1' frontiers
in Oncology

ORIGINAL RESEARCH
published: 14 May 2020
doi: 10.3389/fonc.2020.00642

OPEN ACCESS

Edited by:
Kuzhuvelil B. Harikumar,
Rajiv Gandhi Centre for
Biotechnology, India

Reviewed by:
Zhiqun Zhou,
Leonard M. Miller School of Medicine,
University of Miami, United States
Tamer Yagci,
Gebze Technical University, Turkey

*Correspondence:
Ho-Keun Kwon
hk@yuhs.ac

Specialty section:
This article was submitted to
Cancer Molecular Targets and
Therapeutics,
a section of the journal
Frontiers in Oncology

Received: 22 November 2019
Accepted: 06 April 2020
Published: 14 May 2020

Citation:

Kim G-C, Lee C-G, Verma R, Rudra D,
Kim T, Kang K, Nam JH, Kim Y,

Im S-H and Kwon H-K (2020) ETS1
Suppresses Tumorigenesis of Human
Breast Cancer via Trans-Activation of
Canonical Tumor Suppressor Genes.
Front. Oncol. 10:642.

doi: 10.3389/fonc.2020.00642

Check for
updates

ETS1 Suppresses Tumorigenesis of
Human Breast Cancer via
Trans-Activation of Canonical Tumor
Suppressor Genes

Gi-Cheon Kim 2, Choong-Gu Lee 3, Ravi Verma*, Dipayan Rudra *, Taemook Kim ®,
Keunsoo Kang ¢, Jong Hee Nam 7, Young Kim 8, Sin-Hyeog Im *° and Ho-Keun Kwon *21%

1 Department of Microbiology and Immunology, Yonsei Univetsi College of Medicine, Seoul, South Korea? Institute for
Immunology and Immunological Diseases, Yonsei University @ege of Medicine, Seoul, South Korea® Natural Product
Informatics Research Center, Korea Institute of Science ande€hnology (KIST), Gangneung Institute of Natural Products,
Gangneung, South Korea,* Academy of Immunology and Microbiology (AIM), Institute for Bdc Science (IBS), Pohang,
South Korea,® Department of Biological Sciences, Korea Advanced Institatof Science and Technology, Daejeon, South
Korea, ¢ Department of Microbiology, College of Natural Sciences, 8nkook University, Cheonan, South Korea, Department
of Pathology, Chonnam National University Medical SchooGwangju, South Korea,® Department of Oral Pathology, School
of Dentistry, Chonnam National University, Gwangju, Soutkorea, ° Division of Integrative Biosciences and Biotechnology,
Department of Life Sciences, Pohang University of Sciencera Technology, Pohang, South Korea;° Brain Korea 21 PLUS
Project for Medical Sciences, Yonsei University College dfedicine, Seoul, South Korea

ETS1has shown dichotomous roles as an oncogene and a tumor suppresor gene in
diverse cancers, but its functionality in breast cancer turigenesis still remains unclear.
We utilized the Cancer Genome Atlas (TCGA) database to analy comprehensive
functions of ETS1in human breast cancer (BRCA) patients by investigating iesxpression
patterns and methylation status in relation to clinical pgnosis. ETS1 expression was
signi cantly diminished by hyper-methylation of theETS1promoter region in specimens
from BRCA patients compared to a healthy control group. Morever, ETS19" BRCA
patients showed better prognosis and longer survival compeed to ETS1°% BRCA
patients. Consistent with clinical evidence, comparativeanscriptome analysis combined
with CRISPR/Cas9 or shRNA based perturbation oETS1expression revealed direct as
well as indirect mechanisms ofETS1 that hinder tumorigenesis of BRCA cells. Taken
together, our study enlightens a novel function oETS1as a tumor suppressor in breast
cancer cells.

Keywords: ETS1, breast cancer, tumor suppressor, DNA methylation, regulato ry elements

INTRODUCTION

Breast cancer is the most commonly diagnosed cancer ancttfuand leading cause of death from
cancer in women1). Development and progress of breast cancer are mediated by plicated
process in which many genes and signaling pathways are intetiv2). Pro ling of gene-
expression in patient specimen has been used to identify thari@gcular switches of tumor
development®). Human breast cancer datasets, including The Cancer Gensitas (TCGA) {)
and Curtis §) provide comprehensive genomic pro les of breast cancer.

ETS1ETS proto-oncogene 1, transcription factor) has initiallgbeharacterized as the proto-
oncogenic transcription factor that contributes to tumorgiagenesis and invasiveness in cancer
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cells 6-8). Previously, high levels &TSlexpression have been transcription of 1 mg RNA was performed using oligo (dT)
closely associated with higher chance of metastatic peatentiprimer (Promega: C1101) with Improm Il Reverse Transcription
and poor prognosis in various types of cance®s1{). ETS1 system (Promega) according to the manufacturer's protocols.
is known to enhance the expression of numerous tumorigeniQuantitative RT-PCR was performed using SYBR Green Dye
genes involved in tumor angiogenesis, cancer cell invasiomix (Takara: RR420) on Rotor-Gene Q (Qiagen, Hilden,
and energy metabolisnilf). These include vascular endothelial Germany). Data was normalized to human hypoxanthine-
growth factor (VEGF) and certain proteases such as MMP-Iguanine phosphoribosyl transferagdRRT). Primer sequences
MMP-3, and MMP-9, as well as urokinase type plasminogemre provided inSupplementary Table 1
activator (UPA), which is associated with extracellular mxat ) o
(ECM) degradation {6-19). Despite the established oncogenicChromatin Immunoprecipitation
function of ETS1in human cancers, recent studies have(ChlP)_PCR Assay
proposed contrasting roles &TSlas anti-oncogenes suggestingChIP-PCR assays were performed by Simple ChIP plus
dichotomous roles ofETS1 for tumorigenesis in context- Enzymatic Chromatin IP Kit (Cell Signaling: #9005) accargiio
dependent manner 20, 21). However, the functionality and the manufacturer's protocols. Brie y, cells were cross-lthidth
molecular action mechanisms &TS1in BRCA tumorigenesis 19 of formaldehyde and lysed for nuclei preparation. Nucleus
still remain unclear. pellet was treated with micrococcal nuclease and sonicated
In this study, we revealeiTSlas the tumor suppressor gene for chromatin fragmentation. Protein-chromatin complex sva
in BRCA cells. In humans, poor prognosis of BRCA patientsncubated with antibody targeting anETS1 (Cell Signaling:
was negatively correlated withTS1expression, repressed by #14069) at 4C overnight. Rabbit IgG (Vector Laboratories)
hyper-CpG methylation inETS1promoter locus. Furthermore, was used as negative control. After immuno-precipitationnb0
we showed the direct and indirect mechanism&dS1to hinder  Dynabeads protein G or A (Life technologies) were added and
tumorigenesis of BRCA cells. Overall, our ndings enlightee  rotated further for 6-h at 4C. Ab/protein/chromatin complex
novel function ofETS1as the tumor suppressor gene, which canyere reverse-crosslinked at &5 overnight, and DNA was

be the potential target for novel therapeutics in BRCA. puri ed by DNA puri cation columns (Cell Signaling: #10010).
The relative enrichment of specic regions in precipitated

MATERIALS AND METHODS DNA was measured by quantitative PCR (gRT-PCR). To
. quantify protein binding in speci c genomic locus, puried

Cell Culture, Plasmid, and Reagents DNA was used for qRT-PCR. Primer sequences are listed in

MDA-MB-231 cells were cultured in DMEM (WELGENE: LM syphplementary Table 2

001-05) supplemented with 10% FBS (Gibco: 10099-141) and 100

U/ml of penicillin-streptomycin (Thermo: 15140122). Mutant Immunoblot Assay

MDA-MB-231 cells { CRE) harboring deleted promoter region \whole cell lysates were extracted using RIPA bu er according to
( 540to 80) ofETSIwere established using the CRISPR/Cas$hanufacturer's protocols. Protein concentration was measu
method @€2). Mutations were con rmed by Sanger sequencingpy Bradford protein assay (Bio-Rad: #5000001), and 20 or
and the eect of CRE deletion orETS1 level was tested 3q mg of proteins were used for SDS-PAGE (10%) and then
by immunoblotting. Cells were harvested with 0.05% trypsintransferred onto a nitrocellulose membrane (Bio-Rad: 1697).
EDTA (Gibco: 25300-054). The following chemicals were usethe following primary antibodies targeting ETS1 (Santa Cruz
phorbol 12-myristate 13-acetate (PMA, Calbiochem: 52440Qotechnology: sc-55581) and ACTIN (Abcam: ab3280) were
and lonomycin (Calbiochem: 407950). used. Protein expression was visualized with ImageQtant
LAS 4000 (GE healthcare Life Science, Piscataway, NJ). ACTIN

Knockdown and Ectopic Expression of expression was used as a loading control for whole cell lysates

ETS1 by Lentiviral Transduction

Gene knockdown was accomplished using the shRNA systeFlow Cytometric Analysis

with control shRNA (TR30021) orETS1 targeted shRNA MDA-MB-231 (WT) and 1 CRE cells were harvested, washed
(TL313153) (OriGene Technologies, Rockville, MD). MDA-with PBS, xed by 2ml of cold 70% ethanol dropwise, and
MB-231 cells were exposed to lentiviral concentrates. Gengcubated at 20 C overnight. For checking proliferation by Ki-
overexpression was accomplished using Human cDNA clong7, diluted anti-Ki-67 antibody (BioLegend: #652404) wddkeal
ETS1(RC215203L2) (OriGene Technologies, Rockville, MD)and incubated at room temperature (RT) for 30 min in the dark.
MCF-7 cells were infected with lentiviral particle encodingAfter incubation, cells were washed and re-suspended in 200
hETS1 After lentiviral transduction, cells were harvested andm of PBS. Cells were then analyzed with BD LSRFortessa (BD
sorted with Mo o XDP (Beckman Coulter, Fullerton, CA) for Biosciences, San Jose, CA) and FlowJo software (Treestar, San

GFP negative and positive cells. Carlos, CA).
RNA Isolation, cDNA Synthesis, and Xenograﬂ Cancer Model
Quantitative RT-PCR Six-week-old female nude mice (Orient Bio) were injected

Total RNA was extracted using a TRI Reagent (Moleculasubcutaneously with MDA-MB-231 (5 1P) or 1 CRE cells (5
Research Center) following standard protocols. ReversdEF) to the left or right abdomen, respectively. In addition, reud
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FIGURE 1 | Clinical implication ofETS1level in breast cancer patients(A) Comparison of ETS1expression between normalif D 113) and BRCA patient i D 1052)
specimens in publicly available datasets (TCGA). Each symbrepresents an individual; horizontal lines indicate theean. **f < 0.001 (Studentt-test). (B) ETS1
expressions of ETS1°" (n D 70) and ETS1"9" (n D 70) groups. (C) Correlation betweenETS1 expression and survival rate. A total of 1,052 samples wereidided into

(Continued)
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FIGURE 1 | ETS1"9" (n D 70) and ETS1°" (n D 70) groups according to ETS1expression levels. Overall survival analysis was perforciéased on ETS1levels in
BRCA patients. Blue and red lines indicate patients witETS1°" (n D 70) and ETS1"9" expression ( D 70), respectively.P-value was calculated using log-rank test®
D 0.0165). (D) Pro les of genetic alterations ofETS1in the 1,098 human BRCA specimens in TCGA datasetE) ETS1expression levels of three groups (unaltered,
group 1, and group 2).(F) Overall survival rates in three groups (unaltered, group &nd group 2) of breast cancer patients. Black line indicatesinaltered group. Blue
and red lines indicate patients witlETS1°" (P D 0.0551) and ETS1"9" expression P D 0.0452), respectively, compared to unaltered groupP-values were calculated
by log-rank test. *? < 0.05, **P < 0.005.

mice were injected subcutaneously Wii'gh MCF_?gFP negatvRESULTS
(ETS1) or MCF-7 GFP positive ETSY) (5 10°) to the . . .

left or right abdomen, respectively. Tumor size was measuregi:“mca‘I Relevance_ of ETS1 Expression in

every 4 days by caliper measurements. All mice were hous&f€ast Cancer Patients

in a speci ¢ pathogen-free barrier facility, and allocatecdan To determine whetheETS1acts as a pro- or anti-tumorigenic
randomized for the experiments by a technician at the animafactor in BRCA tumorigenesis, we performed correlative asialy
facility. The experiments were performed in accordance wittpf ETS1expression with clinical outcome of BRCA patients.
protocols approved by POSTECH Institutional Animal CareThrough the analysis of The Cancer Genome Atlas (TCGA)
and Use Committee, Korea. All experiments were performed iflatabase, we found that, in contrast to previous studiss (

accordance with relevant guidelines and regulations. 13, 26-29), breast cancer specimens D 1,052) signi cantly
reduced ETS1expression compared to normal tissues D

RNA-S ncin 113, Figure 1A). This observation was further validated by
-=equencing analyzing another large clinical dataset, Curtis, that cioeta

Total RNA, was extracted and puried with RibospinTMII 2,000 breast tumor samples)( Consistently, signicantly
(GeneAll biotechnology: 314-150). RNA was subjected tauior curtailed expression dETS1in breast cancer specimens D

preparation with TruSeq Stranded mRNA Sample Preparatioalggz) was observed in BRCA specimens compared to normal

Kitf(lllumina: RS-122-21012), and _RNA-sequenclzling_ WaS specimensr({D 144;Supplementary Figure 1A Next, to assess
performed by NextSeq 500 Sequencing System (lllumina, SQthether ETS1 expression level has clinical implications, we

Diegq, CA. Sequer_mes were mapped to hg19 with _TOpH%Tiassi ed breast cancer patients into two groups based on
(version 2.0.12). Estimated expression level was genenatied ETSlexpression in BRCA specimen&TSTioh and ETS1W:

Cu inks (ver_sion 2.2..1), ano! di erentially expressed genesrey igure 1B). Intriguingly, we found that BRCA patients in the
selected using Cu di (version 2.2.1). RNA-seq was performeg-rsiow group were signi cantly more likely to have a poor

on two biological replicates. The set of dierential expresse rognosis in TCGA P D 0.0165) as well as the Curti® O
genes were analyzed using DAVID gene functional classooat 0.0076) databas€igure 1Cand Supplementary Figures 1A,B

tool (23). compared to BRCA patients i&TS$9" group not in triple-

negative type speci c manner§S(pplementary Figures 1C,[D
Dataset for Human Samples and Human suggesting the potential 0ETS1 as the anti-tumorigenic
Cell Lines factor in breast cancer. To conrm whethdeTS1has anti-

TCGA (The Cancer Genome Atlas) data were analyze@NCOgenic function in general or in speci c types of tumor, we
using a web-based program. Wanderer Website (http:/gattac§Xtended previous analysis to other cancers as well. Intrgyin
imppc.org:3838/wanderer/) was used to determine di erentiafigni cantly reduced expression @&TS1lwas observed in not
expressions oETS] target genes, and methylation pro les in all bl_Jt speci c types of cancers, |nc_Iud|ng Bladder Urothelial
the tumor and normal specimen£4). OncoLnc (http://www. Carcinoma (BLCA), colon adenocarcinoma (COAD), and Lung
oncolnc.org/) was used to calculate survival rate accgrdin adenocarcinoma (LUAD), compared to normal specimens
ETSlexpression level in tumor sampleg5. Top or bottom  (Supplementary Figure 2, which is highly correlated with
10% of total patients in ETS1 expression or methylation levdloor clinical outcomes in general, consistent with BRCA
was selected for further analysis. The cBioPortal (httpww ~ (SUPplementary Figure 2 Collectively, these results suggest

chioportal.org/) was used to determine the correlation hew ~@nti-tumorigenic functions of ETS1in a tumor-dependent
ETSlalteration and survival rate in tumor samples. manner. Next, we questioned whether low levelsEGiS1in

BRCA patients is associated with genetic alterations around

. . ETS1genomic locus compared to healthy counterparts, using
Sta“St'Cal Analy5|s o cBioPortal (Computational Biology Center, Memorial Sloan
Error bars indicate standard deviation (SD). Aliests performed Kettering Cancer Center). We found that about 7% of BRCA

were student two-tailed testsF < 0.05, P< 0.01, and P patients (79 among 1,098) in TCGA dataset showed genetic

< 0.001). alterations in theETS1gene including ampli cation or deep
deletion, which led to down- or up-regulation d&TSllevels,
Data Accessibility respectively Kigure 1D). Hence, we then divided the patients
RNA-seq datasets have been deposited in GEO database witP three groups, based the e ect of generic alteratioBd81on
accession code GSE106634. its expressionETSW, ETSHi9" and ETS¥altered(Figure 1B),
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FIGURE 2 | Impact of DNA methylations status ofETS1promoter on its expression in BRCA patients(A) Mean methylation b value) on CpG sites ofETS1locus

between normal 6 D 98) and BRCA patient (i D 743) specimens by TCGA Wanderer tool. Blue and red lines inthtes normal or BRCA patients, respectively.

*P < 0.05, **P < 0.01, **P < 0.001 (two-way ANOVA with Bonferroni test)(B,C) Scatterplots depicting linear regression (black line) anBearson correlation analysis
(Continued)
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FIGURE 2 | with corresponding P-values. Correlation betweenETS1expression and methylation status represented by value on each CpG site of locus #1(B) and
locus #2 (C) in normal and tumor samples. Each symbol represents an indidual human specimen.(D) ETS1expression levels between Mé#" vs. Met"9" groups in
€g26559804. Blue or red dot indicates methylation low (Mé?¥; n D 100) or methylation high (Mét9"; n D 100), respectively.(E) Overall survival rates in two groups
(Meto" vs. Met"'9") of breast cancer patients. Blue and red lines indicate pagits with Met®” and Met"d" (P D 0.0191), respectively.P-values were calculated using
log-rank test.

and assessed the e ect of genetic alteration on clinicalmugs ETS1 expression 2). MDA-MB-231 cells were transfected
in BRCA patients. Compared t6TStnaltered genetic alterations with mock and ETS1 targeting shRNA vector tagged with
triggering diminishedETS1expression ETS¥%) were highly GFP and found around 70% diminished ETS1 protein level
correlated with poor clinical outcomes, whileTS19" showed in ETS1-shRNA cells compared with mock-shRNA cells
increased survival rateF{gure 1F. Altogether, these clinical (Figure 3A). Interestingly, knockdown ofETS1 expression
results indicatd&eT S1as a novel tumor suppressor gene in BRCAsigni cantly increased proliferation capacity of breast can
cells measured by Ki-67 expressiorigure 3B). To conrm

The Effects of DNA Methylation Status on previous observations, we generated mutant MDA-MB-231 cells,

in BRCA Patients ETS1promoter was deleted by CRISPR/Cas9 methods, and

. — named as I CRE” 22). Similar to shRNA based knockdown
Next, we questioned how breast tumor cells maintain IowerS stem1 CRE cells demonstrated decreased expressi&TsiL

ETS1expression than normal cells. To answer this, we decide ith enhanced proliferation and growth rateFigures 3C—§
to _focus;_ on D’:A _methytlatlon,thmh is one of _the rrl1ajor suggesting anti-tumorigenic function dTS1lin BRCA cells.
epigenetic mechanisms to control gene expressisi £1), To further validate anti-tumorigenic roles &TS1 in vivpWT

by compla fng bmtethylatlgg C;tatu? OIB Cp7(§2 S'tez y(]E]Tfhl or 1 CRE cells were subcutaneously transplanted into the left
genomic focus between patients ) and healthy or right sides of ank using nude mice and monitored tumor

counterparts & D 84) (24). Intriguingly, we found that tumor rowthin vivo, respectively. Indeed, mice engrafted witCRE

specimens showed signi cantly higher methylation IeVe'%ellsdeveloped signi cantly larger volume of tumor compared

in two CpG island regions, located around the promot(_er Ofmice injected with WT cellsKigure 3F. Since MDA-MB-231 is
ETS1(locus #1 and locus #2), compared to normal specimeng triple negative breast cell line that can only represent ai spec

(Figure 2A and Supplementary Table % Then, we detgrmmgd subset of breast cancer, we tried to con rm whether ET S1hithi
whether methylation status oETSI promoter regions is . proliferation of tumor cells with MCF-7 cells (ER PF°
f'iccompanled WithETS1 expression level. Hyper-methylatlon and HER2 cell: Supplementary Figure % Ectopic expression
n lOCl.JS #1 put not #2 oETSlpromc_)ter_reglon was c!osely of ETS1 in MCF-7 cells signi cantly reduced cell proliferatio
gss.omgted. with decreasEE[Slexpressmn n BRCA SPECIMENS, it (Supplementary Figure 4A and suppressed tumor growth
indicating inverse correlation oETS1methylation status with in vivo (Supplementary Figure 48 Altogether, these results

its expressionKigures 2B,G. Among 10 CpG sites in locus #1, indi . .
. cate thatETS1suppresses proliferation and growth of breast
methylation status of cg26559804, cg26503877, and cgll9588 cancer cellin vitro as well asn Vivo.

showed signi cant inverse correlation witkETS1 expression
in multiple types of cancers Supplementary Figure 3

Moreover, seven remaining CpG methylation sites seemegBTS1 Regulates Expression of Cell
to be BRCA-speci ¢, since other tumors showed comparablpygliferation-Related Factors

CpG methylation.patterns in_normal apd tumor specimens-l-o determine howETS1regulates proliferation and growth
(Supplementary Figure 3 Next, we examined the methylation ;¢ \aast cancer cells, we performed an RNA-sequencing

level of theETS1promoter (Met®™ vs. Met9") and its clinical (RNA-seq) based transcriptome analysis with WT ah@RE
outcomes in BRCA patie_nts. Co_nr;s,istent wETSlexpre_ssion, cells Figure 4A and Supplementary Table % Among 180
enhanced C.pG methylanon. (Mé@ ) was correlgted with low erentially expressed genes (DEG), 80% of DEGs were down-
ETS1level Figure 2D), resulting in poor prognosisHigure 2B). regulated in1 CRE cells compared to WT cells, indicating a
Collectively, these results suggest that DNA methylatioB®S1 561 role of ETS1in BRCA as transcriptional activator. To
p_romoter locus is_, a_key factortq determiid Slexpression and enlighten down-stream pathways a ected IBTS1in breast
disease prognosis in BRCA patients. cancer cells, we performed Gene Ontology (GO) and found
. . that various tumorigenic pathways, including cell adhesion,
ETS1 Regulates Growth and Proliferation angiogenesis, and proliferation, were signi cantly altered
of Tumor Cells in 1CRE cells Figure4B and Supplementary Table k
The abovementioned ndings on BRCA patients suppBiS1 Intriguingly, we noticed that several well-known tumor
as a tumor suppressor in breast cancer. To elucidate hosuppressor genes were signicantly under-expressed in
ETSlaects tumorigenesis of BRCA, we tested the e ectsl CRE cells, of which expression levels were also reduced
of knockdown of ETS1on tumorigenicity of breast cancer in BRCA tumor tissue compared to normal tissue from
cells. To achieve this goal, we employed MDA-MB-231 cell§,CGA (Figures 4A,C and Supplementary Tables 6,)7 (33).
well-characterized breast cancer cell lines with highleewé Furthermore, we found a strong correlative expression betwe
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FIGURE 3 | ETS1 inhibits the proliferation and growth of breast cancecellsin vitro as well asin viva MDA-MB-231 cells were transfected with negative controlNC)

and ETS1shRNA-GFP reporter vector, and transfected cells were soetd according to GFP-expression. The FACs plots are represéative of data from three

independent experiments.(A) Immunoblotting analysis forETS1protein levels in NC and knockdown cells(B) Analysis of cell proliferation (Ki-67) comparing NC and
(Continued)
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FIGURE 3 | ETS1KD cells.(C) Immunoblotting analysis for levels oETS1in MDA-MB-231 (WT) cells andl CRE cells.(D) Quanti cation of cell proliferation based on
detection of Ki-67 protein by ow cytometry. (E) Cell count for 72-h culture periods. P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA with Bonferroni test)(F)
Tumor growth curves in nude mice after injection of WT (lefnd 1 CRE (right) cells. Tumor volumes were measured at an intefvaf 4 days i D 10). Images of
representative tumor-bearing mice (top) and isolated tunts (bottom). P < 0.05, **P < 0.01, ***P < 0.001 (two-way ANOVA with Bonferroni test). Data is
representative of three independent experiments. For reams of clarity, blots were cropped to the bands of interest. @mples derived from the same experiment and
gels/blots were processed in parallel. See full-length blstin Supplementary Figure 6 .

ETSland these tumor suppressor gendDAMTS9 TXNIP, as well asn vivo (22). Similarly to ETS] various factors are
STAT5A and NOTCHY) in BRCA specimen samples that werethought to have dual roles, as tumor suppressor and activator,
actually under-expressed in BRCA compared to normal tissum a cell type-dependent manner; however, how they switch
(Figures 4D,B, suggesting the potential mechanism BTS1 between the two functionalities has never been established
as the tumor suppressor through direct activation of otherinstance, PGCd, a master regulator of energy metabolism, has
tumor suppressor genes in BRCA cells. Indeed, we found highhgcently been shown to exert anti-metastatic e ects in cancer
conserved putativETS1binding sites on the promoter regions of through inhibition of EMT, but it also plays the opposite role
ADAMTS9 TXNIP, STAT5A andNOTCHZ21using ECR browser in speci ¢ cancer subtypes by providing growth advantage (
(Supplementary Figure 5, and the direct binding ofETS1in  In addition, TGF has shown its anti-tumorigenic function at
these genomic loci was con rmed by ChIP assBig@re 45 in  early stage of cancer, while it supported tumor metastasis in
BRCA cells. To elucidate the e ectsBT Slbinding on these loci, later stages of canceBY). Furthermore, it is intriguing that
we rst knockdownedETSlexpression and checked its impact1l CRE cells decreased the expression of gene sets involved
on transcriptional change of these tumor suppressor genes in immune responses, such as Type | interferon signaling
MDA-MB-231 cells. Consistent witll CRE cells, knockdown (OAS-1 -3 and IFIT-1, -2, -3, etc.) and anti-viral responses
of ETS1signi cantly attenuated the expression level of thes TREM183BNIP3etc.) which suggest potential roles©T S1to
tumor suppressor genegigure 4G). Furthermore, knockdown modulating immunogenicity of BRCA cells. Hence, it is esséntia
e ects of ETS1were con rmed by rescuing=TSlexpression tounderstand hoviETSlhas dichotomous roles in tumorigenesis,
in 1 CRE cells that signi cantly enhanced the expression oWhich is currently under investigation.
ADAMTS9, TXNIP, STAT5A, and NOTCH1 comparedicCRE Our comparative transcriptome analysis between MDA-MB-
cells Figure 4G). Altogether, these data indicate dichotomous231 cells (WT) andL CRE cells has clearly revealed tEatS1
functions of ETS1as anti-tumorigenic factors through direct is directly involved in multiple steps to hinder tumorigenesis
activation of targets but also trans-activating other tumo including angiogenesis, cell survival, proliferation, ancere
suppressor genes in breast cancer cells. cell adhesion Kigure 4B). To take a step forward from this
analysis, we have identi ed a unique featureEdfS1to inhibit
tumorigenesis of BRCA cells by directly trans-activatingeco
DISCUSSION regulators of tumorigenesis as tumor suppressor genes in BRCA
cells. ADAMTS9 §6, 37) and TXNIP (38 have been shown
In this study, we de necETS1as the tumor suppressor in BRCA to inhibit cancer cell proliferation, and STAT5A and NOTCH1
together with detailed molecular action mechanisms. Asialpf  are well-known for their versatile roles to suppress prolifiers
human breast cancer specimens showed a lower levEBT81 syrvival, di erentiation, or senescence of cancer cel§—(
through hyper-DNA methylation on théeTS1promoter region  42). ETS1directly bound in genomic loci of these regulators
in BRCA compared to normal specimens, which was closeliFigure 49 and activated their transcription in breast cancer
correlated with poor prognosis in a large number of BRCAcells Figure 4G). Hence, our results enlightened tHaT Slexerts
patients. Furthermore, we elucidated the action mechanisis its anti-tumorigenic function in at least two distinct ways) (
ETSlas a tumor suppressor not only by directly activating down-irect activation of gene-sets involved in BRCA tumoriggiag
stream targets linked with tumor cell proliferation/growthub  and (ii) indirect inhibition of tumorigenesis through tram
also trans-activation of other tumor suppressor genes, ssch @ctivation of canonical tumor suppressor genes in BRCA cells.
ADAMTS9 TXNIP, STAT5A andNOTCH1 Previously, transcription factors (TFs) were implicated in a
Previous studies have shown dual functions BfS1as majority of human diseases, such as cancer and autoimmune
both pro-oncogenic ¢-13 and anti-oncogenic {9, 20, 31)  diseases. In addition, TFs were considered to be “undrugtjabl
factors. How doeETSlhave paradoxical roles in tumorigeneisis?targets, except for ligand-inducible nuclear receptors).(
Interestingly, we found a distinct expression patternESFS1 However, numerous recent cases have successfully taffesed
depending on tumor types. For example, unlike BRCA, highsuggesting TFs to be feasible targets for drug development
level of ETS1was observed in cancer specimens from GBM(43). SinceETS1level is strikingly correlated with a patients
HNSC, KIRC, PCPG, SARC, and THCA; while other tumorprognostic status,ETSktargeted therapy seems attractive.
types, including BRCA, showed low levelsfS1compared previously, our group and others have identi ed up-stream
to normal specimens Supplementary Figure 2A data not signaling pathways and major transcriptional activators for
shown). In addition, we have shown thadETS1 directly ETS1transcription in breast cancer cell@4 44). In addition,
activates several invasiveness factors, such as ENG and MMRt4vious studies have shown the importance of post-translation
(Supplementary Table penhancing invasive phenotypiesvitro  modi cation (phosphorylation, acetylation, sumoylation, Gn
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FIGURE 4 | ETS1resultes muti-turmogeneic pathways in breast cancer cellsTranscriptome datasets from WT andl CRE cells were visualized byA) heatmap

analysis and further applied ir(B) biological process of Gene Ontology (GO) enrichment analigs (C) Venn diagram depicting the overlap of differentially expssed

genes (DEGs) together with down-regulated genes in tumor gopared to normal tissue, based on TSGeneJ3), a web resource for tumor suppressor genes(D)
(Continued)

Frontiers in Oncology | www.frontiersin.org 9 May 2020 | Volume 10 | Article 642



Kim et al. ETS1Suppresses BRCA Tumorigenesis

FIGURE 4 | Scatterplots depicting linear regression (black dot lineggnd Pearson correlation analysis with corresponding-values. Correlation betweenETS1and
target genes in BRCA. Each symbol represents an individualiman specimen. (E) mRNA expression ofETS1target genes in normal and tumor specimens(F) ChIP
assay was performed using antiETS1antibody with MDA-MB-231 cells. Relative enrichments wereletermined by gRT-PCR with primers speci ¢ forETS1binding
sites in the target gene locus. Representative data from tke independent experiments.(G) Validation of representative target genes by gqRT-PCR. Repsentative data
from three independent experiments. P < 0.05, **P < 0.01, ***P < 0.001 (One-way ANOVA with Bonferroni test).P < 0.05, **P < 0.01, ***P < 0.001 (Studentt-test).

ubiquitination) and co-factor interaction4s). In this context, AUTHOR CONTRIBUTIONS
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