 correlated inversely with CK20 across the cohort (Figure 3D).

Expression of CK5/6 did not correlate with adverse outcomes

(data not shown) because careful stage matching had been per-

formed in the tumor cohort. Together, the results demonstrate

that squamous differentiation is a common feature of basal

MIBCs and that the subtypes described here are similar to those

identified independently by other groups.

p63 and PPARg Control Basal and Luminal Biomarker
Expression
To more clearly define the transcription factors that controlled

basal and luminal gene expression, we used the ‘‘upstream

regulators’’ function in Ingenuity Pathway Analysis (IPA, Ingenu-

ity Systems; http://www.ingenuity.com) and the gene expres-

sion profiling data from the MD Anderson discovery cohort to

identify the transcription factors that were responsible for the

gene expression signatures observed in theMIBC subtypes (Fig-

ure 4; Table S6). Because the silhouette analyses revealed that

nine of the p53-like tumors were unstable, we compared the

IPA results obtained with (n = 73) and without (n = 64) the unsta-

ble tumors (Table S7). Transcription factors that have been impli-

cated in the biology of the basal/stem cell compartment of the

normal urothelium (Stat-3, NFkB, Hif-1, and p63; Ho et al.,

2012) were predicted to be significantly ‘‘activated’’ in basal

MIBCs (Figure 4; Table S6; Figure S3A). TP63 has been identified

as a biomarker for lethal MIBCs (Choi et al., 2012; Karni-Schmidt

et al., 2011), and we used quantitative RT-PCR to confirm that

TP63 levels were elevated in the basal MIBCs in the MD Ander-

son discovery cohort (Figure S3B). Six of the top ten upregulated

basal MIBC biomarkers (KRT5, KRT6A, KRT6C, PI3, KRT14, and

S100A7) based on fold changes are known direct DNp63a

transcriptional targets in other tissues (Boldrup et al., 2007; Celis

et al., 1996; Romano et al., 2009; Figure 4, also Figure 1B). Basal

tumors were also enriched for MYC expression, which is

controlled by p63 in human bladder cancer cells (Marquis

et al., 2012).

Luminal MIBCs exhibited strong peroxisome proliferator

activator receptor (PPAR) pathway activation as well as high-

level expression of PPARG and its direct transcriptional target

and coactivator, FABP4 (Figures 1B and 4; Table S6; Ayers

et al., 2007). In addition, the estrogen receptor (ER) and its

coactivator Trim-24 (Hatakeyama, 2011; Tsai et al., 2010) were

among the top ‘‘activated’’ upstream regulators in the luminal

MIBCs, whereas the basal Stat-3 and NFkB transcriptional

networks were downregulated in them (Table S6; Figures S3C

and S3D). Conversely, breast luminal transcriptional pathways

(ER, Gata-3, and Trim-24) were all downregulated in the

basal MIBCs (Table S6). The p53-like luminal MIBCs could

be distinguished from the luminal tumors by their expression

of an active p53-associated gene expression signature that

was not associated with the presence of wild-type TP53 (Fig-

ure 4; also Figures 1 and 3B; Tables S6 and S7). The p53-like

tumors also contained an active p16 (CDKN2A) gene signature

(Figure S3E).

To more directly define p63’s role in controlling basal gene

expression, we stably transduced human UM-UC14 bladder

cancer cells with nontargeting or TP63-specific shRNAs and

used whole genome mRNA expression profiling to create a

bladder cancer p63 pathway gene expression signature. IPA

analyses indicated that TP63 knockdown decreased basal

(p63 and Myc) pathway gene expression, and interestingly, it

also increased PPAR pathway gene expression (Figure 5A; Fig-

ure S4A). GSEA analyses in the discovery cohort confirmed

that the p63 gene signature was significantly enriched in primary

basal MIBCs (Figure 5B).

To determine PPARg’s role in controlling luminal gene expres-

sion, we generated PPARg gene expression signatures using

whole genome mRNA expression profiling data collected from

two human bladder cancer cell lines (UM-UC7 and UM-UC9)

that had been exposed to the PPARg-selective agonist rosiglita-

zone. IPA analyses confirmed that rosiglitazone activated PPAR

(D) Tissue microarray analysis of CK5/6 (basal) and CK20 (luminal) cytokeratin expression. Cytokeratin protein expression was measured by immunohisto-

chemistry and optical image analysis in the MD Anderson Pathology Core on a tissue microarray containing 332 high-grade pT3 tumors. The percentages of

positive tumor cells as determined by image analysis are shown. Left panels: mean levels of CK5/6 (top) and CK20 (bottom) in tumors without (TCC) or with (TCC

with SD) squamous features. Bars indicate mean values with 95% confidence intervals. Middle panels: representative images of stained cores from tumors that

expressed high or low levels of CK5/6 or CK20. The scale bars correspond to 100 mm. Right panel: relationship between CK5/6 and CK20 expression across the

cohort.

See also Tables S3–S5 and Figure S2.
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and other luminal transcriptional pathways in both cell lines

(Figure 5A; Figures S4B and S4C). GSEA revealed that the

UM-UC7 and UM-UC9 PPARg gene signatures were signifi-

cantly enriched in primary luminal MIBCs in the discovery cohort

(Figure 5B). Interestingly, rosiglitazone also decreased basal

transcription factor activation (Figure 5A; Figure S4C). Therefore,

PPARg activation plays an important role in regulating the

Figure 4. Subtype-Associated Gene

Expression Signatures

Signatures were identified using the whole

genome mRNA expression profiling data from the

MD Anderson discovery cohort and the upstream

regulators tool in Ingenuity Pathway Analysis (IPA,

Ingenuity Systems; http://www.ingenuity.com).

Each heat map displays the expression of the

corresponding IPA gene signature as a function

of tumor subtype membership; note that genes

can be either up- or downregulated by an active

transcription factor. Top left: p63-associated

gene expression. Bottom left: PPARg-associated

gene expression. Right: p53-associated gene

expression.

See also Tables S6 and S7 and Figure S3.

luminal MIBC gene expression signature,

and p63 and PPARg antagonize each

other.

p53-like MIBCs Are Resistant to
Neoadjuvant Chemotherapy
Presurgical (neoadjuvant) cisplatin-

based chemotherapy (NAC) is the current

standard-of-care for high-risk MIBC

(Shah et al., 2011), and pathological

response to NAC (downstaging to %pT1

at cystectomy) is a strong predictor of

disease-specific survival (Grossman

et al., 2003), as it is in breast cancer

(Esserman et al., 2012b). We noticed

that all of the p53-like MIBCs from

patients treated with NAC in the discov-

ery cohort (n = 7) were resistant to

chemotherapy (Table 1). To examine this

relationship further, we explored the

chemoresistance of p53-like MIBCs in

an expanded NAC cohort (n = 34) and in

an additional cohort of 23 archival tumors

treated uniformly with methotrexate,

vinblastine, doxorubicin and cisplatin

(MVAC) within the context of a Phase III

clinical trial (Millikan et al., 2001). The

p53-like MIBCs in both cohorts were

resistant to NAC (Figure 6A; Tables S8

and S9). We applied the primary tumor

p53 signature to a panel of human

bladder cancer cell lines and identified a

subset of them that expressed the signa-

ture, not all of which retained wild-type

TP53 (Figure 6B). The p53-like cell lines

were also resistant to cisplatin-induced apoptosis in vitro (Fig-

ure 6C). In addition, four of five of the TP53 wild-type cell lines

that did not contain the ‘‘p53-like’’ signature at baseline were

cisplatin-resistant (Figures 6B and 6C).

To further examine whether chemoresistance was a consis-

tent feature of the p53-like subtype, we used gene expression

profiling and our classifier to perform molecular subtype
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assignments on matched pre- and post-treatment MIBCs

collected within the context of a prospective Phase II clinical trial

of neoadjuvant dose-denseMVAC (DDMVAC), conducted at Fox

Chase Cancer Center and Thomas Jefferson University Hospital

(Table S10). All of the pretreatment tumors with squamous

features in this ‘‘Philadelphia’’ cohort were confined to the basal

cluster (Table S10; p = 0.012). In addition, and consistent with

what we had observed in the MD Anderson cohorts, many of

the Philadelphia basal (7/14) and luminal (12/20) tumors re-

sponded to NAC, whereas the response rate in the p53-like

tumors was significantly lower at 11% (1/9; Figure 7A). Further-

more, chemoresistant tumors were enriched with the p53-like

subtype after NAC (Figure 7B).

To further characterize the molecular mechanisms underlying

chemoresistance, we compared the matched pre- and post-

treatment gene expression profiles of the chemoresistant Phila-

delphia tumors using the ‘‘upstream regulators’’ function of IPA

(data not shown). The results indicated that chemotherapy

caused all of the tumors to express an active p53 pathway

gene signature after NAC (Figure 7C; Table S11). Importantly,

this chemotherapy-induced p53 signature was not very similar

to the one that dictated tumor membership within the p53-like

subtype (13 overlapping probes, Table S11).

Finally, we searched for pretreatment gene signatures within

the Philadelphia basal and luminal MIBC subtypes that might

predict chemosensitivity. We were unable to detect such a

signature in the luminal tumors (data not shown), but the chemo-

sensitive Philadelphia basal tumors were enriched for bio-

markers reflective of immune infiltration (Figure 7D). Similarly,

all of the chemosensitive basal tumors from the MD Anderson

MVAC cohort were also enriched with these immune biomarkers

(Figure S5).

DISCUSSION

We conclude that MIBCs can be grouped into basal and luminal

subtypes reminiscent of those observed in human breast can-

cers (Perou et al., 2000). Basal MIBCs were associated with

shorter disease-specific and overall survival, presumably

because patients with these cancers tended to have more

invasive and metastatic disease at presentation. The invasive/

metastatic phenotype was associated with expression of

‘‘mesenchymal’’ and bladder cancer stem cell (Chan et al.,

2009) biomarkers, and the tumors were enriched with sarcoma-

toid and squamous features (Blaveri et al., 2005; Sjodahl et al.,

2012). The link between squamous features and aggressive

behavior is consistent with other recent observations (Kim

et al., 2012; Mitra et al., 2013), and the presence of EMT and

bladder cancer stem cell biomarkers in basal tumors provides

a biological explanation for their aggressive behaviors. Tran-

scription factor p63 plays a central role in controlling the basal

gene signature, and our preliminary data suggest that the

EGFR, Stat-3, NFkB, and Hif-1a are also involved. Importantly,

immune-infiltrated basal MIBCs responded to NAC, as do

some basal breast cancers (Esserman et al., 2012a, 2012b).

Because NAC pathological complete response is associated

with excellent long-term survival (Grossman et al., 2003),

aggressive early management of basal MIBCs with NAC offers

the best chance for improved survival for patients with this

potentially deadly form of this disease. It also seems likely that

T cell modulators (i.e., anti-CTLA4) and EGFR-, NFkB, Hif-1a/

VEGF, and/or Stat-3-targeted agents will also be active within

this subtype.

Like luminal breast cancers (Perou et al., 2000; Sørlie et al.,

2001), luminal MIBCs displayed active ER/TRIM24 pathway

gene expression and were enriched with FOXA1, GATA3,

ERBB2, and ERBB3. Agents that target the ER (George et al.,

2013; Hoffman et al., 2013; Shen et al., 2006) and/or ErbB2

and -3 may therefore be clinically active in luminal MIBCs. In

addition, luminal MIBCs contained active PPAR gene expression

and activating FGFR3 mutations, so PPARg- and FGFR-3-

targeted agents may be active in this subtype. Because many

luminal MIBCs responded to NAC, targeted therapies should

probably be combined with conventional chemotherapy for

maximum efficacy.

The idea that wild-type p53 is required for DNA damage-

induced apoptosis is a central tenet in cancer biology (Lowe

et al., 1993, 1994). Therefore, it was surprising to us that de

novo and induced chemoresistance in MIBCs was associated

with wild-type p53 gene expression signatures. Nevertheless,

this link between ‘‘p53-ness’’ and chemoresistance is another

shared property of MIBCs and luminal breast cancers. The

recently completed I-SPY 1 TRIAL (‘‘Investigation of Serial

Studies to Predict Your Therapeutic Response With Imaging

and Molecular Analysis,’’ CALGB150007/150012) examined

the correlation between pathological complete response (pCR)

rates and recurrence-free and overall survival in women treated

with NAC. One of its main conclusions was that pCR rates varied

markedly within the different breast cancer subtypes such that

tumors with luminal A and/or wild-type p53-like gene expression

signatures responded very poorly to NAC (Esserman et al.,

2012a, 2012b). Wild-type p53-induced reversible senescence

has also recently been implicated in chemoresistance in amouse

model of breast cancer (Jackson et al., 2012), and more gener-

ally, quiescence is considered an important mechanism of

chemoresistance. Importantly, TP53 mutation frequencies

Figure 5. Transcriptional Control of the Basal and Luminal Gene Expression

Whole genomemRNA expression profiling was used to analyze the effects of stable p63 knockdown or rosiglitazone-induced PPARg activation in human bladder

cancer cell lines, and the data were used to generate gene expression signatures characteristic of p63 and PPARg activation. GSEA was then used to determine

whether these signatures were present in the MD Anderson discovery cohort tumor subtypes.

(A) Effects of p63 or PPARgmodulation on basal and luminal transcriptional signatures. Top panels: significantly activated/inhibited transcriptional pathways after

p63 knockdown in UM-UC14 cells (top left), PPARg activation in UM-UC7 (top middle), or PPARg activation in UM-UC9 (top right) based on IPA analyses. The

heat maps below each graph indicate significant changes in basal and luminal marker expression.

(B) p63 and PPARg gene expression signatures in the subtypes of primary MIBCs. Separate results and p values are shown for the signatures derived from the

up- and downregulated genes in each condition. ROSI, rosiglitazone.

See also Figure S4.
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were similar in all three MIBC subtypes, indicating that wild-type

p53 was not responsible for the baseline and chemotherapy-

induced p53-like gene expression signatures reported here.

We therefore propose that ‘‘p53-ness’’ as measured by mRNA

expression would be a more accurate predictor of de novo and

induced MIBC chemoresistance than would analyses of TP53

Figure 6. Relationship between Subtype Membership and Chemotherapy Sensitivity

(A)Responses toneoadjuvantchemotherapy in theMDAndersonNAC (n=34) andMVAC(n=23)cohorts.Subtypemembershipwasdeterminedusingwholegenome

mRNA expression profiling data obtained from untreated (TURBT) tumors and the oneNN classifier. Pathological response was defined as downstaging to%pT1.

(B) The IPA-defined p53 gene expression signature from the p53-like primary MIBCs was used to perform unsupervised hierarchical cluster analysis on whole

genome expression data from a panel of human bladder cancer cell lines (n = 28). The green boxes on the heat maps indicate expression of the signature in the

MDAnderson discovery cohort (left) or the cell lines (right). TP53mutational status was determined by sequencing and is indicated by the color bar below the heat

map (black, mutant; white, wild-type; gray, data were not available).

(C) Cells were incubated with or without 10 mM cisplatin for 48 hr and apoptosis-associated DNA fragmentation was quantified by propidium iodide staining and

FACS analysis in three independent experiments. The left panel displays a scatter gram comparing the levels within the two subsets of cell lines (mean ± SEM).

The right panel displays the mean value of induced apoptosis in each cell line across the entire cohort.

See also Tables S8 and S9.
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mutational status. It will be important to determine the molecular

basis of these p53-like signatures in future studies so that thera-

peutic approaches can be developed to overcome de novo and/

or prevent acquired chemoresistance. We also plan to prospec-

tively test the relationship between the p53-like phenotype and

chemoresistance within the context of a SWOG-sponsored

multicenter clinical trial (S1314) that is very similar to I-SPY and

was designed to prospectively evaluate another gene expres-

sion profiling-based algorithm (‘‘CoXEN’’; Lee et al., 2007).

EXPERIMENTAL PROCEDURES

Technical details are provided in the Supplemental Experimental Procedures.

Human Specimens

Clinical data were obtained from the MD Anderson Genitourinary Cancers

Research Database, from the Gene Expression Omnibus (GEO), or from

patient charts (MVAC and Philadelphia cohorts). All MD Anderson patients

signed a ‘‘front door’’ informed consent allowing collection of their tissue

Figure 7. Wild-Type p53 Gene Signatures in

Tumors before and after Treatment with

NAC

(A) Relationship between subtype membership

and response to NAC in the Philadelphia DDMVAC

cohort. Subtype membership was determined

using pretreatment (TURBT) specimens. Patho-

logical response was defined as downstaging to

% pT1.

(B) Comparison of subtype membership in the

chemoresistant Philadelphia tumors before and

after NAC. Whole genome mRNA expression

profiling was performed on matched tumors

before and after NAC, and the oneNN classifier

was used to assign tumors to subtypes. ‘‘TURBT’’

refers to the pretreatment tumors and ‘‘cys-

tectomy’’ to the post-treatment tumors.

(C) Expression of a wild-type p53 gene signature

in matched pre- and post-treatment tumors. Left:

heat map displaying expression of an active p53

gene signature after NAC (log ratio cystectomy/

TURBT of matched tumors). Right: relative

expression of the p53 signature in matched pre-

and post-treatment tumors arranged according to

subtype membership.

(D) Analysis of an immune infiltration signature

in basal tumors. A supervised analysis was per-

formed to compare the differences in gene ex-

pression between basal tumors that were either

sensitive or resistant to neoadjuvant DDMVAC in

the Philadelphia cohort. Left: heat map depicting

the relative expression of immune signature genes

in basal responders and non-responders. Right:

GSEA analyses of immune biomarkers in the basal

tumors.

See also Tables S10 and S11 and Figure S5.

and of their clinical data that was approved by

the MD Anderson Institutional Review Board

(IRB). An additional MD Anderson IRB-approved

protocol was obtained specifically for genomics

analyses. The Philadelphia tissues were collected

and analyzed as part of a Phase II clinical trial that

was IRB-approved at the Fox-Chase Cancer

Center and Thomas Jefferson University. Un-

stained tissue sections (10 micron, five slides/tumor) and matched hematoxy-

lin and eosin stained sections from the DDMVAC clinical trial were transferred

toMD Anderson under an executedmaterials transfer agreement betweenMD

Anderson and Fox-Chase. A genitourinary pathologist (Bogdan Czerniak) re-

viewed all of the tissue samples.

Tumor Cohorts

The Chungbuk (n = 55) (Kim et al., 2010), Lund (n = 93) (Sjodahl et al., 2012),

and UCSF (n = 53)(Blaveri et al., 2005) cohort data were downloaded from

the GEO (GSE13507, GSE32894, and GSE1827, respectively). The discovery

cohort consisted of 73 tumors from transurethral resections (TURs) that had

been snap-frozen in liquid nitrogen within 5 min of isolation and transferred

to theMDAnderson Bladder SPORE Tissue Core. TheMDAnderson validation

cohort consisted of 57 randomly selected, formalin-fixed, paraffin-embedded

(FFPE) tumors that were obtained from the main MD Anderson Cancer Center

CCSG-supported Pathology Tissue Bank. The MD Anderson NAC cohort (n =

34) contained a mixture of 18 tumors from the discovery cohort plus 16

additional FFPE tumors from patients treated with neoadjuvant chemotherapy

on- and off-protocol. The MD Anderson MVAC cohort (n = 23) consisted of all

available FFPE pretreatment tumors (TURs) from a previously reported Phase
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III clinical trial (Millikan et al., 2001). The Philadelphia NAC cohort (n = 43 TURs

and 20 cystectomies) consisted of all available pre- and post-treatment FFPE

tumors from patients enrolled in a Phase II clinical trial of neodjuvant dose-

dense MVAC (DDMVAC) that was conducted at Fox-Chase Cancer Center

and The Thomas Jefferson University and will be reported elsewhere. NAC

response in all of the cohorts was defined as downstaging to no muscle-inva-

sive disease at cystectomy (%pT1; Millikan et al., 2001).

Gene Expression Profiling Platforms

The MD Anderson discovery cohort and human bladder cancer cell lines were

analyzed by direct hybridization on Illumina HT12v3 and HT12v4 chips,

respectively (Illumina). Data from all of the FFPE cohorts were generated using

Illumina’s DASL platform (WG-DASL HT12v4 chips).

Tumor Cluster Assignments

MIBC clusters (subtypes) were determined in the discovery cohort using un-

supervised hierarchical cluster analysis (Eisen et al., 1998). The gene signa-

tures associated with each cluster were then used to generate a one nearest

neighbor (oneNN; Dudoit et al., 2002) prediction model that was used in all

subsequent analyses to assign tumors to specific subtypes.

Micro RNA Expression

Levels of miR-200b and miR-200c were measured in the discovery cohort

by quantitative RT-PCR as described in the Supplemental Experimental

Procedures.

Analysis of Cytokeratin Protein Expression

Basal (CK5/6) and luminal (CK20) cytokeratin protein expression was analyzed

on a tissue microarray (TMA) consisting of stage-matched (pT3, n = 332)

MIBCs collected within the context of the International Bladder Cancer

Network’s Bladder Cancer Bank initiative (Goebell et al., 2005). Immunohisto-

chemical staining was performed using clinical-grade (CLIA) antibodies and

protocols in the MD Anderson Pathology Core, and staining intensities were

quantified by image analysis.

Generation of p63 and PPARg Gene Signatures

UM-UC14 human MIBC cells were stably transduced with TP63-specific or

nontargeting lentiviral shRNA constructs in the MD Anderson Vector Core.

UM-UC7 and UM-UC9 cells were incubated with or without 1 mM rosiglitazone

for 48 hr. Triplicate RNA isolates were prepared on different days for each

condition, and global changes in gene expression were determined by whole

genome expression profiling. The statistically significant changes in gene

expression were used to create signatures that were subsequently used in

the IPA and GSEA analyses presented in Figure 5.

Statistical Analyses

Clinicodemographic characteristics were compared using Fisher’s exact

tests and Kruskal-Wallis tests to assess differences between groups in cate-

gorical and continuous variables, respectively. Kaplan-Meier analysis with

log-rank statistics was used to characterize survival distributions and associ-

ations between subtypes and survival outcomes. Statistical analysis was

performed using SPSS (version 19) and a p value less than 0.05 was consid-

ered significant.

ACCESSION NUMBERS

The GEO accession numbers for the gene expression profiling data presented
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SUMMARY

The tumormicroenvironment plays a critical role in cancer progression, but the precisemechanismsbywhich
stromal cells influence the epithelium are poorly understood. Here we show that p62 levels were reduced in
the stroma of several tumors and that its loss in the tumormicroenvironment or stromal fibroblasts resulted in
increased tumorigenesis of epithelial prostate cancer cells. Themechanism involves the regulation of cellular
redox through an mTORC1/c-Myc pathway of stromal glucose and amino acid metabolism, resulting in
increased stromal IL-6 production, which is required for tumor promotion in the epithelial compartment.
Thus, p62 is an anti-inflammatory tumor suppressor that acts through the modulation of metabolism in the
tumor stroma.

INTRODUCTION

Primary tumors are initiated as a result of the stepwise acquisi-

tion of genetic alterations within the epithelial compartment

(Shen and Abate-Shen, 2010). However, increasing evidence

supports the notion that the tumor microenvironment also plays

a critical role in cancer progression in many types of neopla-

sias, including prostate cancer (PCa), although relatively little is

known about the signaling pathways that mediate communica-

tion between the stromal and epithelial compartments (Ammir-

ante et al., 2010; Erez et al., 2010; Santos et al., 2009; Trimboli

et al., 2009). Inflammation and metabolism are two critical fac-

tors contributing to the protumorigenic properties of the stroma

(DeBerardinis and Thompson, 2012; Grivennikov et al., 2010;

Hanahan and Coussens, 2012; Metallo and Vander Heiden,

2013; Vander Heiden, 2013). Although not totally understood,

some evidence suggests that the metabolic state of the tumor

stroma can decisively influence the tumorigenic potential of

the tumor epithelial compartment (Lisanti et al., 2013). Here

we have addressed this fundamental biological question in the

context of p62 deficiency in the nonepithelial tumor compart-

ment. Our laboratory initially identified p62, also known as

sequestosome-1, as a scaffold protein for the atypical protein

kinase C isozymes and later implicated p62 in other cell stress

responses (Diaz-Meco and Moscat, 2012; Moscat and Diaz-

Meco, 2012; Moscat et al., 2007; Sanchez et al., 1998). p62

binds Raptor, a key component of the mTOR-orchestrated

nutrient-sensing complex and an important activator of anabolic

pathways that are instrumental in metabolic reprogramming

during cell transformation (Duran et al., 2011; Moscat and

Diaz-Meco, 2011). Nonetheless, nothing is known about the

signaling cascades that p62 regulates in stromal cells or to

Significance

Inappropriate activation of the stroma as a consequence of the tumorigenic process can potentiate the growth and transfor-
mation of epithelial tumor cells, thus facilitating the progression of cancers toward more malignant stages. Using prostate
cancer as a model system, we show that the loss of the signaling adaptor p62 in stromal cells triggers an inflammatory
response that leads to activation of cancer-associated fibroblasts that enhances tumorigenesis in vitro and in vivo. Defi-
ciency in p62 results in reducedmTORC1activity andderegulation ofmetabolic pathways controlling inflammation.Because
the stroma is increasingly recognized as a potential source of therapeutic targets, this study suggests that targeting stromal
metabolic reprogramming can decisively influence the tumorigenic potential of the tumor epithelial compartment.
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what extent these pathways influence the epithelial-stromal

interaction in the tumor microenvironment. Cancer-associated

fibroblasts (CAFs) have been proposed to be key mediators of

the crosstalk between malignant tumor cells and their microen-

vironment (Barron and Rowley, 2012; Franco and Hayward,

2012). CAFs and the complex set of signaling molecules they

secrete generate an environment conducive to inflammation,

and this in turn maintains the protumorigenic status of the stro-

mal cells. Among these proteins, interleukin-1b (IL-1b), inter-

leukin-8, and interleukin-6 (IL-6) have been implicated as part

of the proinflammatory signature of the PCa stroma (Erez et al.,

2010; Franco and Hayward, 2012; Schauer et al., 2008). Further-

more, IL-6 has received increasing attention as a key proinflam-

matory and protumorigenic molecule in many types of cancer,

including PCa (Azevedo et al., 2011; De Marzo et al., 2007;

Guo et al., 2012; Schafer and Brugge, 2007). Here we address

the role of p62 in the stroma in the control of the inflammatory

environment in PCa.

RESULTS

p62 Expression Levels in the Tumor Microenvironment
The initial evidence suggesting that p62 plays a role in the regu-

lation of the tumor microenvironment in PCa came from the his-

tological analysis of a tissue panel comprising 202 primary

human PCa tumors, 8 metastases, and 22 adjacent normal

prostate tissue samples. This study revealed that p62 was ex-

pressed in the prostate epithelium and also in the stroma (Fig-

ure 1A). p62 protein levels were downregulated in the stroma

of human primary PCa tumors compared with the stroma of

normal samples (Figures 1A and 1B). Furthermore, when the tu-

mor samples were grouped on the basis of low Gleason score

(GS) (2–6) or high GS (7–10), p62 levels in the stroma were signif-

icantly reduced upon progression to the most aggressive stage

(Figure 1C). p62 was also overexpressed in the epithelial

compartment of the PCa human samples (Figure 1A; Figures

S1A and S1B available online). This is consistent with previous

observations suggesting that p62 is upregulated in many can-

cers, including lung cancer (Duran et al., 2008; Inoue et al.,

2012), liver cancer (Inami et al., 2011), glioblastoma (Galavotti

et al., 2013), breast cancer (Rolland et al., 2007; Thompson

et al., 2003), and kidney cancer (Li et al., 2013). However,

because those studies did not report on expression in the stro-

mal component, it is not clear whether p62 was downregulated

in the stroma in those samples, as we have shown in the samples

analyzed here. Moreover, bioinformatics analysis of public data

sets of stromal gene expression also demonstrated that p62

was significantly downregulated in the tumor stroma, compared

Figure 1. p62 Levels Are Reduced in the Stroma of Human Prostate Tumors

(A) Representative examples of p62 staining of normal and primary prostate cancer (tumor) samples. The scale bars represent 25 mm.

(B) Quantification of p62 staining in the stroma of primary PCa tumors compared with normal; n = 22 (normal), n = 202 (PCa). Fisher’s exact test, p < 0.01.

(C) p62 levels are reduced upon PCa progression; n = 22 (normal), n = 70 (GS 2–6), n = 132 (GS 7–10). Chi-square test, p < 0.01.

(D) p62 mRNA levels in stroma of human cancer samples. Data were collected from public data sets of gene expression in the tumor stroma of several human

cancers: GSE34312 (prostate cancer), GSE9014 (breast cancer), and GSE35602 (colon cancer).

(E) FACS-sorted adult murine prostate cell lineages. Prostate basal, luminal, and stromal cells are Lin"Sca-1+CD49fHi, Lin"Sca-1"CD49fLow, and Lin"Sca-
1+CD49f", respectively.
(F) RT-PCR of specific markers for each prostate cell population (n = 3): p63 (basal), Nkx3.1 (luminal), and vimentin (stromal).

(G) RT-PCR for p62 in prostate cell populations (n = 3).

*p < 0.05, **p < 0.01, ***p < 0.001. Results are presented as mean ± SEM. See also Figure S1.
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with normal stroma, in several types of cancers, including pros-

tate, breast, and colon cancers (Figure 1D). In addition, fluores-

cence-activated cell sorting (FACS) analysis of adult mouse

prostates showed that p62 is more highly expressed in cells of

the stroma than in those of basal or luminal lineages (Figures

1E–1G). Quantitative RT-PCR analyses of the sorted prostate

cell populations showed that transcripts for the basal marker

p63, the luminal cell marker Nkx3.1, and the stroma marker

vimentin were enriched in their corresponding cell populations,

demonstrating successful cell fractionation (Figures 1E and

1F). Of note, p62 expression was highly enriched in the stromal

compartment compared with the other two cell populations (Fig-

ure 1G). These results suggest that p62 could exert its effect as a

tumor suppressor in the tumor microenvironment, likely in the

stroma.

p62 Is a Suppressor of Inflammation and the CAF
Phenotype in the Tumor Microenvironment
To test whether p62 deficiency in the tumor microenvironment

is relevant to the transforming properties of epithelial cells, we

performed orthotopic injections of syngeneic murine PCa cells

(TRAMP-C2Re3) (Olson et al., 2006) into the prostates of wild-

type (WT) and p62 knockout (KO) mice and then assessed tumor

growth. The resulting tumors were bigger in the prostates of p62

KO mice than in those of WT mice (Figures 2A–2C), supporting

the notion that a loss of p62 in the tumor microenvironment pro-

motes PCa growth. We next carried out transcriptomic profiling

of the orthotopic tumors in the WT and p62 KO mice. NextBio

analysis revealed important correlations between genes upregu-

lated in the p62 KO orthotopic tumors with a gene signature

in the category of ‘‘response to wounding’’ (Figure S2A). In

addition, gene set enrichment analysis (GSEA) also identified

‘‘response to wounding’’ as significantly enriched of the gene

ontology (GO) biological-process categories (Figure 2D; Figures

S2B and S2C) and ‘‘stromal stimulation’’ in the C2 curated gene

set library (Figures S2D and S2E). Because CAFs acquire an

‘‘activated phenotype’’ during tumor progression that resembles

that of fibroblasts during the wound-healing repair process,

these results suggested that the p62 KO stroma is likewise acti-

vated (Barron and Rowley, 2012; Bissell and Radisky, 2001;

Franco and Hayward, 2012; Schäfer and Werner, 2008) and

has a more CAF-like phenotype than the WT stroma. In support

of this notion, we observed an increase in the expression of a

smoothmuscle actin (a-SMA) in sections from orthotopic tumors

in p62 KO mice compared to WT controls (Figure 2E), as well as

an increase in transforming growth factor b (TGF-b) transcripts

as determined by RT-PCR in the same samples (Figure 2F).

TGF-b and a-SMA are two bona fide markers of the CAF pheno-

type (Barron and Rowley, 2012; Franco and Hayward, 2012).

Consistent with this, Ingenuity Pathway Analysis identified

TGF-b1 as a predicted upstream regulator in the p62 KO ortho-

topic tumors (p = 1.47 3 10"7, activation Z score = 3.890). To

determine the potential cell-autonomous effect of p62 in this

important function, we used FACS to isolate prostate stromal

cells from mice of both genotypes, as described in Figures 1E

and 1F. Interestingly, we found that p62-deficient stromal

cells also showed characteristics of CAFs, as determined by

increased expression levels of a-SMA, TGF-b, and vimentin (Fig-

ure 2G). To facilitate subsequent studies, we generated prostate

fibroblasts from WT and p62 KO mice and determined their

‘‘CAF activation’’ state. In these cells, the loss of p62 resulted

in increased CAF transcript markers (Figure 2H), as well as in

the secretion of TGF-b, as determined by ELISA (Figure 2I).

This is important because TGF-b is essential for the acquisition

and maintenance of the CAF/myofibroblast phenotype (Kojima

et al., 2010; Ostman and Augsten, 2009). Therefore, p62 loss

modifies the stroma by inducing a CAF phenotype, which in

turn drives tumor progression.

Further bioinformatics GSEA revealed a hyperinflammatory

phenotype in the p62 KO orthotopic tumors. That is, we found

‘‘humoral immune response’’ and ‘‘inflammatory response’’ as

second GO categories enriched in the p62 KO transcriptome

profile (Figure 2J; Figures S2F and S2G). RT-PCR analysis of

the tumors from p62 KO mice showed increases in the tran-

scripts of inflammatory cytokines such as IL-6, IL-1b, and kera-

tinocyte chemoattractant (Figure 2K), as well as in the secretion

of IL-6 as determined by ELISA (Figure 2L).We hypothesized that

IL-6 could be an important mediator of the stromal p62-depen-

dent signals that influence PCa progression in the epithelium.

To test this possibility, we carried out an orthotopic injection

experiment using p62/IL-6 double-KO (DKO) mice as hosts.

Notably, the increased tumor growth observed in p62 KO mice

was completely reversed in the DKO mice (Figures 2M and

2N), demonstrating that p62 plays a tumor-suppressive role in

the tumor microenvironment during PCa progression by inhibit-

ing CAF activation and blocking inflammation.

p62 in Stromal Fibroblasts Regulates an IL-6/TGF-b
Cascade Essential for Tumor Invasion
We next set up a 3D organotypic culture model that recapitu-

lates, in a genetically accessible system, the tumor microenvi-

ronment and its interactions with the tumor epithelial cell, closely

mimicking the physiological situation and the cellular architec-

ture (Gaggioli et al., 2007; Kim et al., 2013; Nyström et al.,

2005; Ridky et al., 2010). Because our genome-wide transcrip-

tomic analysis suggested that the loss of p62 in the tumor

microenvironment is associated with a CAF-like signature, and

because fibroblasts are a critical component of the stroma, we

next tested whether p62 KO prostate fibroblasts were able to

recapitulate the in vivo phenotype in 3D organotypic cultures.

To do this, we cocultured in this organotypic system prostate

fibroblasts from p62 KO and WT mice with TRAMP-C2Re3

PCa cells (Figure 3A). Importantly, p62 KO prostate fibroblasts

(versus WT counterparts) enhanced the invasiveness and prolif-

eration index of PCa epithelial tumor cells (Figures 3B–3D).

Similar results were obtained with other PCa cell lines, such as

mouse Myc-CaP (Figure S3A), or human PC3 cells (Figure S3B).

Mouse fibroblasts from p62 KO mice also enhanced the inva-

siveness and proliferation index of human normal prostate

epithelial cells compared with similar organotypic cultures with

WT fibroblasts (Figure S3C). Altogether, this indicates that p62

deficiency in the stromal fibroblasts has a pivotal role in medi-

ating cancer cell proliferation and invasion.

To follow up on our findings that IL-6 levels were increased in

orthotopically injected tissues and that increased IL-6 expres-

sion was associated with enhanced tumorigenicity in vivo (Fig-

ures 2K–2N), we further investigated the role of this cytokine in

the protumorigenic microenvironment created by p62 deficiency
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in the stroma. The two major sources of IL-6 in the tumor micro-

environment aremacrophages and stromal fibroblasts (Hanahan

and Coussens, 2012). Notably, 3D organotypic culture experi-

ments established that fibroblasts (Figures 3B and 3C), but

not macrophages (Figure S3D), from p62 KO mice recapitu-

lated the p62 KO phenotype in the orthotopic tissue grafting

Figure 2. IL-6 Is Required for p62’s Role in the Tumor Microenvironment

(A) Orthotopic injection of TRAMP-C2Re3 cells into the prostates of syngeneic WT and p62 KO mice. Orthotopic tumors were allowed to grow for two months.

(B and C) GU tract weight (B) and pictures (C) from (A); n = 5 or 6 mice per genotype. The scale bar represents 1 cm.

(D) ‘‘Response to wounding’’ GSEA plot of enrichment of gene expression in p62 KO orthotopic tumors.

(E) a-SMA staining of orthotopic tumors from WT and p62 KO mice. The scale bars represent 25 mm.

(F) RT-PCR of TGF-b in orthotopic tumors from WT and p62 KO mice (n = 3).

(G and H) RT-PCR of CAF markers (a-SMA, TGF-b, and vimentin) in FACS-sorted prostate stromal fraction fromWT and p62 KOmice (G) and in WT and p62 KO

prostate fibroblasts (H); n = 3.

(I) TGF-b production in prostate fibroblasts was determined by ELISA.

(J) GSEA plots of enrichment of gene expression in p62 KO orthotopic tumors.

(K) RT-PCR of inflammatory cytokines in orthotopic tumors of WT and p62 KO mice; n = 5 or 6 animals per group versus WT.

(L) IL-6 ELISA in fibroblasts.

(M andN) Orthotopic injection of TRAMP-C2Re3 cells into the prostates ofmice of different genotypes (n = 5 or 6mice). GUweights (M) and pictures (N). The scale

bar represents 1 cm.

*p < 0.05, **p < 0.01, ***p < 0.001. Results are presented as mean ± SEM. See also Figure S2.
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experiment, and this effect was abolished when p62/IL-6 DKO

fibroblasts were used in the 3D system (Figures 3E–3G). Further-

more, when TGF-b signaling was inhibited by incubating the

organotypic cultures with the TGF-b inhibitor SB431542 (Inman

et al., 2002), the protumorigenic phenotype of p62-deficient

fibroblasts was reverted, consistent with the notion that TGF-b

is important for the CAF phenotype and PCa proliferation (Fig-

ures 3H–3J). Likewise, the TGF-b inhibitor reverted the increased

invasion index of PCa cells incubated with p62-deficient fibro-

blast conditioned medium in a Boyden chamber invasion assay

(Figure 3K). Results shown in Figure S3E demonstrate the effec-

tiveness of this inhibitor to block the TGF-b pathway. Moreover,

the enhanced TGF-b production observed in the p62 KO fibro-

blasts, as well as that of a-SMA, was completely abrogated in

Figure 3. p62-Deficient Stroma-Mediated Invasion Is IL-6 and TGF-b Dependent

(A) Schematic representation of 3D organotypic cultures.

(B) H&E-stained sections of TRAMP-C2Re3 cells cultured in an organotypic system in the presence of primary prostate fibroblasts from WT and p62 KO mice.

(C and D) Quantification of PCa cell invasion (C) and proliferation index (D) of experiment shown in (B); n = 4.

(E) H&E staining of organotypic gels combining Myc-CaP cells with prostate fibroblasts from mice of different genotypes (n = 4).

(F and G) Quantification of PCa cell invasion (F) and proliferation index (G) of experiment shown in (E); n = 4.

(H) H&E staining of organotypic gels combining Myc-CaP cells with prostate fibroblasts frommice WT and p62 KOmice in the presence or absence of the TGF-b

inhibitor SB431542 (10 mM).

(I and J) PCa cell invasion quantification (I) and proliferation index (J) of (H); n = 4.

(K) Invasion index determined by modified Boyden chamber assay with conditioned media from WT and p62 KO fibroblasts in the presence or absence of

SB431542 (10 mM); n = 3.

(L and M) RT-PCR of TGF-b (L) and a-SMA (M) mRNA levels in fibroblasts of mice of different genotypes (n = 4).

(N) IL-6 production by WT and p62 KO fibroblasts in the presence or absence of the TGF-b inhibitor SB431542 (n = 4).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Results are presented as mean ± SEM. The scale bars represent 100 mm. See also Figure S3.
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Figure 4. Metabolic Reprogramming in p62-Deficient Stroma

(A and B) Total intracellular levels of ROS in WT and p62 KO fibroblasts (A) and quantification (B); n = 4.

(C) IL-6 ELISA of WT and p62 KO fibroblasts treated with vehicle or the ROS scavenger BHA (100 mM) for 12 hr (n = 4).

(D and E) RT-PCR of NQO1 (D) and SOD1, SOD2, and FHC (E) mRNA levels in fibroblasts (n = 4).

(legend continued on next page)
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the DKO fibroblasts (Figures 3L and 3M). Consistently, the

knockdown of IL-6 in p62 KO fibroblasts impaired IL-6 secretion

and, more important, also reverted TGF-b production and PCa

invasion (Figures S3F–S3H). Furthermore, incubation of p62/

IL-6 DKO fibroblasts with exogenously added IL-6 restored

TGF-b levels to those of p62 KO cells as well as PCa invasion

(Figure S3I and S3J). All this is consistent with a cell-autonomous

role of the p62-IL-6 axis in the control of the CAF phenotype.

However, incubation of p62 KO fibroblasts with the TGF-b

signaling inhibitor SB431542 did not affect the overproduction

of IL-6 in p62 KO fibroblasts (Figure 3N). These are important

observations that establish a sequential p62/IL-6/TGF-b axis in

the tumor fibroblastic compartment contributing to the control

of epithelial tumorigenesis during PCa progression.

p62Controls IL-6 Levels by RepressingReactiveOxygen
Species Production through Metabolic Reprogramming
We next sought to determine how p62 controls IL-6 production

in fibroblastic stromal cells and whether the mechanisms medi-

ating IL-6 production are relevant to stroma-driven tumorigen-

esis. It should be noted that p62 KO fibroblasts have increased

levels of reactive oxygen species (ROS) (Figures 4A and 4B)

and that the inhibition of ROS production (by the ROS scavenger

butylated hydroxyanisole [BHA]) completely reverts the IL-6

hyperproduction phenotype (Figure 4C). This indicates that the

mechanism whereby p62 represses IL-6 production in fibro-

blasts involves the control of ROS levels. It has previously

been reported that p62 can activate NF-kB and NRF2 (Duran

et al., 2008; Komatsu et al., 2010; Moscat and Diaz-Meco,

2009), which suggests that these molecules could play a role

in the ability of p62 to repress ROS production and the subse-

quent activation of IL-6. The expression of critical detoxifying

NF-kB- or NRF2-dependent genes (Figures 4D and 4E), as well

as the levels of the NRF2 inhibitor Keap1 (Figure 4F), was not

affected by the loss of p62 in fibroblasts. However, we found

that p62 KO fibroblasts displayed lower levels of reduced gluta-

thione (GSH) than the WT controls (Figure 4G). These are impor-

tant observations because GSH is central to the control of ROS

levels. In fact, treatment of p62 KO fibroblasts with the GSH

analog GSH-reduced ethyl ester (GEE) reduced IL-6 to levels

comparable with those of WT fibroblasts (Figure 4H). These

results demonstrate that the loss of p62 results in lower GSH

levels, thus promoting ROS accumulation, which is required for

IL-6 overproduction in p62-deficient fibroblasts.

We observed a striking decrease in the reduced nicotinamide

adenine dinucleotide phosphate (NADPH)/nicotinamide adenine

dinucleotide phosphate (NADP) ratio in p62-deficient fibroblasts

(Figure 4I). This ratio provides additional information on the

cellular redox status, as the relative concentration of GSH versus

oxidized GSH depends on the cellular content of NADPH. Glyco-

lytic metabolism plays a critical role in maintaining NADPH

production through the oxidative pentose phosphate pathway

(PPP) (Figure 4J, yellow shading). Indeed, p62 KO cells exhibited

decreased glucose uptake and lactate secretion (Figure 4K). This

reduction in glycolytic rate resulted in decreased flux through the

oxidative PPP, as determined by stable isotope tracing with

[1,2-13C2]glucose (Figure 4L). These metabolic changes corre-

lated with a reduction in GLUT1 levels in p62-deficient fibro-

blasts (Figure 4M), providing evidence that transcriptional

changes associated with p62 loss influence metabolic flux.

Amino acids are critical for the production of GSH, a peptide

composed of glutamate, cysteine, and glycine (Figure 4J, pink

shading). Glutamine serves as an important precursor for gluta-

mate, and loss of p62 in fibroblasts leads to lower glutamine con-

sumption compared withWT cells (Figure 4K). We also observed

a decrease in the direct conversion of [U-13C5] glutamine to

glutamate in p62 KO fibroblasts, with a relative increase in the

fraction of glutamate derived from [1,2-13C2]glucose (Figure 4N).

In good agreement with these changes in glutaminemetabolism,

we observed reduced levels of the glutamine transporters

SLC7A5 and SLC1A5, as well as glutaminase-1 (GLS1) (Fig-

ure 4O), a critical enzyme in the pathway that catalyzes the con-

version of glutamine into glutamate (Figure 4J). Consistent with

reduced levels of GSH, p62 KO fibroblasts also exhibit a dra-

matic reduction in the levels of SLC7A11, the xCT cystine/gluta-

mate antiporter, which is the major driver of cystine uptake, a

critical and rate-limiting step in the synthesis of GSH in several

cell types, including fibroblasts (Figure 4P) (Bannai and Tateishi,

1986; Gout et al., 1997). Finally, we observed significant

decreases in labeling of both serine and glycine from [1,2-13C2]

glucose (Figure 4Q). Serine serves as a precursor to glycine

and cysteine (when synthesized from methionine), so this

decrease in label transfer provides evidence that there is less

demand for GSH synthesis in p62-deficient cells. These results

collectively demonstrate that loss of p62 in fibroblasts influences

metabolic pathways controlling cellular redox, including NADPH

production in the PPP and GSH synthesis.

p62 Is a Critical Regulator of c-Myc Levels
Previous data from other laboratories have established the crit-

ical role of c-Myc in the regulation of glutamine andglucosemeta-

bolism (Dang, 2012). We found significantly reduced levels of

c-Myc in p62 KO fibroblasts as well as in WT fibroblasts in which

p62 has been knocked down by small hairpin RNA (shRNA)

(F) Immunoblot analysis of KEAP1 in cell lysates from WT and p62 KO fibroblasts. Results are representative of three experiments.

(G) Cellular GSH levels in WT and p62 KO fibroblasts (n = 4).

(H) IL-6 ELISA of fibroblasts treated with increasing concentrations of the GSH analog GEE (n = 4).

(I) Cellular NADPH/NADP levels in WT and p62 KO fibroblasts (n = 4).

(J) Metabolic scheme depicting biosynthetic routes to NAPDH (yellow shading) and GSH (pink shading) from glucose and glutamine.

(K) Glucose consumption, lactate secretion, and glutamine consumption rates determined by spent medium analysis from WT and p62 KO fibroblasts (n = 3).

(L) PPP flux estimates from metabolic flux analysis in WT and p62 KO fibroblast cultures labeled with [1,2-13C2]glucose (n = 3).

(M) RT-PCR of GLUT1 mRNA (n = 4).

(N) Glutamate labeling inWT andp62KOfibroblasts grown in either [1,2-13C2]glucose and unlabeled glutamine or [U-13C5]glutamine and unlabeled glucose (n = 3).

(O and P) RT-PCR of SLC7A5, SLC1A5, and GLS1 (O) and SLC7A11 (P) mRNA levels in WT and p62 KO fibroblasts (n = 3).

(Q) Labeling of serine and glycine from [1,213C2]glucose (n = 3).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Results are presented as mean ± SEM.
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Figure 5. c-Myc-Mediated Metabolism in p62-Deficient Stroma

(A–C) Immunoblot analysis of c-Myc levels in WT and p62 KO fibroblasts (A), in WT fibroblasts lentivirally infected with shRNA nontargeted control (shNT) or

shRNA specific for p62 (shp62) (B), and in p62 KO fibroblasts retrovirally infected with control vector (control) or with c-Myc expression vector (c-Myc) (C). Results

are representative of three experiments.

(D) IL-6 ELISA in control and c-Myc cells (n = 4) as in (C).

(E) RT-PCR of SLC7A5, SLC1A5, and GLS1 mRNA in control and c-Myc cells (n = 3).

(F) Intracellular GSH levels in control and c-Myc cells (n = 3).

(G) Immunoblot analysis of c-Myc and p-STAT3 in WT fibroblasts infected with shNT or shRNA for c-Myc (shMyc).

(legend continued on next page)
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(Figures 5A and 5B) and reductions in the levels of the key gluta-

mine transporters SLC7A5 and SLC1A5, and GLS1 (Figure 4O),

which are targets of c-Myc (Dang, 2012). Interestingly, ectopic

expression of c-Myc in p62 KO fibroblasts (Figure 5C) reverted

the p62-deficient phenotype in terms of IL-6 production (Fig-

ure 5D) and the levels of glutamine transporters and GLS1 (Fig-

ure 5E) and GSH (Figure 5F). On the contrary, c-Myc knockdown

in WT fibroblasts (Figure 5G) resulted in increased IL-6 produc-

tion at the mRNA and protein levels (Figures 5H and 5I). c-Myc

knockdown in fibroblasts led to decreased levels of GSH (Fig-

ure 5J), as well as enhanced PCa cell invasion and proliferation

in organotypic cell cultures (Figures 5K–5M). Also, the knock-

down of c-Myc in fibroblasts resulted in increased PCa cell inva-

sion index in a Boyden chamber assay (Figure 5N). Of note, this

cause-and-effect correlation between p62 deficiency, c-Myc

expression, and IL-6 productionwas also found in FACS-isolated

prostate stromal cells from WT and p62 KO mice (Figure 5O).

Collectively these results demonstrate that p62 repression of

c-Myc expression in the stroma fibroblasts accounts for its tumor

suppressive role in PCa.

IL-6 Is Regulated by a p62/mTORC1/c-Myc Cascade
Consistent with previously published observation (Duran et al.,

2011), we found that p62 KO cells displayed reduced mTORC1

activity (Figure 5P). We hypothesized that the reduction in

c-Myc levels found in p62 KO fibroblasts could be the conse-

quence of mTORC1 inhibition. Importantly, we rescued c-Myc

inhibition in p62 KO fibroblasts by expressing a permanently

active mutant of the small-guanosine triphosphatase RagB,

which is a critical activator of mTORC1 (Figure 5Q). IL-6 levels

were likewise reduced under these conditions (Figure 5R). These

results demonstrate that reduced mTORC1 activity in p62 KO

fibroblasts accounts for the low levels of c-Myc and the subse-

quent increase in IL-6 production in these mutant cells. Treat-

ment of WT fibroblasts with rapamycin or Torin, two different

inhibitors of mTORC1, effectively reduced c-Myc levels (Figures

5S and 5T), promoting a significant reduction in GSH levels

(Figure 5U) and a concomitant increase in IL-6 production (Fig-

ure 5V). Therefore, p62’s ability to regulate mTORC1 in the

stroma is essential for its control of the c-Myc/GSH/IL-6 axis.

p62 KO Mice Develop Prostate Hyperplasia and
Prostatic Intraepithelial Neoplasia upon Aging
On the basis of these results, we hypothesized that the loss of

p62 at an organismal level, which would include both the pros-

tate stroma and epithelium, might be sufficient to drive prostate

epithelium toward neoplasia. We characterized the prostates of

p62 KO mice by histological analysis, which revealed no abnor-

malities in development ormorphology at early stages. However,

at 9 months of age, prostates from p62 KO mice developed

hyperplasia, with a concomitant increase in Ki67 staining (Fig-

ures 6A and 6B). These lesions progressed to prostatic intraepi-

thelial neoplasia (PIN) at 1 year of age (Figure 6C). This indicated

that, whereas in xenograft experiments PCa epithelial cells with

reduced p62 displayed inhibited tumorigenesis (Duran et al.,

2011), the total loss of p62 in vivo promoted prostate epithelial

cell growth. These observations are in good agreement with

our model whereby p62 in the stromal fibroblasts normally acts

as a tumor suppressor, and the total KO of p62 results in p62-

deficient stromal fibroblasts that drive the prostate epithelium

to a malignancy-prone state. To further test this hypothesis,

we crossed total p62 KO mice with two well-established mouse

models of PCa (PTEN+/" and TRAMP+) (Di Cristofano et al.,

1998; Greenberg et al., 1995) and asked whether total ablation

of p62 inhibited or promoted prostate tumor development. Fig-

ures 6D and 6E show hematoxylin and eosin (H&E) analyses of

PTEN+/"/p62 KO prostrates demonstrating an increase in the

percentage of glandswith high-grade PIN at the age of 6months.

Furthermore, TRAMP+/p62 KO mice had reduced survival (Fig-

ure 6F), increased percentages of poorly differentiated adeno-

carcinoma (Figure 6G) and neuroendocrine tumors (Figure 6H),

as well as a larger number of metastases (Figure 6I), of which

a higher percentage were in the liver (Figure 6J). Consistent

with our model, prostate fibroblasts from PTEN+/"/p62 KO

mice showed increased IL-6 and reduced c-Myc expression

compared with those from p62-proficent PTEN+/" mice (Figures

S4A–S4C). Interestingly, immunohistochemical analysis of

prostates from PTEN+/" mice confirmed reduced expression of

p62 in the stromal compartment compared with those from WT

mice (Figure S4D). To further support the role of p62 deficiency

in the stroma in driving tumorigenesis in vivo, we coinjected syn-

geneic PCa cells (TRAMP-C2Re3) with WT or p62 KO fibroblasts

and assessed the effect that fibroblasts exert on tumor growth.

Tumors coinjected with p62 KO fibroblasts grew significantly

faster andwere larger than tumors inmice injectedwithWT fibro-

blasts, consistent with the cell-autonomous tumor-promoting

activity of p62-deficient fibroblasts on epithelial PCa cells (Fig-

ures 6K and 6L). In agreement with this, bromodeoxyuridine

(BrdU) incorporation was increased in the p62 KO fibroblast-

driven tumors (Figures 6M and 6N).

(H and I) RT-PCR of IL-6 mRNA (H) and IL-6 ELISA (I) in the same cells (n = 3) as in (G).

(J) Quantification of intracellular GSH levels in WT shNT and shMyc cells (n = 3).

(K) H&E-stained organotypic gels of TRAMP-C2Re3 cells with shNT or shMyc fibroblasts. The scale bar represents 100 mm.

(L and M) Quantification of PCa cell invasion (L) and proliferation index (M) of experiment shown in (K).

(N) Invasion index determined by modified Boyden chamber assay of Myc-CaP cells cocultured with shNT and shMyc fibroblasts.

(O) RT-PCR of c-Myc and IL-6 mRNA levels in FACS-isolated prostate stromal cells from WT and p62 KO mice (n = 3).

(P) Immunoblot analysis with the indicated antibodies of cell lysates of WT and p62 KO fibroblasts.

(Q) Immunoblot analysis for the specified proteins of cell lysates from p62 KO fibroblasts retrovirally infected with control vector (control) or FLAG-RagBGTP

expression vector (RagBGTP). Results are representative of three experiments.

(R) IL-6 ELISA (n = 3) in cells shown in (Q).

(S and T) Immunoblot analysis of c-Myc and p-S6K in fibroblasts treated with rapamycin (S) or Torin1 (T) for 12 hr.

(U) Intracellular GSH levels in fibroblasts treated with Torin1.

(V) IL-6 ELISA in fibroblasts treated with Torin1 (n = 3).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Results are presented as mean ± SEM.
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Figure 6. p62 Deficiency Accelerates Prostate Tumor Progression in Different Mouse Models of Prostate Cancer

(A) Hyperplasia in the prostatic anterior lobe of p62 KO mice. H&E and Ki67 staining of prostates from 9-month-old WT and p62 KO mice (n = 5).

(B) Quantification of Ki67-positive cells in the prostate sections shown in (A). Results are the means ± SD of counts from 10 different fields per mouse (n = 5).

(C) PIN in the dorsolateral lobes of prostates from 12-month-old p62 KO mice.

(D) Representative examples of H&E staining of dorsolateral lobes of prostates from PTEN+/" and PTEN+/"/p62 KO mice at 6 months of age (n = 5).

(E) Percentage of glands with HG-PIN (n = 5 mice).

(F) Kaplan-Meier survival curve of TRAMP+ mice (n = 10), compared with TRAMP+/p62 KO mice (n = 15).

(G) Representative H&E staining of mouse prostate sections from TRAMP+ and TRAMP+/p62 KO mice (n = 10).

(H) Incidence of neuroendocrine tumors in TRAMP+ (n = 12) and TRAMP+/p62 KO mice (n = 19).

(I and J) Incidence of metastasis (I) and liver metastasis (J) in TRAMP+ compared with TRAMP+/p62 KO mice.

(K–M) Coinjection of syngeneic TRAMPC2-Re3 PCa cells with either WT or p62 KO fibroblasts in C57BL/6 mice. (K) Tumor volume assessed at different time

points after injection (n = 7 mice). (L) Tumor weight at 6 weeks after injection (n = 7 mice). (M) BrdU staining in tumor sections.

(N) Quantification of BrdU positive cells of (M).

Results are presented as mean ± SEM (n = 10). *p < 0.05, ****p < 0.001. The scale bars represent 25 mm. See also Figure S4.
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p62/mTORC1/c-Myc Connection in Human Cancer
Stroma
To determine whether the identified link between p62 and c-Myc

through mTORC1 has relevance to the role of the stroma in hu-

man cancer, we used bioinformatics to analyze c-Myc transcript

levels in two sets of human gene-expression arrays from pros-

tate and breast cancer stroma. Stroma of human tumors

displayed reduced levels of c-Myc (Figure 7A), and there was

a statistically significant correlation between c-Myc and p62

expression in tumor stroma (Figure 7B), emphasizing the clinical

relevance of the p62-Myc connection in the stroma. To further

explore the link between p62 and mTORC1 in the tumor stroma

of human cancers, we identified expression neighbors of p62.

We developed this gene signature by using the human cancer

stroma data set shown in Figure 7A, in which we classified

tumors on the basis of p62 expression levels and selected for

analysis only those samples in the top and bottom 25%. Interest-

ingly, this analysis revealed a statistically significant correlation

between p62 expression and that of genes previously reported

to be controlled by mTORC1 activity (Figure 7C; Figure S5)

(Peña-Llopis et al., 2011). We determined the expression levels

of a selection of these genes by RT-PCR and found that their

expression was reduced in p62 KO fibroblasts compared with

WT (Figure 7D). The same results were obtained when these

were analyzed in prostate stromal cell preparations from p62

KO and WT mice (Figure 7E). Furthermore, we found a clear sta-

tistically significant correlation between p62 expression and that

of these genes in human cancer stroma (Figures S5B–S5H). Alto-

gether, these results demonstrate that the p62/mTORC1/c-Myc

connection is not only relevant in the mouse prostate stroma but

it is also important in human cancer stroma.

DISCUSSION

Tumorigenesis is a slow process that is initiated by the succes-

sive accumulation of genetic and epigenetic changes that result

in the activation of cell growth and survival genes and the inacti-

vation of tumor suppressors (Hanahan and Weinberg, 2011).

However, for tumor development to take place, initiation is not

sufficient. Other signals are required to drive tumor promotion

Figure 7. The p62-Myc-mTORC1 Cassette Is Downregulated in Prostate Tumor-Associated Stroma in Human Samples

(A) Myc levels are downregulated in the tumor stroma of human tissue samples. Data were collated from public data sets of gene expression in tumor stroma in

several human cancers: GSE34312 (prostate cancer) and GSE9014 (breast cancer). The p value, fold change of expression, and size of the sample (n) for each

study are indicated in the corresponding panels.

(B) Positive correlation between p62 and Myc levels in the stroma.

(C) Heatmap of mTORC1 signature selected from p62 neighboring genes in human stroma. p62 levels are indicated as SQSTM1.

(D and E) RT-PCR analysis of mTORC1 genes in WT and p62 KO fibroblasts (D) and in FACS sorted mouse prostate stromal fraction (E).

*p < 0.05, **p < 0.01, ***p < 0.001. Results are presented as mean ± SEM (n = 3). See also Figure S5.
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and progression and the development of the fully malignant

stage. The progression phase is most likely orchestrated via

the tumor microenvironment by nonepithelial cells in which

metabolic stress and inflammation create an environment in

which epithelial tumor-derived cells propagate and acquire

more aggressive phenotypes (Hanahan and Coussens, 2012;

Hanahan and Weinberg, 2011). Immune cells, such as tumor-

associated macrophages, are among the cell types in the tumor

microenvironment that contribute to inflammation (Coussens

and Werb, 2002; Johansson et al., 2008). On the other hand, a

crosstalk between metabolic pathways in the stromal and

epithelial compartments of the tumor may drive the survival

and growth of epithelial cancer cells (Lisanti et al., 2013). How-

ever, it has not been thoroughly investigated whether metabolic

reprogramming in the stromal cells of the tumor microenviron-

ment exerts any control over inflammation and the malignant

characteristics of the transformed epithelium.

Here we demonstrate that the inactivation of mTORC1 in p62-

deficient stromal fibroblasts results in metabolic reprogramming

through c-Myc inactivation (Figure 8). This reprogramming leads

to increased levels of IL-6, which promotes epithelial cell

invasion and proliferation. Therefore, because of its regulation

of mTORC1, p62 emerges as a tumor suppressor that acts by

regulating c-Myc and thus inducing an inflammatory response.

These results are in marked contrast to the role played by p62

and mTORC1 in epithelial cancer cells. That is, we have recently

demonstrated that p62 inactivation in PCa and lung adenocarci-

noma epithelial cells inhibits the proliferation and tumorigenic

properties of these cells and correlates with decreasedmTORC1

activation. Moreover, the increased IL-6 phenotype can be re-

verted by expression of a permanently active mutant of the

mTORC1 activator RagB. This has important implications from

a therapeutic point of view because inhibition of p62 and/or

mTORC1 may result in opposite effects in the stroma and

the epithelium of the tumor, thus reducing the efficacy of broadly

applied mTORC1-based chemotherapeutic approaches. In

this regard, these results are reminiscent of the dual role that

mTORC1 might play as a regulator of autophagy, which can

have a tumor-suppressing or a tumor-promoting effect, depend-

ing of the stage of the tumor (Guo et al., 2013; Levine and

Kroemer, 2008), and also on whether the manipulation takes

place in the epithelium or in the stroma (Lisanti et al., 2013).

Our data using KO mice clearly reveal that p62 deficiency cre-

ates a protumorigenic environment for p62-proficient PCa cells

in orthotopic experiments and also show that, even under normal

conditions, it drives PIN formation in the endogenous epithelium

in the absence of any other induced mutations. Furthermore, in

two PCa models, the lack of p62 at an organismal level results

in increased tumorigenesis, despite the fact that p62 is absent

not only in the stroma but also in the transformed epithelium.

These results are very important because they demonstrate

that even though p62 is required for epithelial cancer cells to pro-

liferate in vitro and in xenografts (Duran et al., 2011), the p62-

deficient tumor microenvironment overrides the requirement

for p62 in the epithelium. Our in vitro and in vivo findings establish

that increased IL-6 levels generated by stromal fibroblasts are a

critical event in that process. Therefore, it can be predicted that

total ablation of p62 at an organismal level, either genetically or

pharmacologically, may increase tumorigenesis, rather than in-

hibiting it, depending on the contribution of the stroma and the

ability of p62 deficiency to reprogram stromal metabolism to

generate ROS and inflammation. Our data shown here demon-

strate that this is the case in prostate tumorigenesis and suggest

that it could be a relevant mechanism in other tumor types as

well. The proinflammatorymicroenvironment in the p62-deficient

stroma results in a CAF-activated phenotype that is maintained

by stromal TGF-b production. This is consistent with previous

results in colon cancer demonstrating that a TGF-b-activated

tumor microenvironment is critical for fully aggressive cancer

cells to metastasize (Calon et al., 2012).

Metabolic reprogramming in cancer is emerging as a central

process in tumor cell survival and growth (DeBerardinis and

Thompson, 2012; Metallo and Vander Heiden, 2013; Vander Hei-

den, 2013). The so-called Warburg effect supports the impor-

tance of an atypical glucose metabolism tailored to the cancer

cell’s need for efficient anabolic utilization of nutrients (Vander

Heiden et al., 2009). More recently, different types of reprogram-

ming events have been unveiled that constitute specific re-

sponses of the tumor cell to a nutrient-deficient environment.

These include the metabolism of serine or the utilization of the

PPP to alleviate oxidative stress conditions during tumorigenesis

(Locasale, 2013; Ma et al., 2013; Possemato et al., 2011; Vander

Heiden et al., 2010). In the current study, we show that metabolic

reprogramming triggered by p62 deficiency in the tumor stroma

is critical for the creation of a protumorigenic inflammatory envi-

ronment driven by IL-6. Moreover, we have shown that this in-

volves an mTORC1/c-Myc/ROS cascade that is controlled by

p62. In this regard, previous results from our and other labora-

tories have shown that p62 represses ROS by inducing the acti-

vation of NF-kB- or NRF2-dependent detoxifying molecules

(Duran et al., 2008; Komatsu et al., 2010; Ling et al., 2012). Sur-

prisingly, neither of these two transcription factors nor Keap1

Figure 8. Stromal Activation by p62 Deficiency in Cancer

Tumor epithelium promotes the downregulation of p62 in stromal fibroblasts,

leading to reduced mTORC1 activity and c-Myc expression, which results

in impaired metabolic detoxification and the subsequent release of ROS and

IL-6. An autocrine pathway promotes TGF-b and the induction of CAF

phenotype, which further increases epithelial invasion and tumorigenesis.
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levels were affected in p62-deficient stromal fibroblasts, indi-

cating that p62 may use diverse cascades in different cellular

compartments of the tumor. Interestingly, our previous data

demonstrate that under conditions of Ras-induced transforma-

tion, p62 deficiency leads to increased cell death and reduced

tumorigenesis due to enhanced ROS production (Duran et al.,

2008). In contrast, we show here that the enhanced ROS

observed in the untransformed stromal fibroblasts does not

result in increased cell death but rather in the creation of a proin-

flammatory phenotype. The main conclusion of these results is

that increased ROS production induced by p62 deficiency has

different outcomes depending on the cell type and the mecha-

nisms whereby ROS is produced. The outcome also depends

on whether or not the levels of ROS are high enough to engage

a c-Jun N-terminal kinase-driven cell-death pathway, as found

in the Ras-tumor cell, as opposed to increased IL-6 production

and a protumorigenic effect on epithelial cells, as we demon-

strated in the stromal nontransformed fibroblasts.

Importantly, we were able to show that the implication of the

p62/mTORC1/c-Myc cascade is relevant not only in mouse

model systems but also in human samples, in which this pathway

is inactivated in the tumor stroma. Therefore, our findings sup-

port amore comprehensive approachwhen devising therapeutic

strategies in cancer, which should take into account not only the

altered pathways in the transformed epithelial compartment

but also how the inhibition of these cascades might affect the

surrounding stroma. Our observations suggest that pharmaco-

logical inhibition of IL-6 and/or TGF-b to target stromal activa-

tion could be beneficial in combination with epithelial-targeted

therapies.

EXPERIMENTAL PROCEDURES

Mice

WT, p62 KO, PTEN+/", and TRAMP+ mice were previously described (Durán

et al., 2004; Di Cristofano et al., 1998; Greenberg et al., 1995). All mouse strains

were generated in a C57BL/6 background. All mice were born and maintained

under pathogen-free conditions. All genotyping was done by PCR. Mice were

sacrificed and genitourinary (GU) sections were dissected. Mice were injected

with 5-bromo-20-deoxyuridine intraperitoneally and sacrificed 2 hr after injec-

tion. Animal handling and experimental procedures conformed to institutional

guidelines (Sanford-Burnham Medical Research Institute Institutional Animal

Care and Use Committee).

Cell Lysis and Western Immunoblotting

Cells were rinsed once with ice-cold PBS and lysed in radioimmunoprecipita-

tion assay buffer (1 3 PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate,

0.1% SDS, 1 mM phenyl methyl sulfonyl fluoride, and protease inhibitors).

Cell extracts were denatured, subjected to 8% to 14%SDS-PAGE, transferred

to nitrocellulose-enhanced chemiluminescence membranes (GE Healthcare),

and immunoblotted with the specific antibodies. Chemiluminescence was

used to detect the proteins (Thermo Scientific).

Statistical Analysis

Significant differences between groups were determined using Student’s

t test. Scoring of immunostaining of human prostate tissue microarrays was

analyzed using Fisher’s exact test. The significance level for statistical testing

was set at p < 0.05.
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June 20-23, 2015 • Florence, Italy

Chromatin and Epigenetics in Cancer
Co-Chairpersons: Peter A. Jones,
Sharon Y. R. Dent, and CharlesW. M. Roberts
September 24-27, 2015 • Atlanta, GA

CRI-CIMT-EATI-AACR The Inaugural
International Cancer Immunotherapy
Conference: Translating Science into Survival
September 27-30, 2015 • New York, NY

Advances in Breast Cancer Research
Co-Chairpersons: Matthew J. Ellis,
Charles M. Perou, and Jane E. Visvader
October 17-20, 2015 • Bellevue, WA

Advances in Ovarian Cancer: Exploiting
Vulnerabilities
Co-Chairpersons: Kathleen R. Cho,
Douglas A. Levine, and Benjamin G. Neel
October 17-20, 2015 • Orlando, FL

Fourth AACR International Conference
on Frontiers in Basic Cancer Research
Chairperson: M. Celeste Simon;
Co-Chairpersons: James P. Allison, John E. Dick,
Nathanael S. Gray, and Victor E. Velculescu
October 23-26, 2015 • Philadelphia, PA

Basic Science of Sarcomas
Co-Chairpersons: Robert G. Maki, Angelo Paolo Dei Tos,
Jonathan A. Fletcher, Lee J. Helman, and Brian Van Tine
November 3-4, 2015 • Salt Lake City, UT

AACR-NCI-EORTC International Conference on
Molecular Targets and Cancer Therapeutics
Scientific Committee Co-Chairpersons: Levi A. Garraway,
Lee J. Helman, and Jean-Charles Soria
November 5-9, 2015 • Boston, MA

Pediatric Oncology
Co-Chairpersons: Scott Armstrong, Charles G. Mullighan,
KevinM. Shannon, and Kimberly Stegmaier
November 9-12, 2015 • Fort Lauderdale, FL

NewHorizons in Cancer Research
Co-Chairpersons: Lewis C. Cantley and Carlos L. Arteaga
November 12-15, 2015 • Shanghai, China

Eighth AACR Conference on the Science of
Cancer Health Disparities in Racial/Ethnic Minorities
and the Medically Underserved
Co-Chairpersons: John M. Carethers, Marcia R. Cruz-
Correa, Mary Jackson Scroggins, Edith A. Perez, Beti
Thompson,
and Cheryl L. Willman
November 13 - 16, 2015 Atlanta, GA

Developmental Biology and Cancer
Co-Chairpersons: Hans Clevers,
Stuart Orkin, and Suzanne Baker
November 30-December 3, 2015 • Boston, MA

Tumor Metastasis
Co-Chairpersons: Bruce R. Zetter,
MelodyA. Swartz, and JeffreyW. Pollard
November 30-December 3, 2015 • Austin, TX

Noncoding RNAs and Cancer
Co-Chairpersons: Howard Y. Chang,
Jeannie T. Lee, and JoshuaMendell
December 4-7, 2015 • Boston, MA

SanAntonioBreast Cancer Symposium
Co-Directors: Carlos L. Arteaga, Virginia Kaklamani,
and C. Kent Osborne
December 8-12, 2015 • San Antonio, TX

Tenth AACR-JCA Joint Conference
Conference Co-Chairpersons: Frank McCormick and
Tetsuo Noda
February 16-20, 2016 • Maui, Hawaii

AACRAnnual Meeting 2016
Program Committee Chairperson: Scott Armstrong
April 16-20, 2016 • New Orleans, LA



BIO-RAD’S DROPLET DIGITAL™ PCR SYSTEMS

Over 200 Peer-Reviewed Droplet Digital PcR (ddPcR™) Publications*
From detection of rare mutations and cancer biomarkers to quantification of gene expression and
miniscule viral loads, the QX100™ and QX200™ Droplet Digital PCR Systems have been used to
redefine the limits of absolute nucleic acid quantification. With over 200 peer-reviewed publications,
ddPCR platforms have outperformed other digital PCR systems by several orders of magnitude. The
third-generation QX200™ AutoDG™ System now brings automation and scalability to digital PCR.

Visit bio-rad.com/info/cancercell200 for the publication list and to learn more.

BIO-RAD’S DROPLET DIGITAL™ PCR SYSTEMS

* Based on PubMed data, February 2015.



See the
difference?

With NanoString’s nCounter® Analysis System, you can believe the differences you see. nCounter offers
streamlined, enzyme-free* technology that eliminates both cDNA synthesis and PCR amplification, so you won’t
waste your time with artifacts or variable results. You get clinic-ready data that can be validated and trusted today.

IN TRANSLATIONAL RESEARCH, EVERY DIFFERENCE COUNTS. NO MATTER
HOW COMPLEX YOUR SAMPLESORHOWCHALLENGING YOURQUESTIONS,WITH
nCOUNTER, YOU’LL FIND THE REAL DIFFERENCE—EVERY RUN, EVERY TIME.

www.nanostring.com/see-the-difference

FIGUREA FIGURE B

*Single Cell assay requires amplification prior to analysis on the nCounter Analysis System.


