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Abstract
The ETS family of transcription factors is involved in several normal remodeling events and pathological processes
including tumor progression. ETS transcription factors are divided into subfamilies based on the sequence and
location of the ETS domain. ETV5 (Ets variant gene 5; also known as ERM) is a member of the PEA3 subfamily. Our
meta-analysis of normal, benign, and malignant thyroid samples demonstrated that ETV5 expression is
upregulated in papillary thyroid cancer and was predominantly associated with BRAF V600E or RAS mutations.
However, the precise role of ETV5 in these lesions is unknown. In this study, we used the KTC1 cell line as a model
for human advanced papillary thyroid cancer (PTC) because the cells harbor the heterozygous BRAF (V600E)
mutation together with the C250T TERT promoter mutation. The role of ETV5 in PTC proliferation was tested using
RNAi followed by high-throughput screening. Signaling pathways driving ETV5 expression were identified using
specific pharmacological inhibitors. To determine if ETV5 influences the expression of epithelial-to-mesenchymal
(EMT) markers in these cells, an EMT PCR array was used, and data were confirmed by qPCR and ChIP-qPCR. We
found that ETV5 is critical for PTC cell growth, is expressed downstream of the MAPK pathway, and directly
upregulates the transcription factor TWIST1, a known marker of intravasation and metastasis. Increased ETV5
expression could therefore be considered as a marker for advanced PTCs and a possible future therapeutic target.
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troduction
utations of components of the MAPK pathway have been
plicated in human oncogenesis [1]. During normal development,
is pathway is activated by growth factors that bind to their cognate
ansmembrane receptor tyrosine kinases. Ligand binding leads to
imerization of the receptors and phosphorylation of their
toplasmic domains, which enable interaction with the adaptor
otein GRB2, binding of SOS, and activation of the small GTPase
AS. In turn, RAS activates members of the RAF family of protein
nases. RAF phosphorylates MEK kinase, which itself phosphory-
tes and activates the third and final enzyme in the cascade, ERK.
ctivated ERK phosphorylates a number of substrates, including
her kinases and transcription factors, which will induce cell cycle
ogression [2]. The RAF family contains three serine/threonine
nases, A-RAF, B-RAF, and C-RAF, encoded by the ARAF, BRAF,
d CRAF genes respectively. BRAFmutations have been detected in
high proportion of cancers, including melanoma, colorectal
rcinoma, carcinoma of the biliary tract, ovarian cancer, and
pillary thyroid carcinoma (PTC) [3,4]. In melanoma and PTCs,
e most common mutation affects amino acid position 600 and is
aracterized by the exchange of valine by glutamate (BRAF
600E)), which leads to constitutive activation of the pathway
]. The consequences of this mutation in melanoma have been
vestigated to a large extent, but less information is available on
wnstream targets of the activated MAPK pathway in BRAF
600E) PTCs. Thyroid cancer is the most frequently diagnosed
docrine malignancy especially among women where it is the fifth
ost common cancer [6]. Thyroid cancers are divided into several
rms, with PTC being the most frequent (~80% of cases). Among
netic alterations observed in PTCs, the BRAF (V600E) point
utation is the most common, with a reported frequency of 44%-
%. This mutation is associated with poorer prognosis and
gressive clinical outcome [7–12]. The BRAF (V600E) inhibitors
murafenib and dabrafenib have demonstrated promising efficacy
PTCs [13,14]; however, recent studies show that patients treated
ith these compounds develop resistance over time [15]. While
ultiple mechanisms have been proposed to explain how the tumors
cape the inhibitory control [16–19], little is known about
wnstream effectors (direct or indirect) of mutant BRAF that
ecifically drive proliferation and metastasis in advanced PTCs.
Transcription factors belonging to the ETS family of proteins were
entified as substrates for ERK1/2 and regulate expression of matrix
etalloproteases, BCL2 family members, and D-type cyclins, thus
ediating cellular invasion and migration, cell survival, and entry into
e S phase of the cell cycle [20]. ETS transcription factors are divided
to subfamilies based on the sequence and location of the ETS DNA
nding domain. ETV5 (Ets variant gene 5; also known as ERM) is a
ember of the PEA3 subfamily, which has been found to promote
etastatic progression in several types of human cancers [21–23].
In the present study, we demonstrate that ETV5 expression is
gnificantly upregulated in PTC patient samples and a thyroid cancer
ll line, KTC1. Expression of this transcription factor solely depends
the activity of the MAPK pathway and mediates PTC cell

oliferation. It is also associated with expression of TWIST1 and
AI1 but only binds to the promoter of TWIST1 to regulate its

anscription. Therefore, through TWIST1, ETV5 might play a
rect role in the development of more aggressive tumors, and
creased levels of ETV5/TWIST1 expression might be considered
ditional markers for advanced PTC.
aterials and Methods

munohistochemistry
Expression of ETV5 in PTC samples was analyzed using a human
C tissue array (#OD-CT-EdThy03-002, US Biomax, Inc., Rockville,
D) containing 31 patient samples with paired normal tissues. Tumors
ere staged I-IV according to the TNM grading system. Array slides
ntaining formalin-fixed paraffin-embedded sections were deparaffi-
zed with xylene and rehydrated with decreasing concentrations of
hanol in PBS. Immunohistochemistry was performed using an ABC kit
om Abcam (Abcam, Cambridge, MA). Briefly, endogenous peroxidase
tivitywas blocked using 3%H2O2 in PBS.Nonspecific protein binding
as blocked with 5% goat serum for 2 hours at room temperature. One
ray was incubated with a primary rabbit anti-human ETV5 antibody
:500, Abcam, Cambridge, MA) overnight at 4°C, followed by a 15-
inute wash in PBS. Next, the sections were incubated with the HRP-
njugated goat anti-rabbit antibody (1:1000) included in the kit for
minutes at room temperature. After washing with PBS, the
romogen diaminobenzidine was applied according to the ABC kit
anufacturer. Sections were mounted using Cytoseal 60, a toluene-based
ounting medium (Richard-Allan Scientific, Thermo Fisher Scientific,
altham, MA). As negative control, another array was stained as above,
t the primary antibodywas replacedwith PBS. Bright-field images were
ptured using an Olympus BX41 bright-field/fluorescence microscope
magnifications 20× and 40× (Olympus, Waltham, MA). Antibodies
e listed in Supplemental Table 1.

ell Cultures
Immortalized human thyrocytes Nthy-ori 3-1 (Sigma, St Louis,
O) [24] and the papillary thyroid cancer cell lines KTC1 and
TC1-VA7 [19,25] were used. We have chosen KTC1 over other
ique PTC cell lines [26] because it harbors only a BRAF V600E
d a TERT promoter mutation as oncogenic drivers (per COSMIC
d [27]). The cell line KTC1-VA7, derived from the original KTC1
e and harbors an additional KRAS G12D mutation [19], was also
ed in transwell experiments. The BCPAP cell line, which is
mmonly used, is homo/hemizygous for V600E [26] and therefore
t clinically relevant. Similarly, the K1 cell line is uniquely tetraploid
8]. The KTC1-VA7 cells harbor an additional KRAS G12D
utation [19]. Cells were maintained and cultured in Dulbecco's
odified Eagle's medium (DMEM)/F12 (Invitrogen, Carlsbad, CA)
pplemented with 10% fetal bovine serum (FBS, Invitrogen,
arlsbad, CA). All cell lines were incubated at 37°C in a humidified
cubator with 5% CO2. Cells were cultured in microtiter plates or
0-mm–diameter dishes depending on the experimental settings
scribed below. Culture plates and dishes (Corning brand) were
rchased from Thermo Fisher Scientific (Waltham, MA).

ytochemistry
Cells were cultured on glass coverslips for 48 hours, then rinsed
ith PBS and fixed with 4.0% (w/v) paraformaldehyde diluted in
BS for 30 minutes at room temperature. Cells were then blocked
ith 0.2% Triton X-100, 0.05% Tween 20, 1.0% BSA, and 10%
at serum in PBS for 1 hour at room temperature. To reveal ACTB
-actin), fixed cells were exposed to DyLight 488–conjugated
alloidin (Cell Signaling, Danvers, MA) in 0.2% Triton X-100,
05% Tween 20, and 1.0% BSA in PBS for 1 hour at room
mperature. Nuclei were counterstained with DAPI, and cells were
aged using a Nikon Eclipse Ti confocal microscope.
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odulation of ETV5 Expression
Downregulation. Transient ETV5 knockdown experiments in

TC1 cells were carried out using ETV5 siRNA (Accell Human
TV5 siRNA-SMARTpool, GE Dharmacon, Lafayette, CO) or
rambled siRNA as control (GE Dharmacon, Lafayette, CO). To
crease efficiency, ETV5 downregulation was also carried out with
RNAs cloned into GIPZ lentiviral vectors expressing TurboGFP
3LHS_641158, GE Dharmacon, Lafayette, CO). They were
tained from the shRNA and ORFeome Core Facility at MD
nderson Cancer Center. HEK293T cells were grown in T75 flasks
10 ml of DMEM (10% FBS) and transfected (1 day after plating)
ith second-generation lentiviral packaging plasmids. pCMV-VSV-
(3 μg) (Addgene, Cambridge, MA), pCMV-dR8.2 dvpr (15 μg)
ddgene, Cambridge, MA), and the shRNA lentiviral vector
5 μg) were combined at a ratio of 0.2:1.0:1.0, using Lipofectamine
00 per manufacturer instructions (Thermo Fisher Scientific,
altham, MA). Eighteen hours after transfection, fresh medium was
ded, and cells were cultured for another 48 hours before culture
pernatant containing lentiviruses was collected and filtered. One
y after plating, KTC1 cells were transduced in T75 flasks with
ml of the lentivirus-containing supernatant mixed with 5 ml
MEM/F12 (10% FBS) and polybrene (#TR-1003-G, Millipore,
illerica, MA) at a concentration of 8 μg/ml for 18 hours. Medium
as then changed, and the cells were cultured for an additional
hours before cells positive for the shRNA/TurboGFP insertion

ere selected by FACS. Downregulation of ETV5 expression was
rified by qPCR and Western blotting, and cell clones with a
duction of N80% ETV5 expression were utilized for further
periments.
Overexpression. To transiently overexpress ETV5, KTC1 and
thy-ori 3-1 cells were transfected with pCMV6 expressing both
TV5 and GFP (#RG200366, Origene, Rockville, MD), or the
pty expression vector pCMV6-GFP (#PS100010) as control.

lternatively, to stably overexpress ETV5, the human ETV5 lentiviral
ctor pLenti-GIII-CMV-RFP-2A-Puro was used (Applied Biological
aterials, Richmond, BC, Canada).
R

G
m
is
fr
R
pr
cD
PC
us

W

20
co
(#
co
so
ce
w
B
W

ell Proliferation Assays
KTC1 cells were plated into 96-well culture plates (glass bottom,
00 cells/well) containing DMEM/F12 supplemented with 10%
rum and grown overnight. One plate was then collected and fixed in

paraformaldehyde prior to treatment (day 0) to be used to
termine the starting number of cells. The remaining plates were
eated with the pharmacological inhibitors described below, or
RNA, for 3-4 days and then fixed. Plates were stained with the
clear dye DAPI (1:5000) for 30 minutes, and entire wells were tile-
aged using a high-throughput IN Cell Analyzer 6000 Cell Imaging
stem (GE Healthcare Life Sciences) kindly made available by the
igh-Throughput Screening Core Lab, Institute for Biosciences and
echnology, Texas A&M Health Science Center (Houston, TX).
ages were stitched together, and total cells per well were directly
unted using the system's image analysis software. Day 4/5 cell
mbers were averaged from the values obtained from the mean of at
ast eight wells and normalized to the starting cell number (average
y 0 values). Relative fold growth was calculated by normalizing to
ld growth of control-treated cells. Each data point represents the
ean ± SEM from a total of three independent experiments.
inase Inhibitors
Pharmacological inhibitors were used to study the signaling
olecules and pathways that drive ETV5 expression. All inhibitors
ere obtained from Selleckchem (Selleck Chemicals, Houston, TX)
d their final concentrations used according to the provider.
K2206, a pan-AKT inhibitor, was used at a final concentration of
μM. LY294002, a pan-PI3K inhibitor, was used at a final
ncentration of 20 μM. Rapamycin, an mTOR inhibitor, was used
final concentrations of 20 and 40 μM. GDC0994 a pan-ERK
hibitor was used at a final concentration of 10 μM, and LY210976,
TGFB receptor inhibitor, was used at a final concentration of
μM. Vemurafenib, a specific BRAF (V600E) inhibitor, was used
a concentration of 2 μM. All inhibitors were dissolved in DMSO,
hich was used at a final concentration of 0.1% v/v in D-MEM/F12
lture media. Control groups were cultured in 0.1% v/v DMSO in
-MEM/F12.

T-PCR Analysis
Total RNA isolation was carried out using the Qiagen RNeasy kit
ermantown, MD) and cDNA obtained with MuLV reverse
anscriptase (Thermo Fisher Scientific, Waltham, MA). Quantitative
al-time PCR (qRT-PCR) was performed using the TaqMan Gene
xpression Mastermixes (Thermo Fisher Scientific, Waltham, MA).
lternatively, RNA isolation, reverse transcription, and quantitative
al-time PCR (qRT-PCR) were carried out using the 2-step Ambion
aqMan Gene Expression Cells-to-CT kit (Thermo Fisher Scientific,
altham, MA). TaqMan Gene Expression Assays are listed in
pplemental Table 2. Relative quantitative fold change was
termined using the ΔΔCt method. In all analyses, the expression
lue of each gene was normalized to the amount of an internal
ntrol gene cDNA (Actb) to calculate a relative amount of RNA in
ch sample. Quantitative relative fold changes in comparison to
ntrols were calculated. qRT-PCR was carried out with at least four
chnical replicates per sample and experiment, and at least three
dependent experiments. P values ≤.05 were denoted significant.

NA Profiling
The Qiagen RT2 Profiler PCR array EMT PAHS-090Z (Qiagen,
ermantown, MD) was used to probe human epithelial-to-
esenchymal transition gene expression. Briefly, total RNA was
olated from KTC1 cells after siRNA ETV5 downregulation and
om control KTC1 cells (scrambled siRNA) using the Qiagen
Neasy kit (Qiagen, Germantown, MD). Template cDNAs were
epared from total RNA (1 μg) using the Qiagen RT2 PreAMP
NA Synthesis Kit and were characterized in triplicates using the
R array with the RT2 SYBR Green/Fluorescein PCR master mix
ing a CFX384 BioRad thermocycler.

estern blot analysis
After treatments, cells were rinsed with PBS and lysed for
minutes at 4°C with RIPA buffer supplemented with three
cktails of proteases and phosphatases inhibitors, 1:100 dilution
P8340, #P0044, #P5726, Sigma, St Louis, MO). Lysed cells were
llected with a cell scraper, collected in microfuge tubes and
nicated at 30% power on ice for 15 seconds. Samples were
ntrifuged for 10 minutes at 2000×g and 4 °C, and supernatants
ere collected. Protein concentration was estimated using the Pierce
radford Colorimetric Assay (BCA) (Thermo Fisher Scientific,
altham, MA) with absorbance at 562 nm measured with an
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poch 2 microplate spectrophotometer (BioTek, Winooski, VT).
mples were run on 4%-12% sodium dodecyl sulfate (SDS)
lyacrylamide gels (ThermoFisher Scientific, Waltham, MA) and
ansferred to 0.4-μm nitrocellulose membranes according to
andard protocols. Following transfer, the membranes were washed
d blocked with 5% powdered milk in Tris-buffered saline (TBS)
r 1 hour at room temperature. The blots were incubated in primary
tibody solutions (Supplemental Table 1) overnight at 4°C and then
ashed with 1× TBS-0.1% Tween and probed with appropriate
condary antibodies for 2 hours at room temperature. The secondary
tibodies used were LI-COR infrared fluorophore-conjugated
condary antibodies (1:2000, LI-COR Biosciences, Lincoln, NE,
pplemental Table 1) diluted in 5% powdered milk in TBS with
1% Tween 20. The blots were visualized, and band intensities were
antified after normalization over ACTB using an Odyssey Fc
aging system (LI-COR Biotechnology, Lincoln, NE). The band
tensities were compared to controls for relative quantification. Each
ta point represents at least two technical replicates for each of two or
ree independent experiments.

cratch/Wound Healing Assay
Untreated KTC1 cells, ETV5 shRNA-transduced KTC1 cells, and
ntrol-transduced KTC1 cells were seeded into 96-well plates at a
nsity of ~20,000 cells/well in DMEM/F12 medium containing
% FBS. Cells were allowed to adhere for 24 hours, and the
oundMaker-96 tool from Essen Bioscience (Ann Arbor, MI) was
ed to remove cells, creating identical wounds in each well. Images
ere acquired every 1.5 hours for 72 hours using the IncuCyte
OOM System microscope (Essen Bioscience). The system's cell
igration software module was used for image analysis, and relative
ound density metric was used to calculate the rate of migration.
inear regression was used to assess the differences in percent fill
tween each treatment group and the control group over the period
linear wound closure (initial 36 hours). In the regression model,
rcent fill was included as the dependent variable and treatment
oup as the independent variable, while adjusting for time. We
lculated 95% confidence intervals (CI) and P values, and statistical
gnificance was defined as P b .05. Stata version 13.1 (College
ation, TX) was used for statistical analyses.

ell Migration and Invasion (Transwell Plates)
ETV5 expression was downregulated in KTC1 and KTC1-VA7
lls through shRNA. Transduced control and ETV5 shRNA cells
ere prepared in serum-free DMEM/F12 medium. Twenty five
ousand cells were plated (100 μl volume/well) onto 8-μm pore
serts (24-well plates) that were either tissue culture treated (Corning
422) or Matrigel coated (Corning #354480) for migration and
vasion assays, respectively. Each cell dilution was also aliquoted
0 μl volume/well) into 6 wells of a 96-well tissue culture treated
ate to be used for cell number loading normalization. Bottom
ambers (receiving chambers) of the 24-well plates were filled with
MEM/F12 medium supplemented with 10% FBS (650 μl volume/
ell). Following 24-hour incubation at 37°C and 5% CO2, upper
d receiving chambers were rinsed with PBS. TrypLE (Thermo-
isher #12605036) containing 5 μM Calcein Blue AM (Thermo-
isher # C1429) was added to the receiving chambers (350 μl/well),
d cells that had migrated through the pores or invaded through
atrigel-coated pores were allowed to dissociate from the bottom
rface of the inserts for 1 hour at 37°C. Wells containing dissociated
lls were then imaged at 360-nm excitation/449-nm emission using
high-throughput IN Cell Analyzer 6000 Cell Imaging System (GE
ealthcare Life Sciences) kindly made available by the High-
hroughput Screening Core Lab, Institute for Biosciences and
echnology, Texas A&M Health Science Center (Houston, TX).
ell loading normalization plates (96-well) were fixed with 4%
raformaldehyde in PBS and then stained with the nuclear dye
API (1:5000) for 30 minutes and also imaged using the IN Cell
nalyzer. Images were stitched together, and total cells per well were
rectly counted using the system's image analysis software. Total
igrated/invaded cell numbers for each well were normalized using
e average cell loading densities.

hromatin Immunoprecipitation-Quantitative PCR (ChIP-qPCR)
KTC1 cells were grown to 95%confluence inDMEM:F12 serum-free
lture media supplemented with 100 U/ml penicillin and 100 U/ml
reptomycin. A minimum of 1×106 cells were used. After washing twice
ith PBS, protein-DNA were cross-linked with 1% formaldehyde for
minutes at room temperature; then formaldehyde was quenched by
dition of 0.125 M glycine (Sigma, St Louis, MO) for 5 minutes. Cells
ere washed twice with ice-cold PBS containing 0.1 MPMSF (Sigma, St
ouis, MO) and 1× of a standard protease inhibitor cocktail (Halt,
hermofisher Scientific, Grand Island, NY). Cells were scraped and
suspended in 1 ml PBS containing 0.25% Triton X, 10 mM EDTA,
d 10 mMHEPES, with a final pH of 7.9. Samples were incubated for
minutes and centrifuged at 4°C and 1000×g to obtain pellets. Pellets

ere resuspended in lysis buffer containing 0.1% SDS, 10 mM EDTA,
d 1×Halt protease inhibitor cocktail in 50 mMTris-HCl, pH 8.1, and
nicated on ice 10 times for 30 seconds each, with a 30-second interval
the maximum setting (Bioruptor, Diagenode, Denville, NJ). Sonicated
romatin was diluted in lysis buffer without SDS to bring the final
ncentration of SDS to 0.05%. A chromatin aliquot (10 μl) was run on
1% agarose gel to confirm presence of desired fragments (300-600 bp).
ve micrograms of chromatin was incubated overnight with an ETV5
tibody (Abcam, Cambridge, MA) (Supplemental Table 1) at 4°C with
tation. As negative controls, chromatin was incubated with polyclonal
bbit IgG (Jackson ImmunoResearch, West Grove, PA) or protein G-
arose beads alone. Immunoprecipitation was performed by adding
otein G-agarose beads (EZ ChIP kit, Millipore Sigma Cat. 17-295) for
hour, then immune-complexes were precipitated by centrifugation as
r manufacturer instructions. The beads were washed sequentially for
minutes each in a low-salt buffer containing 0.1%SDS, 1%TritonX-
0, 2 mM EDTA, 150 mM NaCl in 20 mM Tris–HCl, pH 8.1,
llowed by a high-salt buffer with 0.1% SDS, 1% Triton X-100, 2 mM
DTA, and 500 mMNaCl in 20 mMTris–HCl, pH 8.1, and finally a
iCl wash buffer containing 0.25 MLiCl, 1%NP-40, 1% deoxycholate,
d 1 mM EDTA in 10 mM Tris–HCl, pH 8.1. The beads were then
ashed three times with TE buffer. Eluates were reverse-crosslinked in
μl TE buffer by heating at 95°C for 15 minutes. The beads were

moved, and the released DNA fragments were purified with QIAquick
NA purification Kit (Qiagen, Valencia, CA). qPCR was performed
ith 1 μl final extract for 45 cycles of amplification with TaKaRa Taq
lymerase (TaKaRaBioUSA,MountainView,CA) and human primers
nking ETV5 binding sites in the TWIST1 and SNAI1 proximal
omoters (Supplemental Table 3). As a negative control, primers were
osen for amplification of a DNA sequence without ETV5 binding sites
least 6000 bp away from the binding site-rich sequences. The PCR
oducts were visualized on 1% agarose gel. Triplicate qPCR reactions
ere performed with 500 nM of primers (Supplemental Table 3), 10 μl
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2× SYBR green I PCR master mix (Applied Biosystems), and 2 μl
NA in a total of 20-μl reaction volume. Results were computed as
rcent antibody bound per input DNA and then normalized to IgG
ntrols.

atistical Analysis
Datasets are shown as mean +/− SEM (standard error of mean).
atistical significance between two sample groups was calculated
gure 1.Meta-analysis of ETV5 expression in cohorts of PTC patients sh
-D) Analysis of ETV5 expression in the thyroid of patients harboring a B
e NCBI GEO database (29-32). (E) Analysis of ETV5 expression in t
mparison to normal samples using the NCBI GEO database (29, 32).
yroid cancer samples in comparison to normal contralateral tissue us
ing the two-tailed Student's t test or using the Mann-Whitney
st. For comparisons between three or more groups for two
dependent variables, two-way ANOVA was used, followed by
ukey HSD or Bonferroni post hoc tests. Statistical analysis was
rformed using the GraphPad Prism software (GraphPad Software,
c., La Jolla, CA). P values b .05 were denoted significant. For all
perimental endpoints, analysis was done with at least three separate
peats and two to three independent experiments.
owing its upregulation in comparison to normal tissues samples.
RAF (V600E) mutation in comparison to normal individuals using
hyroid lesions harboring a BRAF (V600E) or a RAS mutation in
(F) Analysis of ETV5 expression in BRAF (V600E) or RAS-mutated
ing TCGA (33).
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esults

verexpression of ETV5 in PTCs
A meta-analysis of ETV5 mRNA expression in PTCs using

tasets from NCBI-GEO [29–32] confirmed a strong association of
TV5 mRNA expression with thyroid tumors known to harbor a
RAF or RAS mutation (Figure 1, A to E) (Supplemental Table 4).
urther, integrated analysis of ETS transcription factors mRNA
pression in PTCs harboring a RAS or a BRAF mutation in the
ntext of TCGA [33] confirmed that ETV5 mRNA was significantly
regulated in these tumors in comparison to normal thyroid samples
= 1.0843E-18) (Figure 1F). Other ETS transcription factors (ETV4
d ELF3) were also significantly overexpressed (Supplemental Data 1).
dditional ETV5 expression data were obtained from mining NCBI
EO GSE48953 to compare BRAF-mutated to BRAF-WT PTC
mples [34]. The data confirmed that ETV5 expression is upregulated
BRAF-mutated PTC samples (Supplemental Fig. 1). We chose to
aracterize ETV5 over ETV4 and ETV1 because of its strong
sociation with PTC in the NCBI GEO datasets. To confirm the
CBI-GEO mRNA data at the protein level, we next tested ETV5
otein expression in a tissue microarray containing thyroid tissue
ctions from 31 patients and paired normal thyroid tissues. ETV5
otein expression was markedly increased in all staged (I-IV) tumor
mples (Figure 2, C andD) in comparison with expression in follicular
lls of normal tissue, which was weak or negative (Figure 2, A and B).
PTCs, the cytoplasmic expression of ETV5 was strong, as has been
own for other ETS transcription factors [35,36]. ETV5 was detected
most tumor cell nuclei where it adopted a uniformly punctate/
gure 2. Immunohistochemistry of ETV5 expression in normal and PTC
llicular cells are negative orweakly positive for ETV5 expression, which i
cells) appear positive (arrows). (C and D) ETV5 is strongly upregulated
toplasm.
eckled pattern, as is often the case for transcription factors [37]. It is
teworthy that normal thyroid C-cells, located between the follicles,
pressed ETV5 (arrows, Figure 2B), which might be related to the
lcitonin expression of these cells [38]. Control experiments without
imary antibody are shown in Supplemental Figure 2.

athways Required for PTC Cell Proliferation
In order to understand the function of ETV5 in the context of PTC/
DTC, we used the KTC1 cell line, which harbors a heterozygous
RAF (V600E) mutation and is originally derived from the pleural
fusion of a 68-year-old male PTC patient [25]. We first sought to
fine which pathways were used by KTC1 cells to proliferate by
eating the cells with different pharmacological inhibitors (Figure 3).
ur data indicate that these cells can use both PI3K-AKT and RAS/
APK/ERK pathways since treating them with ERK1/2, pan PI3K, or
n-AKT inhibitors decreases their rates of proliferation over 4 days of
lture (Figure 3, A and B). However, inhibition of TGFBR1/2, whose
ss of function is found in colon cancers [39,40] and in some poorly
fferentiated and anaplastic thyroid cancers [41], did not increase cell
oliferation (Figure 3A). Further, inhibition of mTOR downstream of
I3K/AKT also reduced rates of proliferation (Figure 3B). We next
sessed the influence of ETV5 on the rate of proliferation of KTC1
lls using a 4-day ETV5 RNAi treatment. Downregulation of ETV5
pression resulted in a significant decrease of the rate of proliferation of
TC1 cells in comparison to controls (Figure 3C). In addition,
wnregulation of ETV5 was associated with inhibition of CCND1
d CCND2 expression, confirming a possible role of ETV5 in KTC1
ll proliferation (Figure 3D).
samples. (A) ETV5 expression in a normal thyroid sample. Most
s confined to the nucleus. (B)Magnification of A. Parafollicular cells
in two different PTC samples, with expression in both nucleus and

ncbi-geo:GSE48953
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Figure 3. Rates of proliferation of KTC1 cells after different treatments. (A) Inhibition of the MAPK pathway using the pan-ERK inhibitor
GDC0994 (10 μM) will decrease the rate of proliferation of KTC1 cells in comparison to cells treated with DMSO alone, while the TGFbeta
receptor inhibitor LY210976 (10 μM) has less effect. (B) Inhibition of the PI3K-AKT pathway will also decrease the rate of proliferation of
KTC1 cells in comparison to DMSO alone. MK2206-2HCL, a pan-AKT inhibitor, was used at final concentrations of 10 μM. LY294002, a
pan-PI3K inhibitor, was used at a final concentration of 20 μM; mTOR inhibition using rapamycin (20 nM) confirms that the PI3K-AKT
pathway is used for KTC1 cell proliferation. (C) Downregulation of ETV5 expression by RNAi causes significant reduction of the rate of
proliferation of KTC1 cells in comparison to control cultured (mock and scrambled conditions). (D) Downregulation of ETV5 expression
with siRNA causes simultaneous downregulation of CCND1 and CCND2 expression in KTC1 cells. **P b .005, ***P b .001.
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TV5 is a Downstream Target of the MAPK Pathway
In order to determine whether PI3K/AKT or MAPK pathway, or
th, activate ETV5, we abolished these pathways with ERK1/2 or
3K pharmacological inhibitors and measured ETV5 mRNA and
TV5 protein expression levels. Figure 4A demonstrates that ETV5
RNA expression is strongly downregulated after ERK1/2 inhibition.
is not significantly altered by PI3K inhibition. Western blots
nfirmed that ETV5 protein expression parallels that of activated
RK1/2 (pERK1/2) and is not affected when the PI3K/AKT pathway
inhibited (Figure 4B). The antibody used in this figure (Thermo
sher) recognizes both ETV5 isoforms produced by alternative splicing
kDa 57.8 and kDa 62.4 (UNIPROT ID P41161-1 and P41161-2).
rther, exposure to 1.0 μM vemurafenib, a potent and specific
hibitor of BRAF (V600E), caused a significant downregulation of
TV5 expression at the mRNA level (Figure 4C) and a similar 55%
duction at the protein level (Figure 4D), indicating that ETV5 is
pressed downstream of BRAF (V600E). The antibody used in Figure
b recognizes only one isoform (Genentech).
de
na
ne
ce
le
pe
orrelation Between ETV5 and EMT Markers Expression in
TC Cells

Because of the known pleiotropic activity of ETV5, we sought to
vestigate whether ETV5, a transcription factor, is influencing expression
genes important for EMT in PTCs. We first performed an EMT
arker expression profile using PCR array gene analysis and compared
TC1 cells after downregulation of ETV5 expression with siRNA to
ntrol cells. After 24-hour downregulation of ETV5, the PCR array
alysis identified significant decreases in expression of several EMT-
lated genes such as SNAI1, TWIST1, MMP3, and MMP9, among
hers (Supplemental Data 2). We confirmed by qPCR that downreg-
ation ofSNAI1 expression is associated with downregulation of ETV5 in
th KTC1 cells and immortalized primary thyrocytes (Nthy-ori 3-1 cells
4]) (Figure 5, A and B). Further, additional ETV5 downregulation
periments using shRNA identified TWIST1, SNAI2, CDH2, and
GFBR1 as possible ETV5 targets in KTC1 cells (Figure 5C).

orrelation Between ETV5 Expression and Cell Invasion in
TC Cells
Because some ETV5-target genes in KTC1 cells are markers of EMT
d because this process often coexists with increased cell motility, we
sted the effects of ETV5 downregulation on migration and invasion. A
ratch assay demonstrated that the rate of gap closure significantly
creased when ETV5 expression is downregulated in comparison to
tive KTC1 cells or the shRNA control cells (Figure 6,A-F). Closure was
ar completion after 36 hours in native (91.5%) and control-transduced
lls (94.3%), producing, on average, a 3.05% (95% CI: −7.26, 1.15)
sser wound fill compared to the native KTC1 cells during the 36-hour
riod, which was not statistically significant (P = .152). However,

uniprotkb:P41161
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Figure 4. ETV5 is expressed downstream of theMAPK pathway. (A) ETV5mRNA expression is strongly downregulated byMAPK pathway
inhibition but not by PI3K/AKT pathway inhibition. (B) Western blot analysis confirming that ETV5 protein expression parallels expression/
phosphorylation of ERK1/2. The chosen antibody (Thermo Fisher) detects the two predicted alternative spliced isoforms of human ETV5
(Uniprot kDa 57.8 and kDa 62.4). ERKi = ERK1/2 inhibitor (GDC0994); PI3Ki = PI3K inhibitor (LY294002). (C) Significant downregulation
of ETV5 mRNA expression in KTC1 cells after 48-hour exposure to 1 μM vemurafenib, a specific BRAF (V600E) inhibitor. (D) Significant
downregulation of ETV5 protein expression in KTC1 cells after 48-hour exposure to 1 μM vemurafenib. (a) Quantitation of ETV5 protein
expression after standardization with ACTB, showing a 55% reduction after vemurafenib treatment. (b) Representative Western blot
showing ETV5 protein expression without (A) or with 1 μM vemurafenib (B). The antibody used (Genentech) distinguishes only one
isoform. ****P b .0001, **P b .005, n ≥ 3.

1128 ETV5 in Papillary Thyroid Cancer Puli et al. Neoplasia Vol. 20, No. 11, 2018
ound closure was profoundly delayed for the ETV5-downregulated cells
48%) compared to the native KTC1 cells at 36 hours, producing, on
erage, a 35.5% (95 CI lesser wound fill compared to the control
eatment during the 36-hour period, a statistically significant difference
b .001) (Figure 6G).
Considering gap closure could be dependent on cell proliferation only
d not on active migration, we performed cell migration and invasion
says in Boyden chambers. Figure 7A shows that ETV5 does not promote
igration of KTC1 or KTC1-VA7 (BRAF/KRAS clone) cells. However,
demonstrated in Figure 7B, downregulation of ETV5 expression

gnificantly reduced cell invasion through collagen-coated pores by
proximately 33%. Cells with reduced ETV5 expression kept the same
orphology as the control cells (Figure 7, C and D), while forced
erexpression of ETV5 induced a striking phenotypic difference as all
lls increase in size and exhibit prominent actin stress fibers (Figure 7E).
owever, they were prone to lose adherence and died quickly, which
ecluded further experimentation.

irect Control of TWIST1 Expression by ETV5 in PTC Cells
In order to confirm that ETV5 expression impacts cell invasion or
arkers of metastasis in BRAF-mutated PTC cells, we undertook
omoter analysis of TWIST1 and SNAI1. TWIST1 is a pleiotropic
anscription factor involved in intra- and extravasation and protects
lls from apoptosis [42]. TWIST1 is also a recognized marker of the
differentiated anaplastic thyroid cancer phenotype [43,44] and plays
role in cancer drug resistance [45]. In association with SNAI1, it is a
ajor inducer of EMT [46]. Correlation between ETV5 and TWIST1
pression was confirmed by siRNA and qPCR analysis (Figure 8A).
roximal promoter analysis using the Eukaryotic Promoter Database
dicated that six ETV5 consensus binding sequences (C/G)CGGAA
/A) are present in the TWIST1 proximal promoter (Figure 8B).
hIP-PCR analysis using an ETV5 antibody and primer sets
cognizing binding regions 1-3 (Figure 8B) indicated that, in KTC1
lls, ETV5 significantly interacts with region 3 of the human TWIST1
oximal promoter (primer pair for region 3, PP3) (Figure 8C).
teraction is strong and significant compared with binding of IgG only
lack bars) or when using control primers outside of the proximal
omoter (PPC, primer pair control). There is an 11-fold enrichment
ing the ETV5 antibody in comparison with IgG in binding region 3
at contains ETV5 binding sequences at bp −126 to −119 (5′-
CGGAAA-3′) and bp −40 to −36 (5′-CGGA-3′). One consensus
quence is also present in the SNAI1 proximal promoter at bp −402 to
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Figure 5. Expression of some EMT markers correlates with ETV5. (A) SNAI1 expression is downregulated in KTC1 cells following
knockdown of ETV5 by RNAi. (B) SNAI1 expression in immortalized thyrocytes is downregulated after knockdown of ETV5 by RNAi. (C)
Downregulation of the EMT markers TWIST1, SNAI2, CDH2, and TGFBR1 is observed after ETV5 knockdown with ETV5 shRNA.
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−397 from theTSS, but no significant enrichmentwas observed after
hIP-qPCR (data not shown). Altogether, our results indicate that
TV5 directly controls expression of TWIST1 but not that of SNAI1.
creased ETV5 expression levels will therefore increase PTC cells
oliferation and their invasive potential but will only indirectly
fluence SNAI1 and events downstream of this transcription factor.

iscussion
he recent discovery of translocations involving ETS proteins has
creased interest in the function of these transcriptional activators in
rcinogenesis [47–49]. Among ETS proteins from the PEA3 family,
TV4 and ETV5 upregulation (with or without translocation) has
ten been correlated to cell proliferation, migration, and invasiveness
1,22,50–52]. Occasionally, all three behavioral characteristics can
observed in the same cell type, making PEA3 proteins the most
rsatile of these pleiotropic factors [53]. In the present study, we
monstrate that ETV5 overexpression specifically depends on
tivation of the MAPK pathway and drives papillary thyroid cancer
ll proliferation. ETV5 also directly regulates the expression of
WIST1, which itself plays an important role in processes such as
etastasis in several cancers [45].
ETS transcription factors are controlled by a variety of signaling
thways that include MAPK, PI3K, and Ca2+ signaling [54].
owever, PEA3 protein activation, in particular ETV5, is more
stricted downstream of MAPK and PKA signaling [55,56] and has
en linked to RET/MAPK activation in spermatogonial stem cell
lf-renewal [57,58]. Although PTC tumors and KTC1 cell
oliferation following BRAF inhibition depend on both MAPK
thway and reactivated PI3K pathway [16,17,19], we now
monstrate that ETV5 expression in PTC cells mainly depends on
e MAPK pathway and ERK1/2 phosphorylation. It is presently not
own if ERK1/2, a kinase with DNA binding ability [59], directly
sociates with ETV5 or is inducing ETV5 expression through
tivation/phosphorylation of intermediates. Patients with advanced
RAF (V600E) PTCs respond well to vemurafenib and dabrafenib,
hich has been studied in clinical trials [60]. However, like in BRAF
600E) melanoma or colon carcinoma patients, responses are
complete and the disease progresses within 1 year [13,14,61,62]. In
attempt to overcome this problem, BRAF (V600E) inhibitors have
en combined with the MEK inhibitor trametinib; however,
cidences of acquired resistance have already been reported
3,64]. Therefore, targeting PEA3 transcription factors such as
TV5 alone or in combination therapies might be an alternative
proach. However, potential issues have already been invoked in
TS-targeted therapies, such as redundancy between these transcrip-
n factors and inhibition of negative feedback loops that might
use resistance to cell death [65]. Further investigations are therefore
cessary to overcome these obstacles.
Our examination of potential downstream targets of ETV5 in
TC1 cells indicates that CCND1 and CCND2 might be mediators
ETV5-dependent proliferation. A recent study demonstrated that
CND1 was upregulated together with PEA3 transcription factors in



Figure 6. ETV5 downregulation impairs gap closure in a scratch/wound healing assay. (A + B) Gap closure of wound healing by control
nontreated KTC1 cells (representative sample). (C + D) Gap closure of control KTC1 cells after transduction of an shRNA empty vector
showing no significant difference with nontreated cells. Gap nears closure at approximately 36 hours (dotted line) after scratches were
made. (E + F) Delay in gap closure of KTC1 cells after downregulation of ETV5 expression through shRNA vector transduction. (G)
Quantitation of gap closure over time. The rate of closure is significantly lower when ETV5 expression is knocked down.

Figure 7. ETV5 levels of expression influence cell invasion and cell morphology. (A + B) KTC1 and KTC1-VA7 cell migration versus
invasion. ETV5 downregulation does not significantly impair cell migration in a Boyden chamber assay (A). Cell invasion through a
collagen layer is significantly reducedwhen ETV5 expression is downregulated (B).(C-E) Levels of ETV5 expression significantly alter KTC1
cell morphology in culture. Control cells (C) and cells with a downregulated ETV5 expression (D) retain a cuboidal or fusiform shape, while
cells that overexpress ETV5 (E) increase in size and exhibit prominent actin stress fibers (stars). Cells were stained with DAPI (nuclear
staining) and DyLight 488 Phalloidin (ACTB, β-actin).
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Figure 8. ETV5 binds to the TWIST1 promoter. (A) Downregulation
of TWIST1 expression after ETV5 shRNA vector transduction. (B)
Analysis of the human TWIST1 promoter with respect to ETV5
putative binding sites. The human TWIST1 proximal promoter
contains six ETV5 consensus sequences for possible binding of
ETV5 to DNA. Regions amplified with three different primer pairs
(PP1, PP2, PP3) are represented, which were used after ChIP
(Supplemental Table 3). (C) ChIP-qPCR analysis of the human
TWIST1 promoter showing binding of ETV5 in the region bp −179
to −87 probed with primer pair 3 (PP3). Primer pair 1 (PP1) and
primer pair 2 (PP2) did not amplify, indicating no chromatin
immunoprecipitation. Similarly, no amplification was obtained with
PPC = control primer pair (~−6000 bp from TSS). Results show
fold enrichment in comparison to immunoprecipitation using IgG
instead of ETV5 antibody and are given as means ± standard error
of the mean. **P b .01, ***P b .001.
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subset of gliomas [66], and CCND2 was recently identified as a new
TV4 target gene in proliferating and migrating mouse mammary
ncer cells [67,68]. Expression of CCND2 in thyroid malignancies is
ntroversial as its downregulation was demonstrated in follicular
yroid carcinomas [69], while a subsequent study demonstrated that
CND2 expression is upregulated in all thyroid cancers in
mparison to benign neoplasms [70]. Nonetheless, ETV5 and its
tative targets CCND1/2 might represent markers of proliferation
ecifically in advanced PTCs. As CCND1/2 complex with CDK4
d CDK6 to allow G1/S transition of the cell cycle, targeted CDK4/
inhibitors such as palbociclib and LEE011 could become promising
erapy options for this disease [71].
Acquisition of invasiveness and metastatic abilities by epithelial
mor cells is associated with morphological and functional changes
ked to de novo expression of genes regulating EMT [72]. Few
udies have investigated the molecular mechanisms driving cell
igration and invasion in advanced papillary thyroid cancer. In the
esent study, we show that changes in ETV5 expression do not affect
C cell migration, but its downregulation affects cell invasion and
atrix metalloproteases MMP3 and MMP9 (Figure 7 and
pplemental Data 2). In addition, ETV5 directly drives the
pression of TWIST1, a known determinant of intravasation,
etastasis, and chemoresistance in a variety of solid tumors [45].
terestingly, TWIST1 expression is increased in anaplastic thyroid
ncers in comparison to PTCs and PDTC [43], and expression of
other member of the TWIST family, TWIST2, has been recently
ported as a key effector downstream of BRAF (V600E) in a
brafish thyroid carcinoma model [73]. While TWIST1 together
ith SNAI1 in humans is a recognized enabler of EMT in certain
ncer cells [46], TWIST2 is also responsible for maintaining
eosteoblasts in an undifferentiated state [74]. Along with SNAI1,
WIST1 is a known driver of N-Cadherin (CDH2) expression, and
e demonstrated in the present study significant downregulation of
DH2 expression following ETV5 downregulation, indicating
ssible dependence of CDH2 on the BRAF(V600E)/ETV5/
WIST1 axis. As TWIST1 is phosphorylated by ERK1/2, itself
tivated by BRAF (V600E), it is likely that cooperation between
TV5 and ERK1/2 contributes to increased TWIST1 expression and
tivation in these cells.
Except for TWIST1 and SNAI1, our screen did not identify
gnificant changes in expression of other drivers of EMT such as
EB1 and ZEB2 upon downregulation of ETV5 in KTC1 cells [75],
d while SNAI1 expression parallels that of ETV5, we were unable
demonstrate binding of ETV5 to the SNAI1 promoter. Therefore,
TV5 may drive SNAIl expression indirectly. Altogether, our data
dicate that ETV5 itself is not a major driver of EMT in KTC1 cells.
Morphologically, only a few native KTC1 cells exhibited a cuboidal
ape and expressed cortical actin, which is specific for epithelial cells
igure 7C) [76]. This might be due to the fact that KTC1 cells derive
om a pleural effusion [25] and that increased expression of ETV5 and
WIST1, in the presence of a TERT mutation, might already confer a
differentiated phenotype. Forced overexpression of ETV5 led to a
amatic increase in cell size and prominent actin stress fibers (Figure 7E),
hallmark of transition toward the EMT state [76]. Further studies will
crucial to demonstrate whether ETV5 influences hTERT expression
d activity in these cells, as mutated hTERT promoters create de novo
TS binding sites.
In conclusion, we have demonstrated that the ETS transcription factor
TV5 is upregulated in BRAF-mutated PTC cells. It is critical for their
oliferation and might contribute to cell invasion, possibly through
rect upregulation of the transcription factor TWIST1. ETV5 and
WIST1 might therefore serve as useful diagnostic or prognostic factors
edicting a more aggressive phenotype in papillary thyroid cancers.
Supplementary data to this article can be found online at https://
i.org/10.1016/j.neo.2018.09.003.
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