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ABSTRACT
PATRICK J TAUS FATEZ1: Contributor to Tumor Cell Fitness and Example of an Oncegene
activated Cancer Testis Antigen
(Under the direction oAngelique Whitehurst)

CancerTestis Antigens (CTAs) are a group of genes defined by their @r@gpression
pattern, nomally expressed nearly exclusively in gametogenic tisshey are Bo found
aberrantlyexpressed in malignant tissues throughout the body. As a result of the immune
privileged nature of their normal site of expression in the testis, CTAs are capabéitioly an
immune response when expressed within tumors. As a result of their antigaDiioky have
been the intense studied as potenti@minunotherapy targets since their discovery in the early
1990s however, in thigime their possible functional otributiors to tumorigenesis h& been
woefully under investigated. Heree underbok the first comprehensive approach to define the
functional contribution of CTAs to tumorigenesis. This screen identifi@derous CTAs that
support aspects of tumorigereskFurther studies demonstrated thia# uncharacterized CTA
Fetal and Adult TestiExpressed 1 (FATELs a major contributor to tumor cell fithessross
multiple cancer lineagesVe found thatFATEL is a mitochondrial protein that interacts with
Mitochondrial Fission Factor (MFF) a mediator of mitochondrial fissaodthat expression of
FATEL is capable of altering mitochondrial morpholog¥ithin the transformed cellular
background,we find that FATE1 regulates protein levels of the tumor suppre&cl-2
Interacting Killer(BIK), a preapoptotic membeof the Bct2 protein family We also found that

BIK protein is degraded bthe FATEl-interactor RNF183 a previously uncharacterized E3



ligase.We found further in vitro and clinical data that suppdines hypothesis that FATE1 and
RNF183 form a functionally relevant complex within tumors.

Like their functional roles, the mechanisby whichCTAs are activated withitumors is
currently unclear. Although demethylation plays a large role, epigenetratadns alone are not
sufficient to drive expressioof all CTAs indicating that transcting factors are required. Here
we find that FATEL is a direct target afhimeric transcription factdEWS-FLI1, the oncogene
responsible for the pediatric bone arudt gissue tumorEwing sarcomaFATEL expression is
required for short and long term viability Biving sarcomalerived cell lines. By leveraging a
previously published EWELI1 ChIP-seq dataset we nominate three additional CTAs (BORIS,
MAGE-A4, and SPATA®) as EWSFLIL targets two of which, MAGEA4 and SPATA19 are
required to maintaikEwing sarcomaell viability. The results of these studies argue that not only
do CTAsfunction to support tumor cell fitness but as targets of oncogenes theyateayially

be key  functional drivers in the early stages of  tumorigenesis.
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CHAPTER 1: INTRODUCTION

Similarities between cancers andmgéne tissues were first noted over one hundred years
ago by British developmental biologist John Beard who proposed the Trophoblastic Theory of
Cancer which proposed that cancer was the result of aberrantly localized trophoblast cells
throughout that bodyl]. Although the major tenets of this theory were disprovemmerous
similarities between tumienesis and germ cell developmemére noted in the following
century (Figure 1). In the last twerfiye years the similarities between tumors and germ cells
have been demonated ona profound genetic level following the identification of genes highly
expressed in those two entities. This group of genes, known collectively as Cancer Testis
Antigens (CTAs), affords unique therapeutic opportunities through their immunologittipbte
and the potential novel insights they may functionally afford into tumor biology. As the work
described herein focuses on Cancer Testis Antigens a review of their discovery, biology, and the

current state of their therapeutic utility will be presdnte

The Search for Tumor A ntigens

Cancer is a disease of unchecked cellular proliferation within the body. In many instances
cancer is treated with chemotherapeutic drugs and/or surgery; however, physicians and scientists
have long soughtto harnessth@ dy 6 s own i mmune syFEemtentadagai nst
the immune system in cancer treatment was first recognized over 120 years ago by William B.

Coley who treated inoperable cancers by injecting themsusipensions of live or dead bacteria



Although dangerous, in many cases these injections led to shrinkage of the guesarmably

do to immune system activity ater in the 28 century a second line of evidence that tumors
were vulnerable to immune destruction emerged. M3 Gross and codlagues found that mice

in which tumors were chemically induced and then resected were able to reject the same tumor
cells upon subsequent inoculati@j.

Several decades latar the 1970ghe prominent roleof T cells in tumor rejection was
realized This knowledgecoupledto the discovery of howo select and expand cytotoxic T
lymphocyte clonesn vitro would allowed for the identification of tumor antigens targeted by
cytotoxic T cells through immunoscreeniagsaysn the following decadef3-5]. In 1988Boon
and colleague$ound thatin vitro mutagenesi®f a mouse tertacarcinoma cell line led to the
expression of novel antigens that were the targets of cytotoxidlsT[2g Using these T cell
clones to screen cDNA librariedbtainedfrom the vulnerable tumor cell clongbe Boon group
identified the first three tumor antigengach being a mutated version aif ubiquitously
expressed proteifi6-8]. Subsequently, the first nanutated antigen was identified using the
parental cell line, this antigen was derived from a gene of unknown functiapla[9]. The
antigenicity of T r a p Jpratéirs productwas due its restricteéxpression, the only normal
tissueswhere it wasdetected were mouse spermatogonia cells and placental trophoblasts
Uniquely, both of these cell typdsck major histocompatibilg complex MHC) class |

molecules and therefore cannot preSeapladerived peptides to T cel[9].

Discovery of Cancer Testis Antigens
I n the early 1990s, Thi erry Bo otiyGhe firgfr oup

human tumor antigeri40]. I n this technique c¢cDNA | ibrari

es

L



cells are screened against their ownc@lls to identify reactive Tcell clones and the
correspondindMHC Type Hoaded antigens they recognizédsing this method the Boon group
discovered that expression of the gene MAGE rendered melanoma cells sensitive to
destruction by autologous cytotoxiecElls[10, 11] It was subsequently discovered that among
normal tissuethe expression oMAGE-A1 wasrestricted tanale germ cells and trophoblasts of
the placent@ll]. Further analysis revealed that MA@H was a member of a large gene family
consisting of over 40 proteins that contain a full or truncated MAGE homology d¢h2di The
MAGE family can be divided into two categories: Group | MAGEA, (-B, -C) which are
encoded on the Xhromosome and whose expression are restricted to the testis and Group |
MAGEs (D, -E, -F, -G, andi H) that are expressed throughout the body and are encoded for
throughout the genoné?2]. Autologous typing was used to identify additional CTAs including
BAGE and GAGE which were identified using cytotoxiecdlls derived from the same patient

in whom MAGEA1 was discovered13, 14] In the mid90s the identification of CTAs was
further advanced by Serial analysisc@NA expression libraries (SEREX), a technique in which
cDNA expression libraries are screened with antibodies in lieuc#ll$[15]. Utilization of this
technique led to the discovery of several CTAs including,S8CP1, and NYESO1, the latter

of which is a highly immunogenic CTA that is currently being targeted using multiple

immunotherapy approachfis-19].

Classification of CTAs
The application of largscale expreson analysis and proteomics has greatly expanded
the number of genes classified as Cancer Testes Antigens; however, unlike the earlier techniques

of autologous typing and SEREX in which the antigenicity of the CTAs was a requisite to their



discovery, litte is known about the immunogenic potential of many CTAs discovered solely
through differential expression analysis. Large scale expression analysis also made clear that
many CTAsare expressed at low but detectable levels in somatic ti$280gsBased on these
observationsthe current criteria for designation as a CTA ssfalows: a proteinmust be
expressed within tumors, thestis andir placenta, and no more than two somatic tis§2Els

CTAs can be furtherefinedinto three groupsgy the stringency of their expression profile: 1)
testis restricted found only in the testis, 2) tesfigain restrictivel expressed in both the testis

and central nervous system, 3) testis seledtiexpressed in the testiscamo more than two
somatic tissues at lower levels than in the t¢20%

In addition to classification based on their expression profile, CTAs can also be divided
into two groups based on their location withie tienome. Nearly half of the currently annotated
CTAs are located on the-ghromosome and are designated as €&Tgenes. CTAX genes tend
to display a testisestricted profile, are more antigenic than CTAs located on the autgsanake
are frequently congsed of large, highly homologsfamilies such as the previously discussed
MAGE family [22]. Many CTAX families are thought to be the result of recent evolutionary
expansion due to their proximity to other family members and the paucity of orthologues in
lower specieqg22]. In addition, members of CTX families are either expressed in groups or
not at all,suggestinga common mechanismf activationfor the family [23]. Within normal
tests the CTAX genes are typically expressed in the proliferating spermatogonia germ cells
[24]. On the othehand,CTAs located on the autosomes share little sequence homology, are
rarely members of gene families, and tend to be expredseidg the later stages of

spermatogenesj49].



Immunogenicity of CTA antigens

Like all intracellular proteins CTAs are presentadVIHC class | moleculesn the cell
surface where, if recognized as foreigoy circulating T cells they can evoke an immune
responsgFigure 2).Initially, cancer testes antigens were discovered due to thegeaitity
using autologous typing and SEREX techniquaswever, with the recent reliance on gene
expression analysis and large scale proteomic approaches to identify CTAs, the antigenicity of
many newly identified CTAs is unknown. Which CTAs are immumag@nd whysomeCTAsS
can elicit varying degrees of immune responses amongst patients are critical questions whose
answers will have significant repercussions on the use of CTAs as targets for immunotherapy.
Here the factors governing the antigenicity €TAs and the current state of Ciased
immunotherapy will be discussed.

Male germ cell differentiatigrand pregnancy in the case of trophoblalséginsmany
yearsafter the establishment of a competent immsys&tem As a result of these late onsets,
many of the proteins specifically expressed du
by the developed immune systersrtunately, miltiple immunesuppressive mechanisms are in
place to prevent potential adt@mmune reactions against these tisst@ilure to maintain tls
immuneprivileged statecan have disastrous consequences, sudb asteimmune infertility
which accounts for 5 10 % of male infertility in the developed world25]. One unique
physidogical property of germ cells that prevents induction of autoimmunity is their lack of
MHC Class | receptors. MHC Class | receptors are responsible for the presentation of peptides
derived from cytosolic proteins to Tells. Without these receptors, angtgntial antigenic
peptides within germ cells are shielded from the immune system and potential autoimmune

reactions are avoiddée].



Another major contributor to the immuipeivileged environment of the testae Sertoli
cells. Sertoli cells are somatic cells within the seminiferous tubule that support the development
of male germ cells into spermatifs/]. Sertoli cells physicajl prevent infiltration of immune
cells via specialized tight junctions that form the bloestes barrier on the outside of the
seminiferous tubulef28]. Although the bloodestes barrier is a significant barrier to immune
cell infiltration into the seminiferous tubule it does not completely isolate the seminiferous
tubuleas ingress is possible through the straigbtikes and the rete tesfiz5].

In addition to the physical barrier they cre&ertoli cell producermaimmunosuppressive
chemicalenvironment within the testidMultiple immunoregulatory cytokines are produced by
Sertoli cells including transforming growth factor ( GE activin A, FAS
inhibitors of both complement and granzym¢2B]. In addition to Sertoli cells, the Leydig cells
of the seminiferous tubulesso contribute tdhe immunosuppresge cytokine milieu through
secretion of macrophagrigratoryinhibitor factor which can inhibit cell lysis mediated by
cytotoxic T-cells and Natural Killer cell§29-31]. The esulting immunosignaling environment
of the testes promotes a Atype 110 i mmunoregu
cell-mediated immunity respon§25].

Even with the various immunosuppressiverieas in place to prevent recognition of
testis expressed proteins by the central immune system, tolerance to such antigens can develop.
This occurs through expression of otherwise tastitricted antigens by autoimmune regulator
(AIRE) transcription fator within the medullary thymic epithelial cells (mTECs) during
negative selection of-€ells during immune developmégB2]. Expression of the MAGRA1 and
NY-ESO1 has been documented within mTECs which may explain the lack of antigenicity of

certain CTAs or the differential immune responses to the same CTAs amongst gasgnts



Variability degree of tissuspecific gene expression within mTECs leading to varying levels of
central tolerance has been oged for MART-1, a noRCTA melanoma antigen, and such

variations may alsoontribute to thevariation of CTA antigenicity34].

Activation of Cancer Testes Antigens

The mechanism(s) by whidBTAs are aberrantly divated within tumors is unclear but
has major implications for their potential therapeutic exploitation. There is variation in CTA
expressionacross tumor typesSome cancers such as bladder, ssamall cell lung, and
melanomas express numerous of CTAsilevbthers such as renal and colon express[Bi
CTAs also demonstrated a heterogeneous expression pattern within tumors themselves as
immunohistochemistry has revealed focal expression patterns for several [2FAS85]
Undoubtedly alterations in DNA methylation are major contributors to the aberrant expression of
CTAs within tumors. Multiple studies have demonstrated activation of CTAs following
treatment with DNAMethyltransferase inhibitors such asafa?2 -@leoxycytidine (5-aza)[36,
37]. Interestingly, changes in DNA methylation may explain the focal nature of CTA expression
within tumors as microdissection of ovarian tumors based on immunohistochemidalgstarn
NY-ESGO1 demonstrated an inverserrelation between intratumoral N¥SG-1 expression and
DNA methylation [38]. Further epigenetic alterations such as histone -tpasslational
modifications through inhibition of hisne deacetylases or H3K9 methyltransfesaaegment
CTA expression following treatment with DNA methyltransferase inhigitbowever neither
histone modification alonis sufficient to upregulate CTAs in these systg8% 40]

DNA demethylation alone is sufficient to activate a number of CTAs; however, rarely

does demethylation alone lead to wholesale activation of the entire CTA cohort. Furthermore,



studies have demonstrated differential activation of CTAs dmtwumoiderived and normal

cell lines showing similar levels of demethylatiphl]. Together these observations clearly
demonstrate that mechanisms aside from DNA demethylation are required to activate specific
CTAs. A few examples of such mechanisms have been previously described. For example
expression of MAGEA1 were found to be driven in large part by members of the ETS
transcription factor family following promoter demethylatigt2], while NY-ESG1 activation

is dependent on the binding dPBwithin its promotef43]. Interestingly, 81 is recruited to the
NY-ESO1 promoter by BORIETCFL, which competes for NNESO1 promoter ocupancy

with its paralog CTCH43, 44] BORIS itself a CTA activated by hypomethylation, has been
shown to activated a number of other CTAs in overexpression studies in both normal and
transformed cellular contextgt5-49]; however, activation oBORIS/CTCFL alone is not
sufficient to drive expression of CTAs in all cellular backgroufis 51] In total these data
suggest the traracting factors are necessary and perhaps even sufficient to drive CTA
expres®n in the proper cellular backgroundslentification of such traracting factors may

open therapeutic windows in the genetic backgrounds in which they are active.

Function of CTAs within spermatogenesis

The broad expression range of CTAs, througlspermatogenesis froepermatogonia
stem cek to implantation of the fertilized egg cedls well agheir genetic diversity suggest
vast array of functions for this gro{®2]. Numeros CTAs have been knockout in mouse
models in efforts to characterize their roles in spermatogenesis. Many ofibesis develop
normally aside from focal defects in male fertility, suggesting that while essential for

spermatogenesis, CTAs have féfnaany impacts on the development and function of-non



gametogenic tissug¢22]. Not surprisingy, CTAs contribute significantly to the gereell
specific processes of meiosis during the primary and secondary spermatocytel sea@esA
SPO11 initiates homologous mubination during meiosis by introducing DNA double strand
breaks through its transesterase acti\éB]. Several CTAs: SYCE1, SYCP1, and HORMAD1,
are members of the synaptonemal ctamphat ultimately resolves #iDNA breaks via
homologous recombination; while another CTA, TEX15 is required for proper loading of repair
proteins at the break sitfs3-56].

Interestingly, several CTAs promote mitochondrial function, pogstbtompensate for
the high metabolic demands of spermatozoa mofBity. These CTAs include COX6BII a
spermspecific isoform of a Complex IV subunit in the electron transport chain; LDHC, a sperm
specific subunit of the lactate hydrogenase tetramer; and SPATAL9, a mitochondrial adhesion
proteinthat supports mitochondrial distribution, abundance, and respjiEpacity[58, 59}
Although examples have yet to be described, the functions of CTAs described above would
potentially allow a tumor cell to cowstincreased burdens of DNA damage (Meiotic CTAS) or
metabolic demand (Mitochondrial CTAs). As the functional spectrum of CTAs within tihe test
far exceeds the examples described here, their possible functionatatilitporsthrough

isomorphic or neowrphic functions is immense.

CTA-based therapeutic strategies

The antigenicity of the first CTAs to be discovered directed a large volume of the
subsequent research involving CTAs into their potential utilization as immunotherapeutic targets
in cancerNumerous vaccines targeting several CTAs have reached phase Il or Il clinical trials.

NY-ESO1 is a frequent target of these vaccines with dozens of ongoing clinical trials. Earlier



results are encouraging as a recombinantB®0O 1 vaccine demonstratedcéinical benefit in
patients with melanoma or ovarian canf@®]. In addition to traditional vaccine approaches,
recombinant NYESO1 was used in the first study to elicit dendritic @etluced T cell activity

by fusing recombinant NNESO-1 to a monoclonal antibody specific for a dendritic cell receptor.
In Phase | trials, this approach was well tolerated and six of eight patientalsdreceivel
immunecheckpoint inhibitors had objective tumor regressi@i]. In a murine model,
vaccination with dendritic cells pieaded with a truncated form &ORIS inhibited tumor
growth, metastasis, while increasing tumor infiltration by CD4 and CD8 T cells in a murine 4T1
mammary turor implantation model, further demonstrating the potential use of CTA in non
traditional vaccinatiompproachef62].

In addition to their use in vaccisiased approaches CTAs have also been targeted using
adoptiveTc e | | therapy. | n tcklls are eaxtyagied and thén,engiaeereda t i e n t
vitro to expressed Tcell receptors(TCRs) against tumor antigens, expanded, and then
reintroduced into the patient. An adoptivec@ll approach targeting NESO1 led to clinical
responses in 55 % and 61 % of patients with metastatic melanoma or synovial sarcoma,
respectively[63, 64] . Unfortunately, in one study in which peripheral blood monocytes
(PBMCs)were tranduced wih a MAGEA3-targeted TCRsignificant toxicity and even death
occurreddue to cross reactivity with MAGEAZ2 within brain tissug¢65]. In a second study,
using PBMCsthat were also transduced with a MAGE-targetel TCR, two people
experienced cardiac arrest due to cross reactivity with the protein titin within cardiac muscle
[66]. These studies illustrate the critical need for target specificity especially when utilizing
exogenous T cell receptors which are not subject toiarwvo selection against potential cross

reactive seHantigens.
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Functional contributions of CTAs to tumorigenesis

To date the majority of research regrading CTAs focused on their potential roles as
targes of immundherapy and until the late 2080functional studies into potential pro
tumorigenic roles for CTAs were few and far between. The first clues that CTAs may contribute
to tumorigenesis include several studies around the turn of the centuryshbwed
overexpression of MAGE and GAGE genes contributed to tumor cell resistance to biological
factors such as tumarecrosis factor and FABjand, chemotherapeutics such paclitaxel and
dox or ubi-gradratjon[6G769. Fusther suggesting that CTAs functionally contribute to
tumorigenesis were the results of an unbiased genome wide screen which identified a
significantly enriched cohort of CTAs among genes that promote tumor cell resistatiee to
antimitotic cheanotherapy drugpaclitaxel [70]. Further studies demonstrated that one of the
CTAs identified in that cohortAcrosin Binding Proteinprevens disruption of microtubule
dynamics and centrosomal clustering mggatively regulating levels of aberrantly expressed
NUMAL [71].

In the last decade, research into potential functional roles for CTAs in tumorigenesis has
increased dramatically and shed light onto the fact that CTAs impact multiple aspects of
tumorigenesis.The CTA ATAD2 wasshown to alter prdumorigenic gene expressidoy
stimulating the transcriptional activity ofrayc [72]. The CTA Preferentially expressed in
melanoma (PRAME) asfound to antagonize ti@oic acid signaling and thereby block retinoic
acidinduced differentiation, growth arrest, and apoptosis within melar{@B8ja Several pro
tumorigenic functions have been identified for multiple members of th&Efamily. In 2010,
the MAGE Homol ogy Domaindés abil it yligasedwasegul a

uncovered by Doyle and colleagues who demonstrated MB&GEargeted TRIM28 to the tumor

11



suppressor p53 leading to its degradafiof]. Further studies from the Potts lab showed that
AMPK is degraded in a canespecific manner by a MAGR3/6-TRIM28 complex[75].
Although, several preumorigenic roles for CTAs includindhé examples described here have
been identified, no comprehensive approach has been taken to examine potential functional roles

for the entire collection of CTASs.

Summary of Dissertation

The goal of this project was to identify CTAs that functionallgmart tumorigenesis. To
that end, we undertook a comprehensive screening approach to define the functional contribution
of annotated CTAsto several aspects of tumorigenesis including cell viability, survival,
proliferation and activity of five proumorigenic signaling pathways (Chapter Ill). The results of
these screens identified the uncharacterized CTA Fetal and Adult Testis Expressed 1 (FATEL) as
a major mediator of tumor cell viability and survival. To begin a functional characterization of
FATE1 we cktermined that FATELl isa mitochondrial protein that interacts with a core
component of the mitochondrial fission machinery, Mitochondrial Fission Fabi6iF).
Additionally, we found thaFATEL expression is capable of altering mitochondrial morphology,
a process that impacts cellular metaboliand susceptibilityto apoptosis. In Chapter IV, owing
to the potent activation of the programmed cell death pathway following the depletion of FATE1
we further defnd FATE16s r ol e i n r egufind that &ATEloirfterattsh i s p «
with and regulates levels of the papoptotic tumor suppressor Belinteracting Killer (BIK).
Additionally, we find that a FATEL binding partner RNF183, an uncharacterizdigds®, also
functions to suppress BIK levels, andd evidence supporting a functional FATRNF183

complex. In Chapter V, FATEL is identified as a target of the chimeric transcription factor EWS
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FLI1, the oncogenic driver of ¢hpediatric malignanc¥ewing sarcomaUsing multiple cell
viability assays welemonstrate that FATEL is required for the short and long term viability of
Ewing sarcomacells. Additionally, by leveraging a previously published E¥WS1 ChIP
dataset we nominate three additional CTAs: BORIS, MAGIE and SPATAL9, as potential
EWSFLI1 transcriptional targets, two of which, MAG& and SPATA19 are necessary for
maintenance dEwing sarcomaell viability.

Overall these studies highlight the ability of cancer cells to utilize aberrantly expressed
genes to overcome the biologic conseqasnof cellular transformation. The potency and
penetrance of FATEL depletion on tumor cell viability indicates it may be a general mechanism
utilized by tumor cells to overcome transformatinoduced stress. The finding that an
oncogeniespecific transcption factor (EWSFLI1) activates several CTAs not only
demonstrates a novel mechanism of CTA activationiwittamors but it also provides several

new lines of investigation fdwing sarcomaspecific vulnerabilities.
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Figure 1: Phenotypic similarities between gametogenesis and tumorigenesis
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Figure 1: Phenotypic similarities between gametogenesis and tumorigenes&milarities at
different stages of gametogenesis (left) and tumorigenesis (right) are indicated by number.
Numberscorrespond to phenotypes listedtie embedded table. Adapted from Simpson AJ et

al., 2005[19].
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Figure 2: Cancer Testis Antigen presentation to cytotoxic T cells
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Figure 2. Cancer Tests Antigen presentation to cytotoxic T cells.Within tumor cells,
aberrantly expressed proteins are subject to proteaswdmted degradationThe resulting
peptidesare transported through the transporter associated with antigen processing (TAP) into
the endoplasmic reticulum. In the endoplasmic reticulum, antigens are loaded onto major
histocompatibility (MHC)class| molecules that transported through the Golgi apparatus and
displayed on the cell surface. On the cell surface, antigens recognized as ligreigotoxic T

cells can activate an immune response. To date, few specific mechanisms governing the aberrant
activation of CTAs have been elucidated while potential -tpnoorigenic functional
contributions for a large majority of CTAs have yet to bernmtgated. Adapted from Coulie PG

et al, 2014[2].
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CHAPTER II: MATERIAL S AND METHODS

Cell lines. Cell lines were obtained from American Tissue Type Collection (ATCC) or John

Minna (UT-Southwestern (UTSW)) excefar: TC-32 ( Chi |l drends ®MiElcDI| ogy ¢
( Nati onal Cancer Institute),; hMProE Mesenchyn
MEL-37 and SKOV-6 (Lloyd Old, Ludwig Institute); SUM159, SUM229, and SUM149
(Asterand); HUMEC (Charles Perou, Univéysof North Carolina at Chapel Hill, (UNC));
HMESO0-hTERT, Fibroblasts (BJ) (Jerry Shay, UTSW); WHIM12 (Matthew Ellis, Baylor

College of Medicine); E€ (Rolf Brekken, UTSW); PEO1 and U20S (Michael White, UTSW);
HEK293GP and HCC1806 (Gray Pearson, UTSW);CRQWilliam Kim, UNC); HCT116

(Cyrus Vaziri, UNC); HCT118AX’BAK’” DKO (Bert Vogelstein, Johns Hopkins
Universityy EWS502, EWS894, RIES, SKES1, MHH-ES1, A673, and SKN-MC (lan

Davis, UNC). Al | cel l l ines were <cul t diume Because Sr ovi d
OV-6 is on the ICLAC list of misidentified cell lines, Short Tandem Repeat (STR) profiling was

used to validate the line used in this st{icy, 77] SK-OV-6 was used because it has previously

been demonstrated to express a number of JVBf Cells were evaluated for mycoplasma

contamination by DAPI stain for extrauclear DNA.

Antibodies. Antibodies usedor immunoblotting were as follows: Santa Cruz Biotechnology:
GAPDH (se51907; 1:1000), HA (s805; 1:500 and s€392; 1:500), TOM20 (s&1415; 1:500),
BIK (sc-10770; 1:500 and st710; 1:250), eMyc (sc40; 1:1000 and sé89; 1:500), ERK1/2

(s¢93; 1:10@), Ubiquitin (se8017; 1:250), ACTIN (s8432, 1:2500), and FATE1 (891220
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1:1000); Sigma: FATE1HPAO034604; 1:2000)and RNF183 (SAB2106627; 1:1000); Cell
Signaling Technology: Cleaved Casp&s€9661; 1:500), PARP1 (9532; 1:1000), é3@L-xL
(2764;1:5000); Abcam: FATE1 (ab111486; 1:1000); V5 (R960; 1:1000; Life Technologies);
FLI1 (554266; 1:500; BD Bioscienced)ntibodies for immunofluorescence were as follows: ¢
Myc (sc¢40; 1:100; Santa Cruz Biotechnology), TOM20 -{4et15; 1:500; Santa Cruz
Biotechnology), GM130 (ab31561; 1:100; Abcam), Cytochrome c (556432; 1:200) and ; BD
Biosciences), HA (MMSLO1R; 1:100; Covance), Catalase (219010; 1:1000; Calbiochem), V5
(R960; 1:300; Life Technologies), Calnexin (ABPA860; 1:100; Enzo), COX IV (4850;
1125 Cel | Si gnal i-tabglin (Te283h 1160; Sigma)) and FLAGI (F1B804,

Sigma).

Reagents.Pancaspase inhibitor, (3$-(2,6-difluorophenoxy)3-[[(2S)-3-methyt2-(quinoline
2-carbonylamino)butanoyl]lamine}-oxopentanoic acid(Q-VD-OPh) was purchased from

Sigma. siRNAs were obtained from GE Healthcare (SIGENOME siRNA) or Sigma (M#ssion
siRNA). Control (CTRL) siRNAs were either ngargeting control (GE Healthcare) or targeted

genes DLNB14, FNDC3B, or APOL6. CellTit&lo® (CTG), ApcONE® Homogenous
Caspass&/7 (APO), ONEGI o E Luci fer ase As s a®ylLucBeyaset Assay, and
System were purchased from Promega. LipofectaBni®NAIMAX was purchased from

Thermo Fisher Technologies. DharmaFECTreagents and DharmaFEET Duo were
purchasedrom GE Healthcare Life Sciences. OMEM® was obtained from Thermo Fisher
Scientific. MitoTracker® Red CMXRos (C32H32CI2N20) was purchased from Thermo Fisher

Scientific.
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Expression Plasmids and Mutagenesis Full-length FATE1 cDNA in pRK5 (a gift from
Michael White, UTSW), was subcloned into pCMWyc (Clontech) and pcDNA3 (Thermo
Fisher Scientific) between Sall and Notl, and EcoRI and Notl, respectivelyFNy&1 cDNA

was from pCMVimyc-FATE1 was subcloned into pLPCX (Clontech) between Bglll and Notl.
Full-length RNF183 cDNA was obtained in pLX304 from the CdBBad lentiviral ORF
collection housed at UNC and cloned into pCMM (Clontech) between Sall and Notl. Full
length BIK cDNA was obtained from pEGHRK (Addgene plasmid #10952). HRNF183
C13A/G59A and BIKL61G, which has limited toxicity as compared to wiygheg79], were
generated using sH#irected mutagenesi@ CL-xL cDNA (a gift from Mohanish Deshmukh,
UNC) was cloned into pCM\myc between Sall and Notl and then rB€L-xL cDNA was
subcloned into pLPCX between Bglll and Notl. eGFP cDNA (a gift from Michael White,
UTSW) was subcloned into pLPCX between Bglll and Notl. Viral packaging plasmids, pCMV
dr8.91 and pCMWSV-G, were a gift from Bill Hahn, Harvard). pRCMV (a gift from
Deborah Chapman, University of PittsburgBWS-FLII cDNA (a gift from lan Davis, UNC)
was cloned into pPCMMHA between Sall and Notl. 3xFLA@Ggged EWSFLI1 cDNA in a
Gateway Entry vector (a gift from James Amatruda, UTSW) was inserted into pLX304 via the
Gateway LR clonase reactiopFATEI-Luc was produced by amplifying a ®0p fragment
1634 1t0 -29 bp upstream of FATEL translational start site from HCT116 genomic DNA with
Kpnl and Hindlll extensions. The insert was then ligated into o0& (Clontech) hereby
removing minimal TApromoter and placing the FATEL1 promoter directly upstream ofuihe
gene fromPhotinus pyralis p F A T ELLagw&d$prbduced by amplifying the 126#s on the

3 prime end of the FATEpromoter insert in pFATELuc with Kpnl andHindlll extensions

and then inserting it into pTAuc as described for pFATHIuc.
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siRNA screen and data processinglransfection conditions for each cell line were optimized

using the CTG assay and the formula: Transfection Efficiency = 1
(Luminescenc®®8/Luminescenc¥ ™Y, A custom siGenome SMART pool siRNA library
(Dharmacon/GE Healthcare Life Sciences) was purchased diweB6plate format and
resuspended as descrij@d]. siRNAs were diluted to 250 nM serum free medium and 30 pL

of this solution (8.3 pmoles of siRNA) was mixed in well with appropriate transfection reagents

in 9.8 uL OpttMEM® and incubated for 20 minutes. Then, 60 pL or 80 uL of cells in growth
medium were added for cell biological asignaling assays respectively. Cell biological screens

were performed 96 hours post plating using 20 uL CTG (ATP; viability), 90 uL APO (caspase

3/7 activity; survival), or the ClickT® EdU Alexa Fluor® 488 Imaging Kit (DNA synthesis;
proliferation) assag y st ems according to manufacturersodo p
read with a Pherastar Plus or Pherastar FS (BMG Labtech) plate reader. siRNA pools with z
scores > 2 in the apoptosis screen or2<in the viability and proliferation screens were
corsidered outliers. Only siRNA pools that exhibited statistically significant chang® @ by
unpaired -tSst) were cohsilered.tFor the HIF, N , Wnt , and TGFb
screens, siRNA pools that reduced reporter activity by either > 60 % in a single cell line or > 30

% in more than 2 cell lines were considered positivestieoNFa B, Wn't |, and TGFbD

screens, both basal and liganduced values were considered.

Transfections. For siRNA transfection,cells were trypsinized and plated into medium
containing 56100 nM siRNA complexed with RNAIMAE in Opt-MEM® and ircubated as
indicated in the figure legends. For cDNA transfections, HeLa, H1155 and H1299 cells were

transfected using Lipofectamine 2@00(Thermo Fisher Scientific) and HEK293T cells were
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transfected using FUGENE®Gor the calcium phosphateethod80]. Al | manufactur

protocols were followed.

Generation of stable cell linesCell lines stably expressing shRNAs were created via lentiviral
mediated gene transduction throughti@nsfection of HEK293T cells with viral expression and
packing plasmidg§pCMV-VSV-G and pCMV\dr8.91). For FATEL studies, stable lines were
created via retrovirainediated gene transduction throught@nsfection of HEK293GP cells

with pLPCX expression plasmids and pCMASV-G. Virus conditioned media was used to
infect targetcells in the presence of polybrene and stable populations were selected using

appropriate antibiotics.

Luciferase assayslindicated luciferase reporters (100 ng), Renilla repog&L{CMV, 2 ng)
and 100 ng indicated cDNAs were transfected into HEK298MguFUWGENE 6®. Forty-eight

hours later|uciferase activity was measured using the Luciferase Assay System.

Colony formation assay At indicated incubation times following siRNA transfection, cells

were replated at limiting dilution, fed ive a week and stained with Geimsa (Sigma).

Soft Agar Assays.48 hours after lentiviranediated transduction of shRNAs, cells were
suspended in 1 mL of 0.35 % baetgar in appropriated media over a 1 mL base layer of 0.7 %
bacteagar in appropriate me&d One mL of media was added to the top of each well and
exchanged twice weekly for three weeks. At the end of three weeks colonies were stained with

Giemsa and counted.
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Gene expression.RNA was isolated using or an RNA isolation kit (Sigma) and reverse
transcribed using the Hig@apacity cDNA Reverse Transfection Kit (Thermo Fisher Scientific)
according to manufacturer 06s i Timmé PAGRcsystero ang . An
either SolariE  ( D h a r,B¥BR® rG)een or TagM& RealTime PCR(Thermo Fisher
Scientific) gene expression assays were used. Gene expression assays were multiplexed with
RPL27 as a control assays. Relative expression values were calculated using the comparative 2

®®C method[81].

Immunoblotting. Whole cell lysates were prepared in 2x Laemmli sample buffer and resolved
using Sodium Dodecyl SUIFATE1 Polyacrylamide Gel Electrophoresis-fA&E). Gels were
transferred to Imobilon® PVDF (Millipore) or nitrocellulose (Bi€Rad Laboratories)
membranes, blocked in trimuffered saline containing 0.1 % Tween20 (TBST) and blocked in 5
% nonfat dry milk, bovine serum albumin (BSA), or Odys®8eft1-COR Biosciences) blocking
buffer followed by incubation with indicated primary antibodies for 1 hour or overnight. After
washes in TBST, appropriate HRBupled secondary antibodies (Jackson Immunoresearch) or
IRDye® antibodies (LICOR Bioscience) were used for chemiluminescence or Boeree
detection (Odyss&@), respectively. Coomassie stain (Genlantis) was incubated with SDS

PAGE gels for 30 minutes followed by destain for 4 hours.

Immunofluorescence Cells plated on glass coverslips were fixed with 3.7 % formaldehyde and

permeabized with 0.5 % Triton X100 for ten minutes. For calnexin staining, cells were

permeabilized with iceold methanol for 10 minutes. Cells were blocked and washed in 1 %
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BSA, 0.1 % TweerR0 in 1X Phosphate Buffered Saline (PBS) (PBTA). Cells were incubated
with primary antibodies for 1 hour followed by three washes in PBTA. Coverslips were then
incubated with Alexa Fluor&onjugated secondary antibodies (Thermo Fisher Scientific) for 30
minutes followed by 3 washes in PBTA and a wash #®.HMitoTracker wasadded for 30
minutes prior to fixation. Prolong® Gold Antifade reagent with DAPI (Thermo Fisher
Scientific) was used to mount slips on glass slides and images were acquired on either a Leica

DM55000 B upright microscope or a Zeiss LSM510 confocal miomesc

Viability Assays. Cells were reverse transfected WRINAIMAX E in Opti-MEM® with 50-
100nM siRNA in 96 well format. 120 hours pdasinsfection (unless otherwise indicated), CTG

was used to quantitate total ATP using a Pherastar Plus plate reader.

Immunoprecipitation. Unless otherwise indicated, cells where lysed on ice for 30 minutes in
nondenaturing lysis buffer (NDLB): 50 mM HEPES pH 7.4, 1.0 % Trited00, 0.5 % Sodium
Deoxycholate, 150 mM NaCl, 1 mM Na\VO 25 mM b-Glycerophosphate, 1 mM
EthyleneDiaminetetraacetic Acid (EDTA), 1 mM Ethylene Glycol Tetraacetic Acid (EGTA),
plus proteasénhibitor cocktail (Sigma)). Lysates were clarified at 12@6fF 10 minutes. Then,

10% of each clarified lysate was set asideaasnput loading control and the remainder was
immunoprecipitated for 4 hours at 4 °C with antibodies coupled to Protein A/G beads. Unless
otherwise indicated, beads were washed two times in high salt (350 mM NaCl) NDLB, once in

NDLB, and then resuspendadd boiled in 2X Laemmli sample buffer.

Autoubiquitination Assays. For in vitro autoubiquitination assays, HEK293T were transfected
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with pCMV-HA-RNF183 or pCMVHA-RNF183CC/AA. Twentyfour hours after transfection,
cells were lysed on ice in natenatuing lysis buffer (NDLB): 50 mM HEPES, pH =8, 1.0 %

TritonX-1 00, 0.5 % Deoxychol at e, 1 5 GGlyoeMphbdsph@te, ,

=

1 mM EDTA, 1 mM EGTA, plus proteasehibitor cocktail, clarified at 12,000g for 10 minutes
and then immunoprecipitatddr 4 hours with antHA antibody (Covance) and Protein A/G
beads (Life Technologies). Beads were then washed 3 times in NDLB with 350 mM NaCl and
two times in ligase buffer: 50 mM Tris pH 7.5, 150 mM KCI, 1 mM MgCI2. After the final
wash, beads were respended in ligase buffer containing 100 nM recombinant E1 (Enzo Life
Sciences), 1 pM recombinant UbcH5b (Enzo Life Sciences), 5 pM ubiquitin from bovine

erythrocytes (Sigma), plus or minus 5 mM Mg&¥P and incubated for 1.5 hours at 37 °C.

GST-183 Purification. BL21(DE3) E. coli transformed with pGEXT-1-RNF183 were induced

with 1 mM IPTG in the presence of 100 nM Zp@hd incubated for 4 hours at 37 °C. Bacteria
were pelleted and then flash frozen. The next day the pellet was thawed on ice anchdesuspe

in 30 mL of ice cold lysis buffer (50 mM THACI pH = 7.7, 150 mM KCI, 0.1 % Triton-400,

1 mM DTT, and protease inhibitor cocktail). Lysozyme was added to a final concentration of 1
mg/mL and the lysate was rocked on ice for 30 minutes and theatzhseven times for 15
seconds at 70 % power and 50% cycle. The lysates was then centrifuged for 1 hour at 12,000
rom at 4 °C. The resulting supernatant was transferred to a fresh conical and incubated with
glutathione agarose beads for 2 hours at 8B¥ads were collect by centrifugation at 2,000g for

2 minutes and then washed five times with 20 mL of lysis buffer. After the final wash beads
were eluted into six 2 mL fraction of elution buffer (50 mM THEI pH 7.7, 150 mM KCI, 1

mM DTT, and 10 mM reduced glutathione). Samples of all fractions were blotted using
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coomassie blue and those with GRINF183 bands were dialyzed overnight into protein storage

buffer (50 mM TrisHCI pH 7.7, 100 mM KCI, 10 % glycerol, 1 mM DTT).

In vitro ubiquitination assay. The Enzo® Ubiquitinylation kit was used to evaluate GST

RNF183 for E3ligase activity towards 6xHiBIK (Abnovg. Briefly, 100 nM ubiquitin

activating enzyme (E1), 100 nM ubiquitin conjugation enzyme UbcH5b (E2),1 mM recombinant
GST-RNF183, 100 nM 6xHIBIK, and 5 mM bovine ubiquitin (Sigma) were incubated in 1 x
Ligase Buffer 50 mM TrisHCI pH 7.5, 150 mM KCI, 1 mM MgG|] 1 mM DTT), with 5 mM
Mg*™*-ATP. The reaction mixture was incubated at 37 °C for 90 minutes and then quenched by
addition of 2x Laemellbuffer. Negative control reactions were performed in the absence of

Mg**-ATP.

GREAT analysis. Genomic binding coordinated from Patel el al 2012 were converted to
GRCh37 and subjected to GREAT 3.0.0 analysis using the basal plus extension gene regulator
definition with the following parameters: Proximdd.0 kb upstream and 1.0 kb downstream,

plus Distal up to 1000 kb.

OncomineE Roml @scesmi neE Bl K mRNA tumor/ nor mal
were used: GSE165151, GSE25142, and The Cancer @efttas (TCGA) Research Network

(http://cancergenome.nih.gQ\y82-85].

Survival Analysis The overall survival and clinicopathological data sets were GSE8894, Lung

Adenocarcinoma and Colorectal TCGA (downloaded from cBioPdi@&l) 86] Samples were
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placed into groups based on a median cutoff, with the exception of the colorectal patients in
Figure4f, where a zscore cutoff okexpression > 1.5 was used. The distributions of-tiorevent
outcomes were estimated using the method of Kaplan and Meier. P values and hazard ratios were

calculated using a Cox regression model.
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CHAPTER Ill: FATE1 IS AMITO CHONDRIAL CTA THAT S UPPORTS TUMOR

CELL VIABILITY 1

Introduction

Recently, precumorigenic functional roles for CTAs have begun to be defined; however,
these studies have been confined to only a few CTAs or CTA gene families. Aside from several
CTA gene families whose members have esitenhomology, there is little sequence homology
between CTAs. Additionally, the known functions of CTiAspermatogenes&e quite diverse,
impacting processes at each step of male cell differentiation up to and including implantation.
The diversity ofprotein sequences and known functions imitperm suggesthe spectrumof
potential functios for CTAs in tumorigenesis may be quite large. To assess this in a
comprehensive manner we interrogated the impaeixpfession ofndividual CTAs on tumor
cell viability, survival, and proliferation, as well as five signaling modules implicated in
tumorigenesis (N B, HI-B, R&Finoic Acid, and Wnt). The
panel of 11 tumaederived cell lines from diverse cancer lineages chosen to provide maximal
representation of annotated CTAs. The results of the viability and survival arms of this screen
identified the uncharacterized CTA Fetal and Adult Testis Expressed 1 (FATE1l) as a major
contributor to tumor cell viability and therefore | will briefly summairize previously published

literature regrading FATEL.

! Elements of the work referenced in this chapter are publish&imberly E. Maxfield and Patrick J. Taus, Kathleen Corcoran,
Joshua Wooten, Jennifer Macion, Yunyun Zhou, Mark Borromeo, Raltblipara, Jingsheng Yan, Yang Xie, Xialn Xie,

and Angelique W. Whitehurst. Comprehensive Functi@tedracterization of Canc@estis Antigens Defines Obligate
Participation in MultipleHallmarks of CanceNat Commun2015 Nov 16
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FATE1l

The FATEL transcript was first identified in a 2001 study that sought to map transcripts
with enriched testicular expression to the breakgamhichromosome translocations in infertile
men[87]. The same year, a follow up study cloned FATEL from fetal tissue and identified its
gene structure consisting of 5 exons spanning 7 kb on the X chrom{&8jmim 2003 FATE1
MRNA expression was detected in samples from patients with hepatocellular (66 %) and
colorectal carcinomas (21 %). Of note, three patients with hepatocellular carcinomas positive for
FATEL1 expression had reactive sera against recombinant FATElnprotein di cat i ng FA
antigenic potentiain vivo[89]. In 2005 immunohistochemical analyses detected FATEL protein
within the tests in spermatogonia, primary spermatocytes, and Sertolilwell&iled to detects
presence in other normal tissy&%]. No functional role for FATE1 within normal tissues or

cancers had been described prior to following studies.

Results
Functional Analysis of CTAs

We designed an experimehtgalatform to allow for broagcale investigation of the
mechanistic contribution of CTAs to tumor cell autonomous behaviggar@3A). One hundred
forty CTAs with documented expression in solid tumors were selected for this study (Table 1).
Given the ntorious heterogeneity of CTAxpressionamong tumors, we used quantitative
expression profiling to identify 11 tumaierived cell lines providing maximal representation of
our CTA panel135 CTAs) (kgure3B) [78]. These cell lines were derived from prostate, breast,
ovarian, skin, norsmall cell lung cancer (NSCLCand bone tumors. Each cell line within this

Otestbedd exhibited a distinct pattern of CTA
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2 cell linesand 20 % were expressed in all 11 cell linagyfe 3B).

To annotate tumorigenic CTAs, we individually depleted each CTA in each of the 11 cell
lines and measured the consequences on Walalpoptosis and proliferationn addition, we
measured the osequences of CTA depletion on the Hypoxia Inducible FagidtF), Whnt,
TGFb, and Nu c | -kghtichaifreaancer of adivaaied B cells (NFB ) signal ir
pathways in a subset of cell lines using luciferase reporters. These pathways were chosen
beause they are classic tumorigenic signaling cascades that are also essential during
development and therefore, we reasoned were most likely to be affected by CTAs in tumor cells.
Importantly, each luciferase signaling reporter exhibited a broad dynange tgon ligand
mediated stimulation in at least 5 testbed cell lines, providing an opportunity to examine CTA
influence n multiple genetic background®aw data from each screen were normalized to
internal nortargeting controls and ascore was calculad for all CTAs in each assay and cell

line (Figure 3Q.

Multiple CTAs are essential for tumor cell viability

siRNA pools targeting 17 CTAs that significantly affected apoptosis, viability or
proliferation (defined as > 1.5 standard deviations from tkamof all CTAS) were retested
using individual siRNAs. Fourteen pools contained 2 or more active siRNAs, suggesting on
target activity (Figre 3DF). The CTA that exhibited the most potent viability dependency in
multiple genetic backgrounds was Fetal aullt Testis Expressed 1 (FATE1) (P = 0.0011,
Kolmogorov+Smirnov test) Figure 4Aand B. FATEL1 mRNA was detectable in all 11 testbed
cell lines and its depletion led 80> 30 % reduction of viability in melanoma, breasgspate

and sarcoma settingsigkre 48). Importantly, 3 of the 4 siRNAs in the original screening pool
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were sufficient to recapitulate the activity of tRATE-targetedsiRNA pool (Fgure 3. We

also returned FATE1 as essential for viability in a previous genwiahe loss of functia screen

in H1155 cells, a NSCLC cell ling70]. Given the penetrance of siFAdiEduced viability
defects in our testbed cell lines, we further evaluated tumor cell dependency on FATE1 by
expanding our analysis talditional cell lines derived from colorectal, ovarian, sarcoma, breast,
cervical and NSCLC cancers. While all cell lines were sensitive to FATE1 depletion, we
identified a subset (HCT116, WHIM12, U20S, HelLa,-ESPEO1, SUM159, A549, LNCaP),
which exhibitel an almost complete loss of viability 120 hours post transfection with siFATE1
(Figure 4G. These observations corresponded with a potent loss in viability as assessed by
colony formation assays in multiple tumorigenic backgroundgu(é 4D. Looking atpatient
expression data we found that among colorectal cancer patients, a dataset chosen because of
FATEL significant impact on viability of the colorectal carcinoma cell line HCT116 cells, those
patients with high expression of FATEL had a significantdgrpr outcome compared to those

with low FATEL expression, indicating FATHEdayplay a clinically relevant role within tumors

(Figure 4B.

FATEL is a mitochondrial protein

Owing to the critical role of FATEL1 expression on tumor cell viability we sought to
characterize potenti al functional roles for
sequence which indicated a largely disordered protein with potential -coilledand
transmembrane domains in itst&€minus Figure 5A) A BLASTP search of FATEL primary
amino acid sequence showed significant homologiyveen FATE1 an#litochondrial Fission

Factor (MFF). Thi s area of h o metérroirply coilsdpot ICOCk @nd MF F O s
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transmembrane domains (TM), which exhibit 29 % identity and 55 % similarittheo
corresponding regions of FATHEigure 5B)[90]. MFF is a mitochondrial resident protein that
functions during mitochondrial fission to recruit the mechanical effector of mitochondrial fission,
Dynaminrelated potein 1, to thenitochondrialouter membrane surfag@l, 92] Together these
data suggest a domain map of FATE1 shown in Figure 5C.

Consistent withits homology toMFFG6 s mi t o-targeating dransmembrane and
coiled-coil domains mycFATE1L localized to the mitochondria with limited presence in other
organelleskigure 6A [91]. We t hen assessed tputativecodlegtcoll r e men't
and transmembrane domains on FATEL localization. Both domains are required for FATEL to
localized b the mitochondria, deletion of the transmembrane domain localized FATE1L to the
cytoplasm and nucleusnd cletion of the coilegtoil domain localized FATE1 to the
endoplasmic reticulum.F{gure 6B and £ Coiled-coil domains frequentlynediate protein
protein interactionsowe assessed a possible interaction between FATE1 and MFF. We found
that the two protein interact within -cogl | s, e
domain Figure 7A and B We also assessed the requirement for MFIedalizing FATEL to
the mitochondria. Using mouse embryonic fibroblasts harboring a-M&é€letion we assessed
the localization of wilelype FATEL and found that it maintained its mitochondrial localization
in the absence of MFF expressigiigure 7C)

As MFF is a critical mediator of mitochondrial morphology agsessewhether FATE1
impacted mitochondrial morpholog90]. Stable expression of FATEL led to basal alterations in
mitochondrial shape within boimmortalized fibroblasts and H1299 lung adenocarcinoma.cells
Within BJfibroblasts FATEL expression led to balleldte mitochondrial structures (compared

to a thin, reticular mitochondrial network in control cells expressing Histone G2B) (Figure
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8A). In H1299 cells FATE1 condensed the mitochondrial network into a perinuclear aggregate.
Interestingly, this phenotype was also observed H1299 cells depleted of MFF, suggesting the two
proteins may have opposing functidifisgure 8B) Additionally, the FATElinduced perinuclear
aggregation was attenuated when cells were depleted of the mitochondrialeffisatar,
Mitofusin 1 (MFN1) [93] (Figure 8B) Importantly, theH1299 cell linesused showed no
differences in proliferation rates indicating the mitochondrial phenotypes were not due to

alterations in cell cycleHigure 8Q.

Discussion

Intriguing correlative associations between gametogenesis and tumorigenesis have been
noted for over 100 year@Figure 1) For example, tumor cells can produce trophoblastic
hormones at sufficient levels to be used as a serum marker for tumor detection and recurrence
[94]. Additionally, gene products whose expression is otherwisectestto reproductive tissues
are frequently reexpressed in a range of tumor types. However, despite widespread activation in
tumors, a global investigation into the contribution of thgseesto neoplastic behaviors has
been lacking. Here, by integnagj findings from a multfaceted, comprehensive platform we
find that CTAs engage divergent mechanisms in the tumorigenic regulatory network to promote
cancer.

We uncovered multiple CTAs that are essential for tumor cell viability. These CTAs have
a divesity of known functions within sperm and therefore likely buttress different aspects of the
tumorigenic platform. Among the CTAs impacting tumor cell viability, the previously
uncharacterized CTA FATE1 had the most potent impact across the testbed otélinines
used in our analyses. We found that FATE1l localizes to mitochondria and can alter

mitochondrial morphology. Control of mitochondrial morphology can impact multiple aspects of
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cell viability including the effectiveness of mitochondrial respmatand its sensitivity to outer
membrane premeabilization in response to apoptotic stifgabib7]. Mechanistically FATE1

may be influencing mitochondrial morphology by antagonizing the function of MFF, a
mitochondral membrane protein critical to the mitochondrial fusion pro¢@8p We identified

an interaction between the two proteins and found that expression of the two has opposing
effects on mitochondrial morphology,idence that taken together supports a possible functional
relationship Figure 7A and Figure 88The FATEIMFF i nt er acti on dependec
homologous coilegoil domain Figure 7B a domain that i's also
mitochondrial locakation but in a MFRndependent manndfFigure 7C) Due to the coiled
coil 6s i mportance in the mitochondri al l ocal i
governing this localization may also inform aspects of MFF regulation due to the shared

homolayy within this region.
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Table 1. Screened Cancer Testis Antigens

Description Location | Gene Name Antigenic

Acrosin binding protein 12p13.31 ACRBP Y
Actin-like 8 1p36.2p35 ACTLS
ADAM metallopeptidase domain 2 8pl1.2 ADAM?2
A kinase (PRKA) anchor protein 3 12p13.3 AKAP3
Armadillo Repeat Containing 3 10p12.31 ARMC3 Y
ATPase family, AAA domain containing 2 8024.13 ATAD2
B melanoma antigen-3 21pll.1 BAGE1-5 Y
Bromodomain, testispecific 1p22.1 BRDT
Calcium binding tyrosie-(Y)-phosphorylation  18q11.2 CABYR Y
regulated
Cancer antigen 1 6p24.3 CAGE1 Y
Calreticulin 3 19p13.11 CALR3
Coiled-coil domain containing 110 4g35.1 CCDC110 Y
Coiled-coil domain containing 62 12q24.31 CCDC62 Y
Cytochrome c oxidase subunit VIb ppbgptide; 19g13.42 COXxe6B2
2 (testis)
Cysteinerich secretory protein 2 6p12.3 CRISP2
Chondrosarcoma associated gene 1 X(q28 CSAG1
CSAG family, member 2 Xq28 CSAG3 Y
Cancer/testis antigen family 45 (8 members  Xq26.3 CT45A1-6 Y
Cancer/testis antigenrfaly 47 (4 members) Xq24 CT47Al-

6,811
Cancer/testis antigen 1B X(q28 CTAG1B Y
Cancer/testis antigen 2 Xq28 CTAG2 Y
Cutaneous fcell lymphomaassociated 18pl11.2 CTAGE1l
antigen 1
CCCTGhbinding factor (zinc finger protein) 20g13.31 CTCFL Y
like
Chromo®me X open reading frame 48 X(q26.3 CXorf48
Chromosome X open reading frame 61 Xq23 CXorf61 Y
DEAD (Asp-Glu-Ala-Asp) box polypeptide 4] 6q12913 DDX43
DEAD (Asp-Glu-Ala-Asp) box polypeptide 5] Xp22.11 DDX53 Y
Dickkopf-like 1 (soggy) 19913.33 DKKL1
Developmental pluripotency associated 2 3013.13 DPPA2 Y
Family with sequence similarity 46, membel]  Xg21.1 FAM46D Y
Fetal and adult testis expressed 1 Xq28 FATE1 Y
Fragile X mental retardation 1 neighbor Xq28 FMR1NB Y
Ferritin, heavy polypeptidéke 17 Xp21 FTHL17
G antigen Xp11.23 GAGE!- Y
1,2,3,45,6,7,8,12B,12E,12C,12D,12E,12F, 8,2A, 12B
G,12H,121,12J,13 (19 members) J,GAGE13
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Table 1, continued. Screened Cancer Testis Antigens

Description Location | Gene Name Antigenic
HORMA domain containing 1 1921.3 HORMAD1 Y
Insulin-like Growth Factor 2 mRNA Binding 7pll IGF2BP3 Y
Protein 3
Immunoglobulin superfamily, member 11 3013.32 IGSF11 Y
Interleukin 13 receptor, alpha 2 Xq13.1-:g28 | IL13RA2
Lactate dehydrogenase C 11p15.1 LDHC
LEM domain containind. 1g32.1 LEMD1
Lipase, member | 21911.2 LIPI
Leucine zipper protein 4 Xq23 LUZP4 Y
Lymphocyte antigen 6 complex, locus K 8g24.3 LY6K Y
Melanoma antigen family A, 8 Xq28 MAGEAS8
Melanoma antigen family A, 9 Xq28 MAGEA9 Y
Melanoma antigen family B, 1 Xp21.3 MAGEB1 Y
Melanoma antigen family B, 2 Xp21.3 MAGEB?2 Y
Melanoma antigen family B, 3 Xp21.3 MAGEB3
Melanoma antigen family B, 4 Xp21.3 MAGEB4
Melanoma antigen family B, 5 Xp21.3 MAGEBS5
Melanoma antigen family B, 6 Xp21.3 MAGEB®6
Melanoma angen family C, 1 Xq26 MAGEC1 Y
melanoma antigen family C, 2 Xq26 MAGEC?2 Y
Melanoma antigen family C, 3 Xq26 MAGEC3
MORC family CWttype zinc finger 1 3913 MORC1
Nuclear RNA export factor 2 Xqg22.1 NXF2
Outer dense fiber of sperm tails 1 8g22.3 ODF1
Outer dense fiber of sperm tails 2 9g34.11 ODF2 Y
Outer dense fiber of sperm tails 3 11p15.5 ODF3 Y
Opa interacting protein 5 15q915.1 OIP5
P antigen family, member 2 (prostate Xpll.21 PAGE2 Y
associated)
P antigen family, member 4 (prostate Xpll.21 PAGE4 Y
associate)
P antigen family, member 5 (prostate Xpll.21 PAGES5
associated)
PAS domain containing 1 Xq28 PASD1 Y
Piwi-like 2 (Drosophila) 8p21.3 PIWIL2
Placentaspecific 1 X(q26 PLAC1 Y
POTE ankyrin domain family B,C,D (3 8p11.1,15q11 POTEBD
members) 2,21q11.2
Preferentially expressed antigen in melanor, 22q11.22 PRAME Y
Sarcoma antigen 1 X(q26 SAGE1 Y
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Table 1, continued. Screened Cancer Testis Antigens

Description Location | Gene Name Antigenic

Solute Carrier Organic Anion Transporter 5021.1 SLCO6A1 Y

Famiy, Member 6A1

Sperm autoantigenic protein 17 11q24.2 SPA17 Y

Sperm associated antigen 9 17921.33 SPAG9 Y

SPANX family, member A1,A2,C,D, E2 (5 Xq27.1 SPANX Y (B)

members)

SPANX family, member N5 Xq27.1 SPANXN5

Spermatogenesis assaied 19 11925 SPATA19

SPO11 meiotic protein covalently boundto| 20g13.31 SPO11

DSB homolog (S. cerevisiae)

Synovial sarcoma, X breakpoint 1 Xpll.23 SSX1

Synovial sarcoma, X breakpoint 2 Xpll.23 SSX2 Y

synovial sarcoma, X breakpoint 4 Xpll.23 SSX4 Y

Testis Specific, 10 2q11.2 TSGA10 Y

Protease, Serine, 50 3p21.31 TSP50

Testis specific protein, Yinked 1 (3 membery  Ypl11.2 TSPY1

X antigen family, member 1B, E (2 member| Xpl11.22 XAGE1B; Y
XAGELE

X antigen family, member 2 Xpll.22 XAGE2

Zinc finger protein 165 6p21.3 ZNF165 Y

35




Figure 3: Platform for a multidimensional screen to interrogate CTA function
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Figure 3. Platform for a multidimensional screen to interrogate CTA function (A)
Workflow for siRNA screen. (BPresence (red) and absence (white) calls for all CTAs in
indicated cell lines based on gquantitativéRNA expression analysis. (C)-stores for each
screen were calculated and plotted for each CTA (left) for each assay and cell line (top, cell lines
are hidlen). (BF) siRNAs were transfected into cell lines and 96 hours post transfection, APO
(D), EdU (E) and CTG (F) assays were performed. Bars represent mean fnrangje. Grey

line indicates activity of control sSiRNA. Numbers indicate independent siRfdAesces.
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Figure 4: FATEL supports tumor cell viability
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Figure 4. FATEL supports tumor cell viability. (A) Distribution of SiFATEL viability ratios

versus all other siCTAs in testbed cell inetser e FATE106s mRINAvaseaxCdr es s i
value < 35 Points represent mean of at least 2 independent assays. P value calculated by
KolmogorovSmirnov test. B) Left: Viability (relative to nortargeting control) inall testbed

cell lines 96 hours after SIFATE1 transfection. Barsrreps e n t mean (RightO 2)
MRNA (CT) expression values of FATEL in test bed cell lin@g3). Viability assay in indicated

cell lines 120 hours post siRNA transfection. Bars represent mean viability relative to siCTRL (n
= 4) = standarderror of tre mean (SEM CR: Colorectal, B: Breast, S: Osteosarcoma, C:
Cervical, O: Ovarian, L: Lung, P: Prostate, R: Ren8l) Colony formation assays were
performed 48 (HCT116) or 72 hours after siRNA transfection. Data representative of 2
independent assays.E)( KaplanMeier (KM) survival curves from TCGA colorectal

adenocarcinoma patients. HR and P value calculated by Cox Regression Analysis.
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Figure 5: FATE1 domain structure.
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