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Prostate cancer is the most commonly diagnosed cancer in American men and accounts
for approximately 11% of canceelated deathsAlthough promising treatment strategies have
been developed and are currently being tested in dliniads, standard practices in the
treatment of prostate cancer remain inadequaléis is due in large part to the heterogeneous
and multifocal nature of prostate tumors which severely complicates efforts to stratify patients
and to idenfiy therapeut targets to effectively treat prostate canc&rbetter understanding of
the molecular mechanisms that drive prostate cancer initiation and progression to advanced
stages is needed in order to design effeatiggnostic andreatment strategies.

The transmembrane protein witiGFlike and two follistatin domains 2 (TMEFF23

selectively expressed in tlaelultbrain and the prostate and is overexpressed in prostate ,cancer



suggesting a potential role in the establishmentaangdogression of the disea Previous
reports on TMEFF2 function have revealed a complex biology with seemingly diverse cellular
effects, and its role in prostate canbas remained uncleafhe studies presented hereamine
the bidogical function of TMEFF2 in prostate cander order to evaluate its potential as a
molecular targefor prostate canceor as adiagnostic/prognostic biomarkerData obtained
using prostate cancer cell lines pexito a role for TMEF2 as a tumor suppressor as its
overexpression resulted in a tpot inhibition of anchoragmdependent growth, reduced
proliferation ratesthe promotion of apoptosiand a decrease in invasiomhe tumor suppressor
function of TMEFF2 was further demonstratéadough the inhibition osubcutaneous tumor
developmenin a TRAMP-C2 allograft model.

Evidence that TMEFF2 expression can be upregulated by androgen stimuratipost
transcriptionafashionsuggests a potentialechanisnby whichits expressiowanbe modulated
in prostate cancer. We therefomevestgatal the posttranscriptional regulatory pathway
controllingthe expression of TMEFF2 jorostate cancer cellndits connection with androgen
signaling. The presence of conserved upstream open reading fram@RFs)i n t |kagler 5 0
regionof its mRNA transcriptprompted us to investigate the possibititat androgen signaling
stimulates TMEFF2 translatiothrough these regulatory sequence®ur results show that
TMEFF2 translationis inhibited by its uUORFs under normal conditiphewever,the uORFs
mediatea translatioml increase in TMEFF2 expression in response to androgen stimulation
through the phosphorylation of theni t i at i o n Thisaeffectdsdependeft 20 a
functional androgen receapt (AR). During the course of prostate tumorigenetig, selective
translational increase inORFcontaining transcriptdy androgen signalingnay represent a

mechanism by Wich certain transcripts are selectively regulated to influence tumor progression



As a toolto studyrole of TMEFF2in prostate tumorigenesis vivo and to evaluate its
potential as a biomarkewe generatd and initiated the characterization ahovd transgenic
mouse modeWwith TMEFF2 expression exclusively in the prostate epitheliddgitimately this
modelwill be used to study the function of TMEFF2 in the developfhardtion of the prostate

gland and in prostate cancer.






An Examination of the Functional Role of TMEFF2 in Prostate Cancer and the

Translational Regulatory MechanismsControlling its Expression

A Dissertation presented to:
The Faculty of the Department of Biochemistry and Molecular Biology

East Carolina University

In PartialFulfillment
Of the Requirements of the Degree

Doctor of Philosophy in Biochemistand Molecular Biology

By
Ryan Franklin Overcash

September2012



©Copyright 2012

Ryan Franklin Overcash



An Examination of the Functional Role of TMEFF2 in Prostate Cancer and the

Translational Regulatory MechanismsControlling its Expression

By

Ryan F. Overcash

APPROVED BY:

DIRECTOR OF DISSERTATION:

Maria J RuizEchevarria, PhD

COMMITTEE MEMBER:

Phillip H. PekalaPhD
COMMITTEE MEMBER:

Brett D. Keiper, PhD
COMMITTEE MEMBER:

Li Yang, PhD
COMMITTEE MEMBER:

LanceC. Bridges, PhD

CHAIR OF THE DEPARTMENT OBIOCHEMISTRY AND MOLECULAR BIOLOGY:

Phillip H. PekalaPhD
DEAN OF THE GRADUATE SCHOOL

Paul J. Gemperline, PhD



DEDICATION

| would like to dedicate this work to my wifer making this research possible and for her
supportto my children for inspiring and motivating me, atedny parents for many years of

academic guidance and support.



TABLE OF CONTENTS

Page

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
"""""""""""""""""""""

"""""""""""""""""""

CHAPTER 4:ANDROGEN SIGNALLING PFOMOTESTRANSLATION OF
TMEFF2IN PROSTATE CANCER CELLS VIA PHOSPHORYLATION OF THE

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

CHAPTERG6:DIS@®SSION: é e é e éeééeéeéeéeéeéeéeeeeeé 83
REFERENCES é ¢ ééééééeééeecéecéeééeceééeceééecéeéeeée . .89
APPENDIX A:IACUC LETTER OF APPROVAE é ¢ ¢ é ¢ e ééééeééeéé . 107
APPENDIX B: COPYRIGHT PERMISSION LETTERS AND POLICIES: é é é é e é 108



LIST OF FIGURES

CHAPTER 1 Page

///////////////////

Figure 3. Role of androgen signaling in prostate caécéré é ¢ ¢ ¢ é e ¢ é ¢ € é é . 15
Figure 4. Structuraffeatureof theTMEFF2 proteié é é é e é é é e é e ée é e é . 20.
CHAPTER 3

Figure 5. TMEFF2 inhibits proliferation and anchoragelepenént

//////////////////////
,,,,,,,,,,,,,,,,

//////////////////

CHAPTER 4

Figure 8. Th e u ORF sUTR of TMERRR inhitbid translation of the main

//////////////////

////////////

,,,,,,

ER stress



LIST OF FIGURES (continued)
CHAPTER 5
CHAPTER 6

Figure 15. Model of TMEFF2 action in the course of prostate tumorigeéesie € é é € .87



CHAPTER 2

LIST OF TABLES

/////////////////



4EBP1

AA

ADAM

ADT

AR

ATF4

BACT

BIC

CDK

cDNA

CLT

CMV

CRPC

CSS

DHT

DMEM

DMSO

DNA

DOX

eEF

elF

ABBREVIATIONS

elF4E binding protein 1

Amino acid

A disintegin and metalloproteinase
Androgen deprivation therapy
Androgen receptor

Activating transcription factor 4
Betaactin

Bicalutamde

Cyclin-dependent kinase
Complementary DNA

Clotrimazole

Cytomegalovirus

Castrationresistant prostate cancer
Charcoalstripped serum
Dihydrotestosterone

Dul bemacdidofsi ed eagl eds
Dimethyl sulfoxide

Deoxyribonucleic acid

Doxycycline
Eukaryotictranslatiorelongation factor

Eukaryotictranslationinitiation factor

me d i

um



EGF

FACS

FBS

FITC

GCN2

GLuc

HEPES

HIS

HRI

HRP

IL-1

KSF

MEF

MRNA

mTOR

MTT

oD

PB

PBS

PCR

PDGF

PERK

PIN

Epidermal growth factor

Fluorescenc@activated cell sorting

Fetal bovire serum

Fluorescein isothiocyanate

General control nonderepressible kinase 2
Gaussia luciferase
4-(2-hydroxyethyl}1-piperazineethanesulfonic acid
Histidine

Hemer egul ated el F2U kinase
Horseradish peradase

Interleukin1

Keratinocyte serunafree medium

Murine embryonic fibroblasts

Messenger RNA

Mammalian target of rapamycin
(3-(4,5-Dimethylthiazot2-yl)-2,5-diphenytetrazolium bromide
Optical density

Probasin

Phosphate buffered saline

Polymerase chain reaction

Plateletderived growth factor

Pancreatic endoplasmic reticulum kinase

Prostatidntraepitheliaheoplasia



PKR
PSA
PTEN
PVDF
gRT-PCR
RIPA
RNA
RNAI
RPMI
SARDH
SD
SEAP
SHH
SiRNA
TA
TBST
TE

TG
TGFb
TMEFF
TNF-U
TRAMP

uORF

Protein Kinase R
Prostatespecificantigen

Phosphatase and tensin homolog
Polyvinylidenedifluoride

Quantitative reverse transcriptitCR
Radioimmunoprecipitation assayffer
Ribonucleic acid

RNA interference

Roswell park memoriahstitutemedium
Sarcosine dehydrogenase

Standard deviation

Secreted alkaline phosphatase

Sonic hedgehog

Small interfering RNA

Transactivator

Tris buffered salineTween20
TrissEDTA

Thapsigargin

Transforming growth facteb
Transmembrane protein with Edike and two follistatin domains
Tumor necrosis facte

Transgenic adenocarcinoma of the mouse prostate

Upstream open reading frame



UTR

WT

Untranslated region

Wild-type



CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW

The hallmarks of cancer

Tumorigenesis is a midtep procesdriven bya siccessiorof genomic alterationthat
confer a phenotype of uncontrolled growth and survivihe speific genetic or epigenetic
alterations that drive tumor initiation and progression can vary greatly in distinct forms of
cancer . However, a common set of phenotypic
are common to most cancer cells and #at critical for malignant progressiornThese traits
include increased proliferatioand invasion capabilitiegesistance to cell death, si@n of
growth suppreseg signals, angiogenesiand replicative immortalityFig. 144). Each of these
traits plays a distinct role in the disease procesBowever they are oftencontrolled by
overlapping signaling pathwagsid multiple traits canooperaté¢o promote tumor progression.

The acquisition of the haflarks of canceduring tumor progression griven bycertain
characteristics oboth the cancer cellshemselves and of the cells that make up the tumor
microenvironment Geromic instability isone of the drivers of almost all cancer c€68) and
serves a critical role in tumor progression by promoting the selection of traits that provide the
cancer a growth or survival advantag&he onset of genomic instability in cancer cells can
occurthrough a variety ofmechanisms that are often dependent on the type of cé@®eand
generally involes the loss of function of DNA repaior checkpoint genes (e.g. p53)
Additionally, inflammatory cells in the tumor microenvironmexticeleratehe accumulation of
genetic aberrationthough the release of reactive oxygen specids solid tumorsmany cell
typesthat make up the tumor microenvironment, including inflammatory aaellisother stromal

cells are capable oflirectly enouraging certain hallmark traits of cancer cells by supplying



growth/survival factors ahextracellular matrbmodifying enzyme$44). A complex interaction

or Acrosstal kd bet ween tehcellshastbeen dembnstratednippiay t me n
a pivotal role in theestablishment oprogression of many types of cancer, including breast,
prostatepancreaticand lung cancer&0, 29, 98)

Stromalepithelial crosstalk alsglays an important role in organ/tissue development
regulating processes like differentiation, proliferatisarvival, and branching of the epithelium.
However, it is now evident that many of the molecylathways involved in the stromal
epithelial crosstalk during development are critical drivers of tumorigen&sis.instance, the
stromal secretion of matrbdegrading enzymes (e.g. MMB that mediate branching
morphogenesis during development se@earucial role in the invasion of cancer ceitdo the
stromal compartmeni94). Additionally, two stromaiderived signaling molecules with
establishedolesin prostatic developmenNotchl and Shh (sonic hedgehage now implicated
in prostate cancer metastagis 69) In fact, the reactivation ofearly vertebrate developmait
pathwaysincluding Notch, &h, BMP, and Wntjs a common observation inglprogression of
most cancer§7). The activation of these pathways has been demonstrated to drive a variety of
hallmark tumorigenic traits, and theechanismm by which these developmental pathways
instigate tumor mrgression largely depend on the type of cancer

The identification of these hallmark traits of cancer caefld the features that promote
them has provided an avenue to therapeutically target the specific pathways that drive tumor
growth and survival. Several drugs have been developed that target one or more of these
tumorigenic traits and have shown efficacy in clinical trials. However, as previously mentioned,
these traits are often regulated by multigegnaling pathways which are capable of

compenating for one another in the event that one is targeted therapeuticedigitionally,
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tumor cells rarely depend on just one of these hallmark capabilitiebjgirig advanced cancers
often display several if not all of these hallmarks. Inhibitspgcfic tumorigenic traits has
therefore proven to be promising but complex strategy to treat carcet require further work

in identifying biomarkers and the molecular pathways dinae the tumorigenic phenotype.
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Figure 1. The hallmark traits of cancer cells. (Adapted from Hanahan and Weinberg, 2011

(44))



Prostate cancer background and pathology

Prostate cancer is the second most deadly cancer for men in the Unitedw8tates
approximately30,000 deaths attributable to the disease every (§arlf detected earlyand
confined to the prostate capsulkesecances can be effectively treated by radical prostatectomy
and radiation themy. Although this treatment has a high success paiigents with advanced
prostate cancer do not have a treatment strategy that will improve thetelomgurvival. The
current gold standard for treating advanced prostate cancer is androgen withadhagtaentails
surgical or chemicalcastration and the administration of androgen antagonistadrogen
withdrawal is effectivan causing the cancer to regreb®wever,it inevitably returns with an
aggressive phenotype th& characterized by derelgied androgen signalingCastration
resistantprostate cancer, CRPG)and for which there is no cu@3, 92) It is therefore
imperative to gain a better understanding of the mecharttsmdeadto the establishment and
progression of this disease in order to desfiactive treatments andentify novel biomarkers
for its diagnosis and prognosis.

An insufficient understanding of the molecuf@athwaysdriving prostate tumorigenesis
hashindered the molecular targeting and personalized therapies which have gained traction in
many other cancers This shortage of information on the molecular basis of prostate cancer
initiation is likely due several reasons. Fiste heterogeneous and mudt&l nature of prostate
cancer makes it difficult to obtain homogeneous samples for anafysisto tease out the
pathways that are critical for its survival. Additionaligpst clinical samplearederived from
highly advanced caersthat are charactézed by aplethoraof mutationsand other genomic
alterations making it difficult to determine the genetic cause of progreswiopach stage.

Furthermore, understanding the disease process is further complicated by the transition from
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androgerdependent to castratiorresistant prostate cancer that occurs during disease
progressionwhich isaccompanied by or driven by alterationseveraimolecular pathways that
allow for androgenndependent growth and survival.

Few Asignaturebo g atadeas hehneditarg fachoes anwolveid nmpthei ¢
pathogenesis of prostate canc@&he vast majority of prostate cancer cases are sporadic and do
not involve hereditary factor€b7). However, a few gene alterations have biemtified in
families with hereditary prostate cancer thate believed to drive disease initiation and/or
progression(reviewed in(57)). For instance, Ewing et al. recenilyentified a mutation in
HoxB13, a member © a key pathway inprostatic developmentthat is associated with a
significantly increased risk of hereditary prostate canaed early disease onsé81).
Overexpression oHoxB13 has beerobserved in CRPC washown to provide a growth
advantage to prostate cancer cells in the presence of low androgertdéyels

Genetic and epigenetic studies have identifiedmerous sporadic chromosomal
aberrationsthat are frequently deteted in prostate cancer specimens andamsociatedvith
certain stages of progressiolthough the specific roles @hany of the altered genesdriving
the disease are not fully understoad,vitro functional studies andransgenic mouse models
hawe demonstratedhat modulations in their expression can be driving forokgprostate
tumorigenesis rather than seclary effectof tumor progressian The proceeding sections will
briefly review the stages of prostate tumorigenesis and refessmoe ofthe most common
geneticthromosomal alterations that have bassociated with certain stages of progression.

The human prostate is dividedto the peripheralcentral, and transitiozones. The
majority of prostate tumors develap the peripheral andenitral zonesn small glandular acini

which emptysecretionsinto the urethraEach acini is comprised of secretory luminal cells
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which, in healthy prostate tissue, are surrounded by a thin layer of basal and neuroendocrine cells
(Figure 2; normal epithelim). The tissue surrounding the acisia fibromuscular stroma that

plays a critical role in prdate development, epithelial cell differentiation, and in prostate
tumorigenesis(20). Prostate cancer firsappears in the epithelium of the prostate as a
hyperplastic lesion of cellsa state knowras prostatic intraepithelial neoplasia (PIN). These
lesions are a result of unchecked proliferation and/or a reduction in rates of apoptosis in a subset
of the epibelial cells that line thglandular lunna; however, at this stage the cells aonfined

by the basal cell layeand the lesion does not extend into the stromhe loss of chromosome

region 8pl221 is associated with this early stage of cancer andaestadies point to a role for

the NKX3.1homeoboxtumor suppressayene, located in this region, as a cause for driving PIN
formation (11, 12) Transgenic mouse models that tafy&txX3.1for inactivation display PIN
formation that resembles human F#dtures however it is not enough to lead to invasive cancer
(11). In addition toNKX3.1, the MYC oncogeneis frequently upregulated in both PIN and
prostaite cancetissueand has been suggested to play a role in the initiation of(#2ZN The
chromosomal region which contains thkC gene, 8qg24is amplified in several cancer types
including prostate cancébl, 56) and its oncogenic fiction is well establisheth vitro andin

vivo. In support of its role in prostate cancer developmiglyt; overexpressiom a transgenic

mouse modedkads to thelevebpment of PINand adenaarcinoma(28, 50)
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Figure 2: General stages of prostate cancer progressiorProgression through each stage is
associated with gene alterations (chom@mal aberrations, mutations, epigenetic modifications)

that result in the loss of tumor suppressor genes or the activation of oncofbaegeregulated
genes/pathways have been associated with certain stages of disease progression based on
expression mfiling studies from prostate cancer specimens derived from different stages of

progression.

*This figure was originally published in Genes & Developm&iien, M. and C AbaiShen.

Molecular genetics of prostate cancer: new prospects for old challe@Ggaes & Dev2010;

24:19672000. © Cold Spring Harbor Laboratory Préa8)



Following the establishment d?IN lesions further genetic aberrations lead dsease
progression to prostate adecarcinomawhen neplastic cells beginot obstruct the glandular
lumina and invade the stromal compartment. These cells are no longeragmwttby the
basement membranghich in early stages dfumorigenesisacts as a mechanical barrier to
prevent malignant cells fro invading surrounding tissue.Cases of pstateadenecarcinoma
are described as lateifithere areno symptomdor the patienor evidenceof spreading to other
tissues; and in many cases these will remain lateotveler, thg can also progress to cloal
adenecarcinoma as cells invade the tissue surrounding the prastatieas the seminal vesicles
and/or bladderoften coinciding with the onset of symptom§&ome genetic aberrations have
beenidentified in a large fraction of postate adesaycinomaspecimenghat are believed to be
involved in the progression of the diseadter the initiation ofPIN. For example, regiohOct
23.1 is frequently lost during prostate cancer progression at some pointaafterinitiation,
andthis genetic alteratiofs rarely found in PINesions(88). This locus harborthe phosphatase
and tensin homologue (PTENumor suppressor. PTEN dephosphorylates and inactivates
phosphatidylinositol (3,4,5) triphosphate (F3) andreduces signaling through AKT/PKB, a
pathway that strongly promotes cellular growth, metabolism, proliferation, and survival (15).
Decreased PTEN expression or function is frequently observed in prostater @and several
other cancerscluding glioblasoma, breast, and endometrial can¢8&). Its tumor suppressor
function in prostate cancer has bedemonstratedn a PTEN homozygous null mouse model
which targeted both alleles of the gene for inactivatiariuskvely in the prostate. These mice

develop prostate tumors which rapidly progress through the entire continuum of carcinogenesis,
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from low grade PIN to metastagj$05) Another common chromosomal aberrationtthas
been implicated in driving progressipastPIN is the TMPRSSERG gene fusianThis fusion
results in theandrogerregulatedactivation ofERG, a member of thETS transcription factor
family. The functional consequencesBRG activation areot fully understood, however it is
believed to inhibit epithelial cell differentiation programs and cooperate with other oncogenic
events to promote disease progression after the initiatior{gp

The invasion ofrostate cancer cells into tissues surrounding the prostate puts the cells
into a position to metastasize and colonize distant. sifesancer cells are able to detatbm
the original tumor anénterblood and lymph vesselthey may colonize distanite(s) and form
metastatic fogirepresenting theerminal stage of cancer progressibnhuman prostate cancer
the primary site of metastasis is the bone, but it can also spread to the lung and lymph nodes.
The progression of localized prostate cancemetastasiss a multistep process that requires
dramatic changes in the phenotype @ tancer cells, as well as the crta& between the cells
and the surrounding environment, to be able to survive and colonize foreign tiS$ee.
activation of onogenes that drive a metastatic phenotype and/or the loss of tumor suppressor
genes that protect against metastasis provide the cells the ability to spread to othean$sues
survive to form secondary tumorsAlthough an abundance of genes have beenridedcas
having roles in the process of metastasis, somieofniost common gene alteratiafetected in
metastatiqorostate cancehat are thought to play a causative roldate-stage progression are
mentioned below Latestage prostate cancers commyo show the loss of a region of
chromosome 13q, which contains the RetinoblastoRi) {umor suppressor ger(6l). The
protein encoded by this gene is well known to have a negative influentenanigenesisy

antagnizing transcription factors of the E2F famignd its loss leads to increased expression of
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cell cycle genes andcreasd AR activity (89). Additionally, mutations in the tumor suppressor
p53 and allelic lossit the p53 locus, 17p, have been detected primarilgtén stageprostate
cancersalthough the frequency of these aberrations has varied greatly in the lit¢18u8s)
The p53 tumor suppressor functiornas been implicated in the progression @RPC and
metastasi$§76), and although its effects are pleiotropigoitmarily antagonizesell proliferation
and survivaln tumor cells(40). In supportof a role for Rb and p53 loss of function in prostate
cancey a conditional Rb and p53 compound knockout mouse maidelays invasive and
metastatic carcinoma at a rapid pace, indicatimgt the loss of both gees may have a
synergistic effect that leads to a highly malignant phenotype in some (@44€9s The lysine
methyltransferas&ZH2 genemay also have a role in lagtage disease progression assit
overexpressed ia significant fraction ofcastratiorresistant, metastatic prostate casdaut not
in earlystage tuma (87, 102) Furthermore, gene silencing is a common feature of advance
prostate canceand EZH2 has been proposed to be involved in this prodessivo studies
support a role for EZHM promoting metastasi®7), however i mechanism of action as an
oncogenéhasremained unknown for many yearRecently, Min et al demonstrated that EZH2
epigenetically silencelsey metastasis suppresgenesleading tosimultaneoufkasand NFa B
activation and metastag{g0). These genes ardrong candidatethat may have an influential
role in driving prostate cancer progression to later stageand targeting their
expression/activation may signidintly impair the metastatic progression of prostatecer.
Altogether, hese observations u pp or t a need for mul tiple
(mutations, deletions, epigenetic modifications) to drive prostate cancer progresEian.
aforementioned enetic aberrationsre associated witlcertain stages of the disease based

primarily on cytogenetic or mutational analyses of prostate capmimens andn functional
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studiesof the affected genes in prostate tumorigenesis. Howetleese genes repregeonly a
small fraction of the genes that are altered in prostate canceharithve been implicated in
driving the disease proces$\ewly identified genes with potential roles in prostate cancer are
continuing to emerge, along with novel pathways teaegulate the expression of those genes

through a variety of mechanisms.

The role ofandrogensand the AR in prostate cancer establishment and progression

Although deciphering the molecular pathwayst drive prostate carcinogenesis has
proven to becomplicated it is indisputably clear that androgens and the andrédemplay a
major role in nearly all aspects of prostate biology, from prostate developmenthéo
establishment and progression of prostate canéerdrogers andthe AR have beeprimary
targesf or t he treatment of prostate cancer since
androgen signaling have changed, it remains a major focus of prostate cancer research and
treatment strategies.

The primary androgen, testosterone, ysitsesized almost exclusively in the testes,
although a small amount can be produced in the adrenal glands. Once testosteroileeenters
cells of the prostat# can be converted to dihydrotestosterone (DHT), a more potent form of the
androgen.The biolggical effects of androgens on prostate tissuganeipally mediated though
the AR, amember of thenuclear receptor transcription facttamily that is activated upon
androgen binding. Basal levels of testosterone and DHT are required for cell gremdh
survival in normal prostate tissu@&R signaling inboththe stromal and epithelial compartments
promotes its proliferative homeostasispithelial cell differentiation, anskecetory and metabolic

processeg8). The influence of androgens on these cellular processesiisipally mediated
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through AR transcriptional activation ahdrogerregulatedtarget genesand its actions can be
heavily influenced by a number or coregulators as well as crosstalk with otheapsaitnat can
modulate its activity83).

In addition to its classical role as a transcriptional activator, new roles are surfacing for
androgens and the AR that are independent of its transcriptional effects igreanrm mNlo- 0
genomic androgen signaling can influence a wide variety of cellular processes, mostly mediated
through rapid changes in [Ehlevels or second messenger signaling through several pathways
including MAPK, PKA, and PKC(33). The effects of this type ofindrogen signalingre
relatively rapid and can be dependent on or independent of the AR. The physiological effects of
nongenomic androgeactionsare currently not wellinderstoodand it is not knownf they are
linked with AR transcriptional effects or if they function independently.

The influence of the AR in prostate canceis critical asprostate cancer cellare
dependenbn androgensignaling togrow and survive Therefore plocking androgenddion is
currently the gold standard treatment for tumothat cannot beeffectively removed by
prostatectomy and radiatio®ndrogen Deprivation Therapy (ADT) is defined by a combination
of approaches to eliminate the actions of androgens and the A&tlyuswough castration and
the administration of AR antagonists. Through ARRdrogen regulated genes auppressed
from the molecular nevork of prostate cancer celleadingto massive apoptosend prostate
cancer regression. However, despite ic@d attempts to block iAR signaling returns along
with the cancerin an aggressive antkthal formof CRPC Several mechanisms have been
proposed to account for the return of AR signalimgluding AR geneamplification, increased

AR ligand sensitiity, ligandindependent AR activatigrand increaskandrogen synthes{gig.
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3). Studies in castratiomnesistant mouse modelleve demonstratetthat these cancers remain

dependent on AR signalinroughout prostate tumorigenegss.
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Figure 3. Role of androgen signaling in prostate cancer.(A) Androgens and the AR are
critical for the function and homeostasis of the prostate gléBjiRemoval of androgensdm
androgerdependent prostate cancers triggers massive apoptosis and disease regf€dsjon.
Mechanisms proposed to contribute to the development of castraesistant prostate cancer
include (C) amplification of theAR gene, (D) AR mutations that iorease its activity(E)
activation of oncogenic pathways that lead to the induction of andregetated gene

expression, an¢F) increased androgen synthesis.

*This figure was originally published in Genes & Developm&iien, M. and C AbaiShen.
Molecular genetics of prostate cancer: new prospects for old challébgees & Dev2010;

24:19672000. © Cold Spring Harbor Laboratory Pré38)
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The rolethat AR signaling plays in promoting the establishment angfogression of
prostate cancer has been extensively studiedever,the expansivenfluence of the AR on a
wide variety of cellular processes makedifficult to tease out its specific roles in driving the
disease processAs mentioned, AR signalingctivity is critical for the growth and survival of
prostate cancer cells and has therefayaventionallybeen ascribed a tumorigenic role in the
disease The identification ofan abundance of androgeagulated genes that promote
proliferation and surwial support its prdumorigenic role including cyclirdependent kinases
( CDK 6 s-apoptoticrgenes, and genes involved in epithelial cell differentiation and secretory
function (8, 68) However, thisconventional concept of the AR as tumorigenic was challenged
recently by the discovery that AR signaling can suppress prostate epithelial cell growth and
induce differentiatior(78, 107) It has been deonstrated that the AR acquires oncogenic traits
in advanced prostate cancer cells that promote the survival and growth of the can¢20tklls
These results made clear that the role of the AR is complexmamih remains unknown
regarding its function in prostate canc&hrough both the classical transcriptional network
activated by the AR and through rapid, ppbst a n s c r i p tg eonnoanti cooandedfjehoenc t s

signaling capabilities are vast anew rolesor the AR continue to emerge

The TMEFF2 gene andits potential role in prostate carcinogenesis
TMEFF2 is an evolutionarily conserved, type | transmembrane protekpressed
exclusively inthe adultbrain and prostattissue under normal conditions,dars frequently

upregulated in prostate cancer specimens relative to bessge(39, 99) It has been proposed
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that TMEFF2 may play an influential part in testablishment and/or progressiohprostate
cancerhoweverthe role of TMEFF2n the disease process has remained unclear.

TMEFF2is a member of theelatively newTMEFF (transmembrane protein with EGF
like and two follistatin domainsprotein family TMEFF2 and the only other membefr the
TMEFF family, TMEFFL, contain similar structuraleaturesand may therefore serve similar
biological functions. Both TMEFF proteinscontain an EGFlike domain similar to those
previously described in the Edike protein family(100) Anothercommon feature othese
proteins is the presence of two follistatin modules toward theéaridini. Follistatin domains in
generally areknown tobind and generally antagonizeembers of the TGB f asuch &
activin and inhibin(106) Additionally, the Gterminal domainf theseproteins contaima
putative Gproteinactivating motif suggesting a potential role in second messenger signaling.
The etracellular portionof the TMEFF2 protein can be cleaved by the metalloproteinases
ADAM 10/17, releasingrom the membrane a soluble form of the protein that contains the EGF
like domain and two follistatin module)(Fig. 4). Due to the highdegree of sequence
similarity betweerthe TMEFFproteins, it is likely that TMEFF1 can also be cleaved to release
an ectodomain; however its cleavage has not been confirmed experimériiabg structural
features reflecthe potential of thesethe TMEFF proteinsto influence a variety of cellular
process, conceivably acting as a membiamend receptor, coeceptor, or a ligand precursor.

Investigations into the biological function of TMEFF1 have been limited; however,
insights into its function and mieanim(s) of action may provide clues into the role of TMEFF2
in prostate tumorigenesig.he brain appears to be the primary site of functioWMEFF1as it
is predominantly expressed the brain and to a lesser extent in the heart, placenta, andakkelet

muscle (36). A role for TMEFF1 in cancer was proposed when it was shown to be
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downregilated in 96% of 54 brain tumosamples relative to normal brain tiss(@6).
Furthermore, ouwexpressing TMEFF1 in the glioblastoma cell line U118 had a growth
inhibitory effect on the cell{36), consistent with a role as a tumor suppress®@MEFF1
expressiorhas also been detected in early mouse embryost andy play a role irvertebrate
developmeni(26). Supporting this possibilitystudies inXenopus embryosiemonstratedhat
TMEFFL1 is able to block nodal signaling, and that this inhibition required both the follistatins
motifs or the EGFlike domain(13). Nodal has a crucial role in embryonic development, but like
many developmental pathwayss also been shown to beawivated incancer and to promote
prostate cancer ceirowth (58). Modulating TGFb / no d a | action may ther
mechanism by which TMEFF1 functions as a tumor suppressor

Previousstudiesinto the function of TMEFF2 in tumorigenesis have demonstrated a
complex biology for the proteiand its role in prostateancerhas remained uncleafunctional
studies to date from our lab and others are suggestive of a potential dual role in tumorigenesis
Overexpression of fullength TMEFF2inhibited cell growth and proliferation in PC3 and
DU145 prostate cancecells (35), and inhibited colon cancer cell growth and surviar).
Additionally, Lin et al. recently reported that TMEFF2 can bind to Platelet Derived Growth
Factor (PDGF) and inhibit PDG$timulaed fibroblast proliferatior§66). Its ability to modulate
PDGF signaling could be an important clue to the function of TMERRZostate canceas
aberrant PDGF signaling has been associated with prostate tumorigébgsssimulating cell
growth and promoting metastasis through the activation of the AKT/PKB patli2dy
Contrary to results with the fulength protein, overexpression of thMEFF2 ectodomairhas
been shown to promote growth in HEK293T cétisough ERKactivation(5) as well asurvival

effects in some neuron@7). The pretumorigenic effects of the ecddomain region are
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consistent with the observation that its overexpressidnkiN28 gastric cancer cellstimulated
ErbB4 phosphorylation, a member of the E@&€eptor protein family(99). These results
indicate thafTMEFF2is capable exerting opposing functioimscancey both tumor suppressive
and oncogeniand its role in tumorigenesis méyereforebe dependerdn the tissueype stage
of the disease, or other environmental factbet can augment its function.

Like TMEFF1, TMEFF2 may pay a role in development as iexpres®n has been
detectedin the middle to late stages of embryogengs8®). However, he functional role of
TMEFF2 in developmentis currently not known. The presence of the follistatin domains
presents the possibility that TMEFF2 may modulate the-bGFn o d a | signaling pa
development as was demonstrated TOWEFF1 however no studies have confirmethis
function for TMEFF2 In light of the reactivation of developmentaignalingpathwaysin the
progression of prostate tumorigeneérs 15, 82) deciphering its role in development may

provide importantinsightsinto its functionin prostate cancer.
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Figure 4: Structural domains of the TMEFF2 protein. SP=signal peptide, FS=follistatin,

v
EGF=epidermal growth factdike domain, TM=transmembrane region. represents the
putaive metalloproteinase cleavage site, which releasesNte-F2 ectodomain.A potential G

proteinactivating motif is located near its-t€rminusfacing the cytoplasm. (Adapted from

Horie et al, 2000 (47))
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As previously mentionedTMEFF2 is frequentlyverexpressed iprostate cancer tissue
relative to benigrprostatetissue. However, he mechanism(s) that lead to the upregulation of
TMEFF2 in prostate cancer are not well understood. Althooglitiple studies have
demonstrated that TMEFF2 is transcriptionally regulated by andr¢8én31) the addition of
testosterone to an androgeeprived prostate cancer xenograft model stimulated a post
transcrptional increase in TMEFF2 expressidiil). The positranscriptional regulatory
connection between androgen signaling and TMEFF2 expression was not investigated further,
and it is not known if the increase in TMEFR&sS the result of increased translation, the
stability of the TMEFF2 protein or mRNA, or decreased proteolysis. possiblethat TMEFF2
is regulatedoy androgensit both the transcriptional and pasinscriptional levels, anthatthe
regulatory pathays controlling its expression mdge alteredduring tumor development or
progression. An evaluation of the podtanscriptional regulatorynechanism(s) controlling
TMEFF2 expression could lead to a broadened understanding of the role of androgerngsignalin

in prostate tumorigenesis and potentially provide novel targets to block androgen actions.

Posttranscriptional control in prostate cancer

The deregulated expressiomf oncogenes and tumor suppressat the post
transcriptional levelhas been welldocumented inseveral cancerand can occuthrough a
variety of mechaisms includingchanges irmRNA stability, alterations in RNAinding protein
activity/specificity, andalterations intranslation initiationefficiency (6). In recent yearsthe
expression of an abundance of genes with suspected rolespatliogenesis of prostate cancer

have been shown to be regulated by the AR throughtpostcriptional mechanisn{g7, 108)
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indicatingthat thecritical influence of AR signaling on prostate tumorigenegssbeyond the
transcriptionabktimulation of AR target gene expression

The overexpression or increased activity of several translation initiation factors in
prostate cancesuggests thatranslationalcontrol may play apivotal role in the establishment
and/or progression othe disease As the ratdimiting step in for the translation of most
transcripts, components of the translation initiation machinerymarst often deregulated in
tumorigenesis such as the elF4F -tapding complex, the 43S piritiation complex, and
elF3proteins(91, 95) For instance the translation initiation factorelF3h and elF4E are
frequently upregul&d in advanced prostate cancer tissue, and the expression of each of these
proteinsis associatedvith an aggressive diseapeognosis(21). The ncreased activation of
elF4E has alsoden demonstrated in prostate cartbeough eitheits direct phosphorylation or
through the phosphorylation and inhibition of 4AEBR#f elFAE inhibitory binding proteir{91).
In fact, the translational regulator R was recently showto have a critical role driving
prostate cancetell invasion and metastasis by modulating 4EBBbsphorylationincreasing
elF4E availabilityand promoting thetranslation of a subset of pnovasion gene$48). It has
alsobeenreportedthat the activity of mTOR is modulated by DHT treatment in LNCaP prostate
cancer cell§108), suggestinghat androgen signaling can promote prostate tumor progrdssion
modulatng the activity of a major translational regulatof potential role for the translation
initiation factor elF2n prostate cancdras also been proposed in light of the observation that the
tumor suppressor function of PTEN requires the phosphorylatibn e | F 2 (74)o kike P K R
elF4E, elF2 is one of the main regulatory targets of translation initiation, and therefore may play
an important role in cancezstablishment or progression. It is primarily regulated k& th

phosphorylation of its U subunit which | eads
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transcripts can be selectively upregulated under these condigangénes involved in cell

survival under conditions of severe st)eg§®). At this time little isknown concerning the role

of el F2U i n Studiemio mouggenndels dand various cancer cell lines have produced
conflicting results regarding @hesomekcasesbf el F
has demonstrated tumor suppressive effects and in other models it has been shown to promote
tumorigenesis. These highly contradictory results h a

phosphorylation that idependent on the tissue type or on the stage of tumorigenesis.
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CHAPTER 2: EXPERIMENTAL PROCEDURES

Cell culture- All cell lines were obtained from th&merican Type Culture Collection
unless stated otherwise. LNCaP and 22RV1 oglse mantained in RPMI 1640 (Gibco)
supplemented with either 10% FBS (Gemini Bi@ducts) or 10% charcoeatripped serum
(Atlantic Biologicals)for hormone starvation PC3 cells were obtained from Dr. D. Terrian
(Department of Anatomy and Cell Biology, Eastr@ma University) and were also maintained
in RPMI 1640. Dihydrotestosterone, bicalutamide, and actinomycin D were purchased from
SigmaAldrich. RWPE1 cells weremaintained in Keratinocyte Serum Free medium (Gibco)
supplemented with the provided bovipéuitary extract and recombinant epidermal growth
factor following thema n u f a crecammmemdétiensHEK293T cells were maintained in
DMEM (Gibco) supplemented with 10% FBIRAMP-C2 cells were a gift from Dr. L. Yang
(Department of Internal Medicinegast Carolina University) and maintained as previously
described34). A/A andwt/wt MEF cells were provided by Dr. R. Kaufmé@Burnham Institute,

La Jolla, CA)and were grown in DMEM with 10% FB3&lI cell lines wee incubatedat 37°C

with 5% CQ.

Generation of TMEFF2-overexpressing cell lines 1) HEK293T cells stably
overexpressing TMEFF2 were develog®dtransfectingan expression construcontaining the
full-length human TMEFF2 cDNAserted into the pSecTag2Actor (Invitrogen)ollowed by
antibiotic selection.The ®nstruct vas transfected into HEK293T cellgsing Lipofectamine
2000 I nvitrogen) foll owing t h2)Induaibleucélldimes wereer 0 s

developed using the Ten Tetracyclin hducible Expression System (Clontech) following the



manufactur er 6 s iamng#ial rranscuctiomimtreduces c@8nstitutvélyl eypressed
transactivator proteirfrtTA) that is activated upon binding doxycylind-ollowing antibiotic
selectim and expansion of resistant clones,second transduction introduces construct
containing fulllength TMEFF2 cDNA downstream from a promoter that is specifically
recognized by the trangaator from the previous transduction. TMEFF2 expression was

induced by incubation of the cells with 250 ng/ml doxycycfoe48 hrs.

Proliferation assay Cells were seeded at 3,08(000 cell/well in 96well plates. After
incubation for the indicated times, MTT reagent (Sigma) was added at a concentraibn of
mg/ml in phenol redree RPMI containing 1% FBS. Followirg3.5 hr incubation at 37°C, 200
el DMSO ( Si gma) w a,sincubated rd15 tiavitheaking, anditeel OD

measured at 562 nm.

Apoptosis assay To induce apoptosis, 30,000 cells/well were plated irteeb plates
andt r eat ed wi t hog@rineo(8igma) foe M hrells wereharvested andvashed
with 1X PBS andresuspended in 100 Ibinding buffer [L00 mM HEPE$pH 7.4) 140 mM
NaCl, 5 mM CaCJ. Tostainthecellsl el AnrmmlexG nr elagent (Bi oVisio
5 ¢€g/ ml ipdide soiutehn (Lnvitrogenyvere added to the cell suspensardincubated
for 10 min at 4eC. The cell suspealbindoghs wer
bufferin 12 x 75 mm polystyrene tubes (Becton Dickins@glls werethenanalyzed by fhw

cytometry (FACScan, Becton Dickinson)echnical assistance was provided by Mitch Harris.
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Anchorageindependent growth- 2,500-3,500 cells were suspended in 0.35% agarose in
DMEM containing 5% FBS. This suspension was overlaid onto a solidified ldy8r4éo
agarose in a 60 mm plate. Fresh DMEM was maintained on top plates during@ladby
incubation, at which time the cells weraised with0.005% crystal violet, gently washed with

1X PBS,photographed, and counted.

Invasion assaysCell invasionwas assayed using Boyden chambers containing a layer of
matrigel (BD Biocoat; Becton Dickinson) and using NIH 3T3 conditioned medium as a
chemoattractant. To analyze sarcosine induced invaBMBFF2inducible and control RWPE1
cells were grown in the peence of 5CeM sarcsine or alanineas a control48 hrs later,
doxycycline was added to induce TMEFF2 expression and the wefis incubatedfor an
additional 48 hrs. In total, the cells were grown &&i the presencef@arcosine or alanine and
48 hrs in the prence of doxycycline (250 ng/ml) to induce TMEFF2 expression before they
were added to the Boyden chambers. Follovard$-48 hr incubatiorto allow for invasionthe
number of invading cells at the bottom sidetloé matrigel chamber and the number of non
invading cells at the top of the matrigel were determined using a MTT assay and the percentage
of the invading cells calculated from the total. Alternatively, followingh#8ncubation, cells
adheringto the bottom of the membrane were fixed with 70%aeth and stained with 0.1%

crystal violet, photographed and counted in several random fields of view.

Subcutaneous TRAMRC2 Injections- TRAMP-C2 cells were incubated for 48 his
medum containing 250 ng/ml doxycycline to induce TMEFF2 exprespraor to the injections

Following this incubation period, cells were harvested and washed once with cold\HES.
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were anaesthetized by brief inhalation of isoflurane and hind flanks were shaven using clippers.
2.5 x 16 TMEFF2inducibleand controlTRAMP-C2 cellssuspended i0.2 ml PBSwerethen
subcutaneously injected into the flank eB7Avk. old C57BL/6 male miceising a 26 gauge
needle Mice were continuously fedhow containing 200 mg/kg doxycyclin®ioServe)to

induce TMEFF2 expressiaturing the ncubationperiod Mice were sacrificed and tumongere

then excisedTechnical assistanaeas provided by Gregipton.

TMEFF2 Fusion Constructs and Reporter AsssaysPCR mutagenesis was used to
mutate the start codons of the uUORr$he TMEFF25 6  UrdnRAUG to GUG(see Table 1)
Thewild-type and mutalb 6 UTRs were inserted upstream of
pCMV-GLuc vector(New England Biolabs).For uORF analyses, cells were grown te9006
confluency in éwell plates and transfectedtiv 1.5 pg of each construct per well and the same
amount of the pSeapontrol Vector Il (BD Biosciences)singLipofectamine 2000 (Invitrogen)
andf ol l owing the manufacturer 6s pectedt24 lwropost Cel
transfectionand Gaussia luciferase levels were determined from the supernatants using the
BioLux kit (New England Biolabs). Sedpecreted alkaline phosphatak®)els were measured
from the supernatantssing the Great Escape Seap Chemiluminescente2.Ri (Clontech
Laboratories) for normalization. Uminescence wameasuredfor the Luciferase and Seap
assaysusing a 20/20luminometer (Turner BiosystemsimnRNA was extracted from the cells to
measure Gaussia luciferase transcript levels for normalization as descrisdhengRTPCR
procedures.

For DHT-stimulated reporter assays, cells were horrrsiae/ed for 48 hrs in phenol red

free medium containing 10% charcaatipped serum (CSS) prior to stimulation with DHT.
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Twenty-four hrs after hormone removal the cells weransfected using Fugene HD transfection
reagent (Promega) foll owing the manufacturer
construct and 10 pg of pSe&wntrol Vector llwere diluted in seruAree RPMI along with 30

pl Fugene HD reagent for a totablume of 500 pl. 100 pl of this transfection mix was added

per well of a éwell plate. The following day, DHT or ethanol vehicle were added to fresh CSS

RPMI and the cells were incubated for another 48 hrs prior t@si@mg cells and supernatants.

gRT-PCR - RNA was isolated from the cells using the RNAqueous kit (Ambion)
following the supplied protocol. cDNA was then synthesized using the iScript kit (BioRad
Laboratoriesusing0.25 € g of RNA as the templ atusinglQ Mess a
SYBR Green Supermix and the 1Q5 Rd&ahe PCR Detection System (BioRad Laboratories).
MRNA | evel s wer actimusingnkelQb Omichl System Boftware (BioRad

Laboratories).

Androgen Receptor knockdown AR expression was reduced in 22RV1 cells using the
ON-TARGET plus SMART pool for human AR (Thermo Scientifi¢jive pl of silencing RNAs
and 7.5 ul of DharmaFECT Transfection Reagent (Thermo Scientific) were each separately
diluted in 300 pl serunfree, phenol redree RPMI. After 5 min incubation, the solutions were
combined and incubated for another 20 min at room temperature, then added to an 85%
confluent cell monolayer in a-Z5 flask containing 2.4 ml of complete, pbénedfree RPMI.

siRNA-treated cells were then incubated for 48 hrs prior to treatments with DHT or vehicle.
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Immunoblotting - Cell lysates were prepared with RadiolmmunoPrecipitation Assay
(RIPA) buffer [25 mM TrisHCI pH 7.6, 150 mM NaCl, 1% Tonh X-100, 1% sodium
deoxychol at e, 0. 1% SDS] -ghergpipos$pbateeamdt0® daM sodianh 0 . 1
orthovanadate and protease inhibitor cocktail (Signfayenty ug of lysates were separated on
Mini-protean TGX gels (BioRad) and transferred to PVDF menastanThese were then
blocked for 30 min in 5% onfat dry milk diluted in1X Tris-buffered saline + 0.1% Twe&0
(TBST)and incubated with the primary antibody o
dilution of horseradish peroxidaseHRP)-conjugated secondary antibody (Santa Cruz
Biotechnology) were for 1 hr at room temperature. Detection was carried out using SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific) for 5 min. In some cases, blots were
stripped with Restore PLUS Wtesn Blot Stripping Buffer (Thermo Scientific) following the
manufacturerés recommendations. 2UR@eSlowedi es a
from Abcam, el F2U and CREB2/ ATF4 antibodi e:

Biotechnology and the AR antibody was from Cell Signaling Technology.

Polysome Analysis Cell monolayers were scraped with lysis buffer [100 mmol/L KCI,
10 mmolL HEPES (pH 7.4), 0.5% NP40, 5 mmol/L MgCl 100 ¢ g/ ml cycl ohe:
incubated on ice for 10 mins, followed by a 5 min spin at 10,000 rpm at 4°C to pellet cellular
debris. Equal protein concentrations of cytoplasmic extracts (1.8 mg) were themndowettaa
linear sucrose gradient [155% (w/v) 10 mmol/L HEPES (pH 7.4), 100 mmol/L KCI, 5 mmol/L
MgCl;] and centrifuged at 35,000 rpm for 2 hrs at 4°C in an SW4btor without the brake.
Using an ISCO UA6 fractionator fractions were collected withontinuous UV monitoring at

254 nm.Sucrose gradient fractionations were performed by Dr. V. pgdih(Department of
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Anatomy and Cell Biology, East Carolina UniversitRINA was isolated from fractions using
Trizol reagent (Ambion). Twenty-five pg of RNA was then used for cDNA synthesis usthg
iScript kit (BioRad Laboratories). A sample of 0.1 pug of each cDNA preparation was used to
amplify TMEFF2 ATF4, andb-actin by PCR using the Platinum Taq HiFi DNA Polymerase
system (Invitrogen). PCR productsnedhen visualized on a 1% agarose gel laemad intensity

was analyzedusing the public domain NIH Image J program (developed at the U.S. National

Institutes of Health and availabletdtp://rsb.info.nih.goknih-image).

PB-TMEFF2 mouse generation and identificationi The PB-TMEFF2 transgenic
expression construdisee Ch. 5 for plasmid constructiomjps amplified with the PureLink
HiPure Plamid Maxiprep KitInvitrogen) following the manufacturers recommextibns and
resuspended iME buffer supplied with the kit. The DNA was then transferred to the University
of North Carolina at Chapel Hill Animal Models Core Facility where pronuclear injections were
performed as previously describédd). Tail snips of the mice produced were provided at
weaning and the presence of the transgenic DNA was detected by PCR using the Terra PCR
Direct Kit (Clontech Laboratoriedpllowing the supplied protocand primers specific for éh

transgengSee figurel4(A) and Table L

Statistical Analysis Data are expressed as mean +SD. Differences were analyzed using

paired, twetailedtt ests. P values O 0.05 (*) or O 0.01
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Table 1. Primers used for eperimental procedures

Primers used for plasmid construction or gRTPCR detection

Construct name

Primer Sequence *underlined sequences represerthe uORF start codons

pTM1234GLuc (wt)

5 GAGGATCCCTCCACCCTGCCTCCTCG
5 GAACTAGTTCGTGCAACTCTGCAGCAG

2 | pTMX234-GLuc 5 6CTGCTGECACAAGGAGGGAGC
5 6CTCCCTCCTIGTGGCAGCAGC
3 | pTM1X34-GLuc 5 GGAGTTTCAGCAACACCCAGGGACT
5 AGTCCCTGGETGTITGCTGAAACTC
4 | pTM12X4-GLuc 5 €€CCGCAEACGATGTCGAGAG
5 &£TCTCGAGATAGTGCGCGGG
5 | pTM123X-GLuc 5 6CTACTGAGCACCCCGCGGAC
5 &TCCGCGGGTGCTCAGTAGC
6 | TMEFF2 5 GCTTGCAGGTGTGATGCTGG
5 6CTCCCTTTAGATTAACCTCG
7 | b-actin 5 6GGACTTCGAGCAAGAGATGG
5 AGCACTGTGTTGGCGTACAG
8 | ATF4 5 @CAAACCTCATGGGTTCTCC

5 6STGTCATCCAACGTGGTCAG

Gaussia luciferase

5 6GGAGGTGCTCAAGAGATGG
5 dTGAACCCAGGAATCTCAGG

Primers used for genoty

ping transgenic mice by PCR

10

PB-TMEFF2

5 €€CAGGGCACTACAGTTCGACA
5 &£AAATGTGGTATGGCTGATTATG
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CHAPTER 3

TMEFF2 FUNCTIONS AS A TUMOR SUPPRESSOR IN PROSTATE CANCER CELLS

*Adapted from Xiaofei Chen, Ryan Overcash, Thomas Green, Donald Hoffman , Adam

Asch and Maria J. RuizEchevarria. (2011) J Biol Chem 286(18),6091 16100((17))



Introduction

TMEFF2is an evolutionarily conserved type | transnigane protein expressed in the
embryo(99) and selectively in the adult brain and prosi@&®, 39) It is expressed in several
regions of the brain, anoiverexpression of th&@ MEFF2 ectodomain has been demonstrated to
promote survival in primary neuror{d7). A critical role for this protein in tumorigenesis is
sugeested by the fact that it is rggulated in a signifiga fraction of primary and metastatic
prostate tumorg35, 39, 71) It has been suggested that TMEHR®R2y function asa tumor
suppressor because ectopic expression oléntith TMEFF2 demonstrates agtiowth effects
in vitro and suppressdéamor growth in nude mouse xenogrg2g, 35) Consistent with a tumor
suppressofunction TMEFF2 has been shown to be hypermethgthin a number of cancer
types(41, 62)and theTMEFF2promoter is repressed byMyc (37).

The presenstudy expandsour understanding of the role ®MEFF2 in tumorigenesis.

For this purpose, & overexpressed TMEFF2 HEK293T cells and RWPE1 prostate epithelial
cells and assessed thedfects on specific traits that are hallmarks of a cancerous phenotype
These traits include elevated proliferation ratesasmn, survival, and anchoragelependent
growth capabilities. We show that the atopic expression ofull-length TMEFF2 results in
monolayer and anchoragedependent growth inhibitionrn HEK293T cells. Additionally,
although TMEFF2 overexpression atomlid not induce apoptosis, it resulted in a marked
increase in apoptotic cells after the chemical induction of apoptosis with staurosporine,
demonstrating that it can sensitize cells to undergo the apoptotic progranevaluate the

effects of TMEFF2 ovexpression on prostate cell invasion iweubatedRWPEL cellsvith the
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metabolitesarcosine, a proposed prostate cancer biomarker that promotes cell if{938%iand
demonstrate that TMEFF2 overexpression o€RVPE1 cell invasion No significant
impairment of proliferation was observed as a result of TMEFF2 overexpression in these cells.
Theseresultscollectively indicatehat TMEFF2 functions as a tumor suppressor

In order to test the tumor suppressor aistiof TMEFF2in vivo, we generated RAMP-
C2 murine prostate cancer cedllst are inducible for TMEFF2 expressiand subcutaneously
injected the cellsnto syngeneianale mice The induction of TMEFF2 expressiosignificantly
inhibited the ability of th& RAMP-C2 cells to form tumors relative to cells that did not express

TMEFF2.
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Results

Increasedexpression of TMEFF2inhibits cell growth in HEK293T cells

To investigate the function of TMEFF2 in tumorigenesis, fits determined whether
ecbpic expression of this protein could affect cellular proliferation. HEK293T cells stably
expressing untagged (TMEFWZ) or cMyc-His-tagged (TMEFF2Myc-His) TMEFF2
proteins, along with control cells transfected with empty vector or untransfected celés, w
generated for this purpose. Overexpression of either untg@ggdbA) or C-terminal eéMyc-
His-tagged TMEFFZnot shown in HEK293T cells decreased cell numbers by3% with
respetto the untransfected cells or the cells transfected with the empty vector. The presence of
the Gterminal eMyc-His tag did not change the effect of TMEFF2 on cell growth. Therefore,
subsequent experiments were done using-MgeHis-tagged form of therotein.

To further characterize the natuoé TMEFF2 overexpressioonn cell tumorigenicity
FACS analysiswas used to investigate the effect of TMEFR®R apoptosis. HEK293T cells
stably transfected with TMEFH&yc-His or with the empty vector as a caitwere induced to
undergo apoptosis with staurosporine, a protein kinase inhibitor that triggers both caspase
dependent and caspaseependent apoptotic pathwaiif). Overexpression of MEFF2on its
own had noeffect on the number of apoptotic callsHEK293T cells However, it increased the
sensitivity of the cells to staurosporima&luced apoptosis when compared with empty vector
transfected cell§Fig. 5, B and C). The observedeffects of TMEFF2 overexpressi on
proliferation rates are consistent with a role as a tumor suppressor.

Most normal mammalian cells require adien to the extracellular matrix to grow and

survive; however, in the course of tumoogression, cancer cells ofterse this requiremeisind
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acquire anchoragmdependent growth capabilities. This feature is particularly important for the
spread of tumor cells outside of the primary tumor and in the metastatic dissemination of cancer
cells. To investigate the tumor suppressor potentialTBMEFF2, we assessed its ability to
promote anchorag@dependent growth using a soft agar growth assay. HEK293T cells stably
expressing TMEFFRMyc-His formedD5-fold fewer colonies, which were of smaller size than
cells carrying the empty vect@Fig. 5, D andE). Thus, TMEFF2 suppresses the formation and

the growth of HEK293T colonies in soft agar. Overexpression of TMEFF2 had no effect on the
migration or invasion ability of HEK293T cells as measured using Boyden chambers (not

shown).
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FIGURE 5. TMEFF2 inhibits proliferation and anchorage-independent growth and
sensitizes cells to apoptosis.(A) Sable expression of TMEFF2 decreases proliferation of
HEK293T cells,(B and C) sensitizes the cell to an apoptotic stimulus, @and E) inhibits
anchoragendependent growth.Overexpression of TMEFF2 was confirmed Wwgstern blot
analysis(A inset9. The effect of TMEFF2 on growt{fA) was determined using an MTT assay
after 96 h of growth. Thése, at 96 h was normalized first to thelwa obtained at zero time (to
correct for plating variability) and then to the value obtained for the parental cell line

(HEK293T; A). The effect of TMEFF2 on apoptosis HEK293T cells (B and C) was
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determined in the presence of staurosporine or theleghg a control, bgnalyzing the number

of annexin Vpositive cells and comparing it with the numbers obtained when expressing the
empty vector.B andC, a representative image of the flow cytometry analgisnd percentage

of apoptotic cell{C). D andE, a representative image showing anchotiagependent growth

(D) andthe number of colonies formed by HEK293T cells stably expressing TMEF#2HiIs

or the empty vector as a contf@) after 14 days of growth. Data shown are mean = S.D. of at
leastthree independent experiments with multiple replicates. Several clones were tested to rule

out that the effects are due to the insertion sitp.<0.05, and **p < 0.01.

*This research was originally published in the Journal of Biological Chemi€lingn, X,
Overcash, R Green, T., Hoffman, D Asch, A., MJ RuizZEchevarria.The tumor suppressor
activity of the transmembrane protein with epidermal growth factor and two follistatin motifs 2
(TMEFF2) correlates with its ability to modulate sarcosineele J Biol Chemistry 2011;

286:1609116100. © the American Society for Biochemistry and Molecular Biology.

TMEFF2 Inhibits Sarcosine-induced CellInvasion of Prostate Epithelial Cells
Because the expression of TMEFF2 is mainly restricted to braiprasthte, we sought
to analyze the effect of TMEFF2 overexpression in prostate cells. We selected RWPEL cells,
derived from nomeoplastic human prostatic epithelial c€B3, which express very low levels
of endogenost TMEFF2 as demonstrated by quantitative-lROR (not shown). Fulength
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TMEFF2 was introduced into the RWPEL cells by retroviral gene transfer to generate an RWPEL1
cell line that inducibly expresses TMEFF2 with the addition of doxycycline to the growth
medium (RWPEXTMEFF2i). Control cells were transduced with the transactivator construct
only (RWPE1tet). High levek of TMEFF2 expressioin the RWPEITMEFF2i cell line upon

the addition of doxycycline was demonstrat€y( 6A). To test whether TMEFF2 &tts the
growth rate of RWPEL1 cells, RWPHMEFF2i cells were grown in the absence (no TMEFF2
expression) and presence (TMEFF2 expression) of doxycycline, and the effect of TMEFF2 on
the growth rate was determined. No significant effect of TMEFF2 on thetlgrate of RWPE1

cells was observed when compared with the RWieEtells Fig. 6B).

The invasion ofprostate cancetells across the basement membrand eventuallyto
extraprostaic tissueis a critical tumorigenic program leadinthe way tometastasis. We
therefore tested the effects of TMEFF2 overexpression on the invasive capability of RWPE1
cells. As mentioned, arcosine is a proposed marker for prostate cancer progremsiohe
addition of sarcosine to RWREells increaseshe invasive capabilityf the cells (93). We
therefore teted whether TMEFF2 can reversarcosingnducedinvasion Briefly, RWPEZL
TMEFF2i cells were grown inhe pesence of sarcosine to induce invasion @oxlycycline to
induce TMEFF2 expressionAlanine was used as a control for sarcositkiced invasion. The
invasivepotential waghenanalyzed usin@oyden chambersontaininga thin layer ofmatrigel
to gamulate a basement membrafide effect of TMEFF2 was investigated by comparing the
invasionof RWPEXTMEFF2i cells with thenvasiveability of the control cell line, RWPEtet,
both in the presence of doxycyclineAs expected, ite addition of sarcosineesulted in an
increase irthe invasiorof the RWPEtet cells(Fig. 6C) when compared with cells grown in the

presence of alanine. Overexpressing TMEFF2 in these reglisced cell invasn both in the
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control (alaninegreated) cells and to a greater extent in the cells treated with sar@agirgC).
These results suggest that TMEFF2 can block the intrinsic and riesis@inducedinvasive
potential of RWPEL1 cellslt is worth noting that although in HEK293T cells TMEFF2
negatively affectgell growth but has no effect on migration or invas{data not shown)t has
no effect on cell growth iIRWPE cellswhile it substantially reduces invasipmdicative of the

cell line-specific effect of TMEFF2.
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Figure 6. TMEFF2 inhibits invasion in RWPE cells (A) Western blot demonstrating the

induction of TMEFF2 expression in response tayagcline Oox, 250ng/ml) in the RWPE1

TMEFF2i cell line. b-Tubulin was used as loading control(B) The effect of TMEFF2

overexpressionrothe growth of RWPEL cells wagtermined using an MTT assay after 96 h of
growth. The A560 at 96 h was normalizdulst to the value obtained at zero time (to correct for
plating variability) and then to the value obtained for same cells grown in the absence of
doxycycline (no TMEFF2 expression)(C) The effect of TMEFF2 overexpression on the

invasion abilityof RWPEL cells was determined usingvll T-based modified Boyden chamber

assay RWPEXTMEFF2i orRWPEtet cells we e
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alanine or sarcosine and for 48 hours inghesence of doxycycline (250 ng/ml) and then added

to the Boyden chambers and allowed to invade for 48 il number of invading cells at the
bottom side of thematrigel chamber and the number of rowading cells at the top of the
matrigel were detenined using a MTT assay and thercentage of the invading cells calculated
from the total. Invasive cells from a random experimental repeat were visualized loythgin

cells adhering to the bottom of the membrane with 70% ethanol and staining with 0.1% crystal

violet. Cells were then photographed (bottom).

*This research was originally published time Journal of Biological ChemistryChen, X,
Overcash, R Green,T., Hoffman, D, Asch, A., MJ RuizZchevarria.The tumor suppressor
activity of the transmembrane protein with epidermal growth factor and two follistatin motifs 2
(TMEFF2) correlates with its ability to modulate sarcosine levél8iol Chemistry 2011

2861609116100 © the American Society for Biochemistry anaMcular Biology.

TMEFF2 inhibits TRAMP -C2 tumor growth in vivo

The tumor suppressaaictivity of TMEFF2 was next evaluatedn vivo usinga TRAMP-
C2 allograft model. The TRAME2 cell line wasderivedfrom aprostate tumor in gansgenic
adenocarcinoma of thewouseprostate (TRAMP) mouse modelThese mice develop prostate
tumorsas a result of therostatespecific expression of the SV40 T antigenC57BL/6 mice.
The TRAMP-C2 cells have ampithelial origin andaretumorigenicwhen injected into syngeneic
mice(34). As described for the inducible RWPEL1 cell& developed TRAMRC2 cells that are

inducible for TMEFF2 expression with the addition of doyglme. To establish subcutaneous
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TRAMP-C2 tumors,cells were incubated in doxycycline for 48 hrs, collected, 26dX 10
inducible or nornducible (vectoronly) cells were injected into the fland¢ 7-8 wk. old male
C57BL/6 miceand monitored for tunrogrowth. Our results demonstrate thaterexpression of
TMEFF2 significantlyinhibited TRAMP-C2 tumordevelopmentwith only 12.5% of mice that
developed tumorsvhen injected with inducible TRAME?2 cellswhile 62.5% of mice injected

with vectoronly cdls developed tumoréFig. 7). It is important to note thate were unable to
detect TMEFF2 protein expression in any of the tumors that developed following the injection of
inducible TRAMP-C2 cells despite being continuously supplied doxycyclioe maintin
TMEFF2 expression It is not clear why the cells in these tumalid not express TMEFF2;
however, it is possible thabomeTRAMP-C2 cells with low or no TMEFF#hducibility had a

growth or survival advantage andigrew the cells expressing TMEFF2.
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Figure 7. TMEFF2 inhibits TRAMP -C2 tumor growth in vivo. Bars represent the percentage
of mice that developed subcutaneous tumors out of 16 mice injected with TIR2MERIIs per
condition. Mice were injected wittTRAMP-C2 cells that are inducible for TMEFF2 expression
or cells carrying the vector onlgndcontinuously fed a diet containing 2@ty/kg doxycycline

to maintainTMEFF2 expression.
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Discussion

The upregulation of TMEFF2 expression in primary and metaspaostate cancers
relative to benign prostate tissue suggests a role for the gene in the establishment and/or
progression of prostate cancer. To date, however, functional studiesdiaatablished a clear
role for TMEFF2 in prostate tumorigenesismany of these studidsave produced conflicting
results Part of the discrepandyom previous reports may be dtetheevaluation of TMEFF2
function incells from several different cancer types or tissugsgch has demonstrated céjpe
specific effets of its function. Furthermore, the structuredaturesof the TMEFF2 protein give
it the potential to influence a variety of pathway cellular processes. For example, the
follistatin domains of TMEFF2 are generally known to bind and inactivatebmenof the TGF
b si gnal i howevey the dffecs wf TGH signalingcan be diverse and its role in
canceris dependent on the stage specific genetic aberration(djiving the cancersometimes
tumor suppressive and sometimes oncogé)icThe presence of a putativeBotein activating
motif at the Gterminus of TMEFF2 suggests a potential role in second messenger signaling
through Gproteins, a class of membrane proteins with diverse cellular effects that has been
implicated in driving several tumorigenic processes includihngrmoneindependence,
inflammation, and metaststag®b). Additionally, thecleavage and releasé TMEFF2from the
membrane byADAM proteins may be a criticakegulatedstep ininfluencingthe biologicalrole
of TMEFF2 asthe regulatectleavage oiishedding of ectodomais hasbeen documentetb
play an important roleancer progressionEctodomain sheddinig critical for the activation of
many growth factorsn cancer and in some cases can produce proteins with functions that

oppose the membraitmund form(84). Altogether,the functional studies to date suggest a
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complex biological function for TMEFF2 that m#&e largely dependent on its environment or
other celitype-dependent factors.

Here we evaluatethe functional role of TMEFF2 in tumorigenesis amdsessits
influence on several phenotypic traits that are hallmarksao€er cells We show thathe full -
length TMEFF2 functionsas a tumor suppresscapable ofinhibiting cell proliferation and
invasion, antagonizing survival,and severely blocking anchoragelependent growth.
Consistentwith previousobservationsour results show somdifferences inthe specific tumor
suppressive effects of TMEFF2 in different cell liné®r instanceectopicTMEFF2 expression
reducedproliferation ratesn HEK293T cellsbut had no effeabn proliferationin RWPE1 cells.
Similarly, while TMEFF2 overexpressiostrondy inhibited RWPEL cell invasion,it had no
effect on HEK293T cell invasion Despite the celtypespecific effects, TMEFF2 clearly
demonstrated tumor suppressor activity in each of the cell lines exan@oeéirming its tumor
suppressor functionn vivo, the subcutaneouslevelopmentof TRAMP-C2 tumors was
significantly inhibitedas a result of TMEFF2 overexpression

The functional assays presented here provide insight into the poeffetics ofTMEFF2
tumor suppression in prostate tumorigenesiesults from the phenotypic assays demonstrate
that TMEFF2 is capable of influencing multiple hallmark tumorigenic traits, and therefore has
the potential to influence prostate cancer progression at multiple levels/dtagesstingly
some ofthe mostprofound effects of TMEFF2verexpressiorirom thein vitro analysis of
TMEFF2 functionwerethe inhibition ofcell invasion and aubstantialnhibition of anchorage
independent growth.These features are critical components of the metastatic spreadoaf c
cells, and the inhibition of these traits by TMEFF2 suggests a possible role in the suppression of

metastasis. However, il r a s t to mo s t of t he current
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geneso, TMEFF2 i s al so c &gnardlcam therdforeieffebtitumort i n g

growth in the earlier stages as weldditionally, our results show tha&tMEFF2 overexpression
has a negative effect on cell survival in the preserian external apoptotic stimullsit does
not induce apdpsis on is own. Therefore, in the stressful microenvironment of a tumior ar
cell attempting to coloniza foreign site, the sensitization of apoptotic signaling pathways may
also represent an important mechanism by whIBhEFF2 functions The propensity of
TMEFF2 to inhibit the development of tumansthe TRAMRC?2 allograft modeas opposed to
influencing tumor size may reflect its ability émtagonizgumor cell colonization/survival in a
foreign environment

Although our results clearly demonstrate a dursuppressor functionve cannot deduce
from these results that TMEFF2lways functions to suppress tumor growth within the
environment of a tumor, where conditions surrounding the cander ar@ inundated with
mitogens, inflammatory cytokines, and ocaglive oncogenic signaling pathway23). As
previously mentionedthe ectopicexpression of the TMEFF2 ectodomain has been shown
exert pregrowth effects(5, 17), and its cleavage is stimulated by jimmlammatory cytokines
including IL-1 b a n dJ (6%).NIEis therefore conceivable that TMEFF2 can exert either a
tumor suppressive or tumpromoting role in cancer that is dependent on signals from the tumor
environment. A complete understamgliof the role of TMEFF2 in prostate tumorigenesis will
require an evaluation of the effects of its overexpression in a mammalian model of prostate

cancer.
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CHAPTER 4

ANDROGEN SIGNALING PROMOTES TRANSLATION OF TMEFF2 IN PROSTATE
CANCER CELLS VIA THE PHO SPHORYLATIONOFTHE U SUBUNI T OF THE

TRANSLATION INITIATION FACTOR 2 (elF2U)



Introduction

Androgens signaling through the AR play an essential role in normal prostate
development and contribute to the progression of prostate cancer. Binding of androgens to the
AR promoes a conformational change that ultimately leads to its translocation to the nucleus and
regulation of transcription of a specific set of andregesponsive genes. li@ical and
experimental evidence suggest that prostate cancer progression occurs éttexagjon of the
normal androgen signalingeducing the specificity or the amount of AR ligand required for
proliferation and surviva(8). Importantly, recent results indicate that the function of the AR is
specific tothe disease stage, triggering a different gene expression program in androgen
dependent as compared to andregetependent prostate can¢&04) While the role of the AR
signaling axis in transcriptional regulationwgll documented, very little is known regarding its
role in translation initiation proposed in early stud&3, 64)

As previously mentioned,MEFF2 is expressed in the embr§{@®) and selectively in the
adult brain and prostai@, 35, 39) A role for TMEFF2 in prostate cancer was suggested by
studies indicating that TMEFF2 expressignaltered in a significant fraction of primary and
metastatic prostate tumof3, 35, 39, 71) In addition, we recently demonstrated that TMEFF2
interacs with sarcosine dehydrogenase (SARDH), the enzyme responsible for conversion of
sarcosine to glycin€l7). Importantly, sarcosine was identified as a marker for prostate cancer
progression in a largecale screen of meialites from human prostate samp(88). Increased
plasma and urine sarcosine levels distinguished prostate cancer from benign prostate tissue, and
were furtherelevated in metastatic cancer. In addition, sarcosiagbolism and the enzymes

involved in it (i.e. SARDH) were shown to act as regulators of cell invasion and meté&Rsis
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Therefore, the interaction of TMEFF2 with SARDH further suggests a role for TMEFF2 in
prodate cancer progression. In fact, we have also established tHanfyth TMEFF2 functions

as a tumor suppressor and that this role correlates, at least in part, with its ability to interact with
SARDH and modulate the cellular levels of sarcogih@). In this study we report that
translation of TMEFF2 is regulatedy androgens, and this effect requires a functional AR.
Results using xenograft models and prostate cancer cell lines established that TMEFF2
expression cinges in response to androgens and/or the anddsgemdent orindependent
condition of the cell$¢35, 71) As demonstrated by Gery et B5) these changes aie part due

to transcriptional activation FMEFF2in response to androgens. However, increased TMEFF2
protein levels in the absence of a corresponding increase in mMRNA levels have been observed
after addition of androgens to castrated animals carryindRE2\kenografts, suggesting that
TMEFF2 may also be pestanscriptionally regulaterl).

The TMEFF2 mRNA has several potential upstreapenreadingframes (UORFS) in its
leader region, and sequence analysis suggbst they are well conserved among mammals.
Although only present in-80% of the cellular mRNAs, uORFs are common in the leader
regions of mMRNAs encoding oncoproteins or proteins involved in the control of cellular growth
and differentiation, and thewriction by modulating translation of these essential géfs.

After being translated, uORFs generally block translation of the main downstream coding region
by hampering translation reinitiation at the main tratish initiation codon. However, uORFs

can promote selective translation of the downstream coding region under cellular stress or other
conditions that increase phosphorylation of theubunit of the eukaryotic translation initiation

factor 2 (elF®) (72).
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elF2 in its GTPbound form is required for the selection of the translation initiation
codon. Phosphoryl ati on -8If (elRZkPEinhibits the déxchanget of o f
elF2-GDP to elF2GTP, preventing ecognition of the initiating codon and decreasing global
translation initiation(96). However, as mentioned above, uGB#taining MRNAS are actively
translated under these conditions. Two mechanisms have been prapeselain this effect. In
the first one, exemplified by tt & TF4mRNA that contains two uORFs, translation reinitiation at
the inhibitory downstream uORF is bypassed under conditions otJ&F&ue to the fact that
the lower level®IF2GTP increase the time required for the scanning ribosomesaicqgre
elF2-GTP and reinitiate translatiogfi03) In the second one, observed in MRNASs containing a
sinde UORF,scanning ribosomes bypass the inhibitory uORF due to the reduced efficiency of
translation at initiation codons with a poor Kozak consensus seq(&dcén both cases, the
UORF bypass results in an increasesinber of ribosomes starting translation at the initiation
codon of the main coding sequence, thereby increasing synthesis of that specific protein.

In this study, we demonstrate that TMEFF2 translation is regulated by androgens.
Androgenregulation of MEFF2 translation requires the presence of the uORFs in the leader
region of theTMEFF2 mRNA and is dependent on elBFP. Further, this effect is mediated by
the AR since it is not observed when AR levels are reduced by RNAI oarthgonist
bicalutamide,or in cell lines that do not express it. These results support a novel regulatory
mechanism of androgen signaling in which uGdiataining mMRNAs are translationally

activated in response to elBFP.
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Results

The TMEFF2 5 -@TR contains several uORFs hat block translation of the TMEFF2
protein

The 506 UTMEFR2 MRNA lcantains several potential uUORFs (F4) that, if
translated would potentially block translation of the TMEFF2 main coding sequence, and
therefore contribute to the regulatioh DMEFF2 expression.To investigatethe role of the
UORFs in regulating TMEFF2 protein expression, we determined whether blocking translation of
the uORFs would affect translation of the TMEFF2 protein in human prostate cancer cell lines. A
TMEFF2-Gaussialuciferase (GLuc) reporter was generated for this purpose by cloning the
TMEFF2 5 TR, including four uORFs, upstream of the GLuc sequences (pTMGRAB%
Figure 8B). The TMEFF2Gluc fusion was placed under control of the CMV promoter. The
regulatory contbution of the uORFs td MEFF2translation was evaluated by mutating the start
codons (AUGS) of the four potential UORFs (AUG to GUG,.BB) and determining their
effect on GLuc expression in the androgipendent prostate cancer cell line LNCaP asd it
bonemetastatic, androgeindependent derivative G2B cell line. A six to severfold increase
in Luciferase expression was observed when the AUGs from all four uORFs were mutated
(PTMXXXX -Gluc; Fig 8C). Single mutations on the AUGSs of the seconddtbirfourth uORFs
promoted a 31 fold increase in GLuc expression, while mutating the AUG of the first uUORF had
a very small effect, suggesting a minimal role, if any, in regulation of TMEFF2 expression.
Accordingly, combined mutations of uUORFs 2, 3, an@sulted in a fiveto six-fold increase in
Luciferase expression of the reporter, similar to that observed when all four uUORFs were mutated

(Fig. 8C). Similar results were obtained in other andregesponsive (22Rv1) anthdependent
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(PC3) prostate caec cell lines. Mutation of the uORFs resulted in increased Luciferase
expression of the GLuc reporter, albeit at variable fold induction 88y In the constructs used
for these experiments, expression of the fusion gene was directed by the CMV prambtée
luciferase activity was normalized to mRNA levels. Altogether, these resudigest that the
uORFs i-UTR o TWMEF-BmRNA function synergistically to repress translation of the

main downstream ORF.
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representation of the TMEFFR2aussia Luciferase reporter and mutant constructs. The X
indicates mutation of the AUG to a GUG to prevent translation of the mutated uORFs. Single

and multiple mutations were introduceg)) Luciferase activitydemonstrated by the pTM1234

Gluc and the different mutant constructs in LNCaP and2Qlls. D) Luciferase activity
demonstrated by the pTM12&lluc and multiple mutant construct with all the uORFs mutated
(PTMXXXX -Gluc) in PC3 and 22Rv1 cells. @) andD), luciferase activity was measured in

the supernatant and calculated by first normalizing to mRNA levels for each construct and then

to the luciferase activity demonstrated by the pTM1&34c reporter construct, which does not
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have mutations in the uORFconsidered arbitrarily as 1. Data shown are mean = S.D. of at least

two independent experiments with multiple replicateg.<,0.05, and **p < 0.01.

Translation of the TMEFF2-Luciferase reporter is regulated by androgens through a
mechanism thatrequires the presence of the uORFs in the mRNA leadeegion

TMEFF2 transcription is regulated by androgg3®). However, it has been suggested
that androgens also affect TMEFF2 expression at thetoscriptional leel (71), promptirg
us to examine whether TMEFF2 translation was affected by androgens. 22Rv1 cells were
selected for these experiments since: i) they have been shown to be a valuable model for AR
mediated reporter gerassay$53), ii) they demonstrated the highest fold increase in Luciferase
reporter gene expression when the uORFs were mutated (se@DIricgand iii) they express
detectable levels of endogenous TMEFF2. 22Rv1 wedle transfected with the pTM12&luc
reporter, grown in phenol redee media supplemented with charestilpped serum(CSS) -- to
remove steroid hormonesand treated with different concentrations of dihydrotestosterone
(DHT). Luciferase activity wameasured from the supernatants and normalized to mRNA levels.
Addition of DHT increased luciferase expression in a dtsgendent manner (FigA),
indicating that androgens stimulate the translation of the main ORF. Importantly, this effect was
observed aDHT concentrations within the physiological levels found in human s€B@n
Luciferase activity from cells carrying the pTMXXX&luc reporter construct, in which the

AUGs from all four uORFs were mutated, didt mahange in response ©HT, although, as
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expectedwas much higher (FigQA). These results indicate that translation of the main ORF
downstream of th@ MEFF25 -OQUTR is regulated by androgens in an uG#dpendent manner.

To determine whether the DHT fe€t on translation is mediated by the AR, the
experiments described above were repeated in the presence of bicalutamide to block AR
activation. Addition of this drug reduced the Didlediated induction of theTM1234Gluc
reporterluciferase expression teear basal levels, although a small twm threefold induction
could be observed at 10 nM DHT (Fi@B). These results indicate that the effect of DHT on
translation of the reporter construct requires AR signaling. Confirming these results, we did not
observe DHT¥induced translation of the pTM1233luc reporter in PC3 prostate cancer cells that
do not express the AR (Fi§C). Altogether, these results suggest that Brtluced translation
of TMEFF2 requires activation of the AR and is mediated by thRRgn the leader region of

the TMEFF2mRNA.
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Figure 9. DHT promotes AR-mediated increased translation of the TMEFF2GLuc fusion

protein in 22Rv1 prostate cancer cells. A)uciferase activity demonstrated by theM1234

Gluc and the pTMXXXXGluc mutant construct in 22Rv1 cells in the presence of different
concentrations of DHTB) Luciferase activity demonstrated by the pTM1Z3Wic construct in
22Rv1 cells in the presence of different concentrations of DHT &l ©20uM bicalutamide

(Bic). C) Luciferase activity demonstrated by the pTM123Wic construct in PC3 cells in the
presence of different concentrations of DHT. For all these experiments cells were hormone
starved in phenol reftee media containing chavalstripped serum. Luciferase activity was
normalized to mMRNA levels for each construct and then to the luciferase activity demonstrated

by each one of the constructs expressed in cells grown in the absence of DHT, which was set to
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1. Data shown are meah S.D. of at least three independent experiments with multiple

replicates. *p < 0.05, and **p < 0.01.

Translation of the endogenous TMEFF2 protein is regulated by androgens

Changes in the expression of the endogenous TMEFF2 protein in respondeotieas
were also analyzed. For this purpose, 22Rv1 cells were ginwphenol redree media
supplemented with CH treated with different concentrations of DHT and lysates analyzed for
TMEFF2 expression by western blotting. In the absence of androggnession of TMEFF2
was barely detectable. However, addition of DHT increased TMEFF2 expressiddArignd
resulted in the highest levels within the range of physiological DHT concentratiDRil -
induced expression of endogenous TMEFF2 was also \@zken the androgeresponsive
prostate cancer LNCaP cells (FigdA). The expression of prostate specific androgen (PSA), an
AR target used as control for androgen transcriptional activity, was enhanced by the addition of
DHT (Fig. 10A). Treatment of thecells with bicalutamide notably inhibited DHmduced
TMEFF2 and PSA expression that was only observed at the highest concentrations of DHT (Fig
10A). Inhibition of DHT-induced TMEFF2 expression was also achieved after knocking down
expression of the AR ging siRNA (Fig. 10B). Altogether, these results indicate that the

expression of the endogenous TMEFF2 protein is regulated by AR signaling.
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Figure 10. DHT promotes AR-mediated increased expression of the endogenous HAF2

protein in 22Rvl and LNCaP prostate cancer cells. A) Representative western blots
indicating an increase in TMEFF2 expression in response to DHT addition in 22Rv1 and LNCaP
cells. Simultaneous addition of 20/ bicalutamide to 22Rv1 cells (middle phprevented the
increase in TMEFF2 expression observed at physiological concentration of DHT. PSA was used
as positive control since its expression is induced by androgen in atepdddent manneb-

tubulin was used as a loading conti®). Western blot indicating effective knock down of the

two forms of the AR in 22Rv1 cells using siRNA (left). Representative western blot indicating
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that addition of DHT has no effect on the expression of TMEFR&Ils in which AR levels

were reduced by RNAi. PSA was used as control and, as expected, its expression was not
affected by DHT in the ARIRNA treated cellsb-tubulin was used as a loading contrG).

Changes inTMEFF2 mRNA level in LNCaP and 22Rv1l celines in response to DHT as
measured by gRPCR. Values were normalized fatubulin mRNA. Each experiment was
repeated at least three times and, for the representative images presented, the membranes were
stripped and r@robed with the different antibaeB or the same samples wererue in a

different gel, b-tubulin was used as a loading control each time the samples were run.

Androgen signaling promotes elF2 phosphorylation

Phosphorylation of elR2reduces global translation but also providesezhanism that
selectively enhances translation of uG&dntaining MRNAg72). We therefore hypothesized
that the molecular mechanism by which DHT promotes endogenous TMEFF2 translation was
throughthe phosphorylatiorof elF2U. The effect of DHTon elFAJ phosphorylation was
examined by western blot analysis in prostate cancer 22Rv1 anceR€&xgown in phenol red
free media supplemented with £8nd treated with different concentrations of DHT. Increased
levels of elF2}-P were clearly detected, in a dedependent manner, in lysates from DHT
treated 22Rv1 cells but not in lysates from Dtidated ARnull PC3 cells (Fig11A), indicating
that androgens promote elBFP and that this effect is dependent on the presence of tiohaic
AR. Confirming these results, pretreatment of the 22Rv1 cells with thaerdsigonist

bicalutamide prevented DHfediated increases in elBphosphorylation (Figl1B). DHT
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addition also promoted an increase in the expression of the ATF4 prot@inseription factor

regulated by elF-2phosphorylation (Figl1A).
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Figure 11. DHT induces phosphorylation of elF2Jin an AR-dependent manner.

A) Representative western blots indicating an increase irJé?A respnse to DHT addition in
22Rv1 cells. This effect was abrogated in PC3 cells, which do not express AR (right). ATF4
protein levels were measured as a positive control since it is induced hyReIBACctin was

used as a loading contrdd) Addition of 20 uM bicalutamide to 22Rv1 cells prevented the

increase in elA2P observed after addition of DHB-tubulin or b-actin were used as loading

controls.
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elF2Uphosphorylation is essential for increased TMEFF2 translation in response to
androgens

To furtherinvestigate the role of elPphosphorylation and androgens tbie translation
of TMEFF2, mouse embryonic fibroblasts (MEFs) expressing either-tyjpe elF2J (wt/wt) or
an elF2) S51A (A/A) mutant form, carrying a Ser to Ala mutation that prevents&f; vere
transfected with th@TM1234Gluc reporter and expression of the repom@&sanalyzed in the
presence and absence of different concentrations of thapsigargin. This experimental system was
tested by treating the cells with clotrimazole or thapsigatgio drugs known to promote elB2
P. Both effectively promoted elEEP in cells carrying the wildype but not the S51A (A/A)
mutant elF® (Fig. 12A). Cells were growrin phenol redree media supplemented with §S
and treated with different concentrations of thapsigaiyinen expressioof thepTM1234-Gluc
reporter was analyzed in conditioned media from the wt/wt and A/A MEFs lines, increased
luciferase activity was detected in response to thapsigargin in cells carrying tHgpeilelF2J
but not in the elF2 S51A mutant cells (Figl2B). Similarly, only the cells carrying the wild
type elF2 allele were able to induce translation of the ATF4 protein used as a positive control
for elFA3P (Fig 12B). Altogetherthese results confirm that el~Pais required for th®HT-

induced translan of TMEFF2.
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Figure12. | ncreased TMEFF2 translation in-PrAsponse

Western blot showing t ot aitypeaanddA/Apvice gellsdreated at e d
with the indicated amountsf thapsigargin or clotrimazoleB) Gaussia luciferaskevels were
measured in wt/wt and A/A MEF cells treated with the indicated amounts of thapsigargin for 3

hrs and normalized to Seap expressituciferase/Seap values for the vehitieated cells &

set to 1. C) As a positive control for elR2P, western blot analysidemonstrateshat ATF4

protein expression is increasedatiwt MEF cells treated with thapsigargib-tubulin was used
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as a loading controlData shown are mean + S.D. of at least three independent experiments with

multiple replicates. *,p < 0.05, and **p < 0.01.

Conditions that promote elF2J-P resultin increased TMEFF2 translation

In order to determine whether elFphosphorylation is in itself sufficient to regulate
translation of TMEFF2, 22Rv1 cells were treatechvalotrimazole, a drug that causes depletion
of intracellular C&' stores resulting iactivationof the PKR kinase and subsequent elF2, and
the effect on TMEFF2 translation was analyzed using polysome analysis. Western blot analyses
indicated that theclotrimazole treatment resulted in increased phosphorylaiforlF2J in
22Rv1 cells (Fig13A). As previously describe@), clotrimazole treatment resulted in reduced
polysomes along with an increase in monosome<atidig inhibition of translation initiation
(Fig. 13B). Under these conditions, we observed a shift of iNlEEFF2 mRNA towards the
heavier polysomal fractions when compared to the DMi®&ted controls (FigL3B and13C),
suggesting that clotrimazole treant increased translation of tiEFF2 mRNA. However,
the shift was small, likely reflecting the presence of multiple uUORFs and a complex translational
regulatory mechanism.Similar results were observed in other cell lines (data not shown).
Confirming these results, clotrimazole treatment of cells containing the pTMGABAreporter
resulted in a significant increase in luciferase activity (data not shown). In addisibift, @ the
heavier polysomal fractions was also observed for the u@REinirg ATF4AmRNA, known to

be preferentially translated upon elFR (Fig 13B and13C; (45)). Taken together, these results
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demonstrate that elEPphosphorylation, independent of the causative stimulus, is sufficient to

enhance translation of TMEFF2.
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Figure 13. TMEFF2 mRNA associates with heavier polysomes in response to ER stress.

A) Western bloindicating phosphorylation of elEfn response to ERtress inducing agents in
22Rv1 cellsB) 22Rv1 cells were exposed to il clotrimazole or vehicle control for 1 hr and
lysates subjected to polysome analysis. Total RNA was prepared from the fractions, and the
percentage offMEFF2 ATF4, andACTBmMRNAS present in each fraction were determined by
gRT-PCR. A representative example of arfethe three independent experiments is shan.

Quantitation of the qR-PCR results presented in B).
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