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ABSTRACT
◥

The failure of once promising target-specific therapeutic strat-
egies often arises from redundancies in gene expression pathways.
Even with new melanoma treatments, many patients are not
responsive or develop resistance, leading to disease progression
in terms of growth and metastasis. We previously discovered that
the transcription factors ETS1 and PAX3 drive melanoma growth
and metastasis by promoting the expression of the MET receptor.
Here, we find that there are multiple ETS family members
expressed in melanoma and that these factors have redundant
functions. The small molecule YK-4-279, initially developed to
target the ETS gene–containing translocation product EWS-FLI1,
significantly inhibited cellular growth, invasion, and ETS factor
function in melanoma cell lines and a clinically relevant transgenic
mousemodel, BrafCA;Tyr-CreERT2;Ptenf/f. One of the antitumor
effects of YK-4-279 in melanoma is achieved via interference of

multiple ETS family members with PAX3 and the expression of the
PAX3-ETS downstream gene MET. Expression of exogenous MET
provided partial rescue of the effects of YK-4-279, further support-
ing thatMET loss is a significant contributor to the antitumor effects
of the drug. This is the first study identifying multiple overlapping
functions of the ETS family promoting melanoma. In addition,
targeting all factors, rather than individual members, demonstrated
impactful deleterious consequences in melanoma progression.
Given that multiple ETS factors are known to have oncogenic
functions in other malignancies, these findings have a high thera-
peutic impact.

Significance: These findings identify YK-4-279 as a promising
therapeuticagentagainstmelanomabytargetingmultipleETSfamily
members and blocking their ability to act as transcription factors.

Introduction
Melanoma is an aggressive cancer type, with a high propensity for

invasion and metastasis early in the disease process. There are several
factors that actively drive melanoma progression including MET, a
tyrosine kinase receptor overexpressed inmelanoma and implicated in
tumor growth, invasion, and drug resistance (1). One driver for
overexpression of the MET gene is through transcriptional upregula-
tion by PAX3 andETS1. Both PAX3 andETS1 transcription factors are
essential in melanocyte development and form transcriptional com-
plexes that regulate MET expression through upstream genomic
enhancers (2). ETS1, while having undetectable expression in normal
skin melanocytes and common nevi, is overexpressed in primary and
metastatic melanoma (3, 4). In melanoma, ETS1 levels are elevated
because of protection from the deubiquinase Usp9x and subsequent
protein degradation (5). In addition, ETS1 levels and/or activity also
increased in response to vemerafenib drug treatment, UV response,
and ER stress (5–7). One mechanism where elevated levels of ETS1,

and other ETS proteins, promotes melanoma progression is through
their transcription factor function, since mutations creating de novo
ETS-binding sites within enhancer regions of cancer-promoting genes
(such as the TERT loci) drive and promote gene expression (8, 9).
Given the action of ETS1 on several protumor genes, ETS1would be an
advantageous target for melanoma therapy.

Great advances inmelanoma therapeutics have beenmade in recent
years, including immunotherapeutics such as anti–PD-1 antibodies
(nivolumab, pembrolizumab), and small-molecule therapeutics
including BRAF(V600E)-targeting drugs (vemurafenib, dabrafenib),
either as a monotherapy or in combination with MEK inhibitors
(trametinib, cobimetinib; ref. 10). However, these treatments have
limitations in response rates and durability and additional therapeutic
options are needed. The small molecule YK-4-279, although initially
discovered to inhibit the translocation product EWS-FLI1 in Ewing
sarcoma cells, can also affect other ETS-family factors besides FLI1,
including ERG and ETV1 (11–13). Several mechanisms of action
for YK-4-279have been described, including disrupting the interaction
of ETS–domain interactions between RNA helicase A and p68
DDX5 (11, 14). This work provides solid clinical promise for YK-4-
279 and is currently being tested in a phase I clinical trial in relapsed or
refractory Ewing Sarcoma (NCT02657005) using the chemical analog
TK216.

We have identified, herein, that multiple ETS factors are commonly
expressed in both melanoma cell lines and patient tissues, have at least
partial functional redundancy, and are active drivers of cancer pro-
gression. Although YK-4-279 was designed to target just one specific
translocation product, we discovered that this compound affects
multiple ETS-containing proteins. YK-4-279 inhibits ETS factors in
terms of transcriptional abilities, interaction with PAX3, and the
promotion of potent downstream effector genes such as the tyrosine
kinase receptor MET. The use of YK-4-279 has a highly significant
impact on the inhibition of melanoma growth and invasion in culture
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and in the clinically relevant BrafCA;Tyr-CreERT2;Ptenf/f melanoma
mouse model. This novel use of a transcription factor targeting small
molecule in melanoma may provide a viable new option for therapy.

Materials and Methods
Cell lines and culture conditions

The studies were performed with at least two of three representative
melanoma cell lines: MEL624 (RRID:CVCL_8054), A375 (ATCC-
Cat#CRL-7904, RRID:CVCL_0132), and SKMEL28 (ATCC-
Cat#HTB-72, RRID:CVCL_0526). These cell lines were chosen as
they are commonly used in the literature, have typical genetic muta-
tions found in melanoma, and demonstrate growth levels and mor-
phology typical for cultured melanoma cell lines. MEL-ST cells are
immortalized nontransformed human melanocytes [generously pro-
vided by Neil Ganem (Boston University, Boston, MA) and Robert
Weinberg (Whitehead Institute, Cambridge, MA; ref. 15), and hMEL
cells are primary humanmelanocytes (generously provided by Andrey
Sharov (BostonUniversity, Boston,MA). Other humanmelanoma cell
lines for the multicell screen (Fig. 1; Supplementary Fig. S1) were
purchased from either ATCC or the NCI Tumor Repository. MCF10a
andMCF7 cells were generously provided byDrs.MargaretGardel and
Tong-Chuan He (University of Chicago, Chicago, IL). All cells were
maintained at 37�C with 5% CO2 and grown in DMEM and supple-
mented with 10% FBS (Sigma) except for MEL-ST cells that were
enriched with 5% FBS and 1% penicillin/streptomycin. Morphology
and melanoma marker testing were utilized to verify that the cells
are from a melanocytic origin, and validity that cells were negative for
the presence of Mycoplasma followed standard laboratory protocols.
For drug treatments, 10 mmol/L stock solutions of YK-4-279 or
SCH772984 (Apexbio Technology #A3946 and #A3805, respectively)
were prepared inDMSO and diluted inmedia as indicated. Drug levels
used in studies followed prior protocols and demonstrated similar
toxicity levels as previously reported (Supplementary Fig. S2A and
S2B; ref. 16).

siRNA inhibition
Melanoma cells were transfected following prior methods (2) with

siRNA (Ambion/ThermoFisher Scientific) targeting ETS1 (catalog no.
4392421, ID 54847), ETV4 (ID 54860), and ETV5 (ID 34864) or
scramble control (100 pmol each siRNA) with Lipofectamine-2000

(Invitrogen). Transfection efficiency for each siRNA was determined
to be at levels greater than 90% loss of target protein expression as
determined by Western blot analyses.

In vivo melanoma model and treatment
BrafCA;Tyr-CreERT2;Ptenf/f mice were described previously (Jack-

son Laboratory stock number 013590, C57BL/6J background; ref. 17).
Mouse colonies were maintained under specific pathogen-free con-
ditions, and experimental procedures were performed in accordance
with the protocols approved by the Institutional Animal Care and Use
Committee (IACUC). Six- to 7-week-old BrafCA;Tyr-CreERT2;Ptenf/f

mice were surgically implanted with osmotic minipump (Alzet model
1004) with a release rate of drug of 0.11 mL/hour. Pumps were filled
with either 50% of DMSO (control) or with 1.12 mmol/L YK-4-279
total/final concentration in the pump. For mice of approximately 25 g
body weight, it was estimated that the pumps release 2.6 to 3 mmol/L
YK-4-279 drug/day. Following pump transplantation (day 0), the back
of the mice was shaved and 4 mmol/L tamoxifen (Sigma Aldrich) was
applied topically during three consecutive days (day 1, 2, 3). If
necessary, a second minipump containing drug was implanted when
needed at day 28 or 29 after the first pump implantation because
pumps were rated to last for a 4-week duration. Mice were observed
daily, and melanoma initiation and progression days were recorded as
described previously (18). The determination of tumor initiation day
was when pigment cell aggregates were clearly visible from the skin
surface (Fig. 3A andB). The determination of progression daywas that
when tumor lesions form a palpable lesion by touch and form visible
nodular lesions (Fig. 3E and F). Mice were removed from study for
tissue collection at day 35 (females), day 52 (males), or when tumor
burden exceeded 1 cm2. Tumors were analyzed and measured for
thickness by a dermatopathologist blinded to the sample group.

Western blot analysis
Cells were lysed in M-PER (Mammalian Protein Extraction

Buffer) buffer. Proteins (50 mg) were separated on a 4%–15%
Bio-Rad stain-free gels (10-well 4%–15% Biorad-Stain-free-gel,
catalog no. 4568084), transferred to a nitrocellulose membrane,
and probed with antibodies against MET (Cell Signaling Technol-
ogy, catalog no. 8198, RRID:AB_10858224), ETS1 (Santa Cruz
Biotechnology, catalog no. sc-55581, RRID:AB_831289), ETS1/2
(for detecting DN-ETS, (Santa Cruz Biotechnology, catalog no. sc-

Figure 1.
A dominant-negative ETS protein inhibits growth and expression of MET in melanoma cells. A, A schematic of dual ETS1 regulation of the MET promoter. ETS1 (with
PAX3) drives MET gene expression through an ETS-PAX–binding site, and a phosphorylated ETS1 protein promotes MET expression through a PAX-independent
mechanism and a separate “ETS-HGF”binding site.B,Adiagramof a full-length ETS1 proteinwith both pointed andETSdomains, and adominant-negative ETS1 (DN-
ETS) containing only the ETS domain. C, DN-ETS inhibits ETS1 activation of the MET promoter through both PAX3- and HGF-dependent synergistic mechanisms.
Luciferase assays of 293T cells transfectedwith aMET promoter luciferase reporter construct (METpm) in the absence (�) or presence (þ) of ETS1 expressionwith or
without PAX3, DN-ETS, and/or HGF. Data are presented as fold induction over light units of METpm alone. D, Expression of DN-ETS, but not siETS1, significantly
attenuates melanoma growth. A375 cells are transfected with ETS1 siRNA, siScramble control, or DN-ETS or GFP expression constructs, and counted over a time
course. E, Multiple ETS family members are commonly and variably expressed in human melanoma samples and melanoma cell lines. A gene expression profile
heatmap of PAX3 and ETS family members using RNA-seq data from 473 patients with melanoma was created utilizing the UCSC Cancer Genomics Browser (top
panel). The data are depicted as a proportions plot with higher expression (gray shading, bottom) and lower expression (dark gray, top) inmelanoma comparedwith
other cancer subtypes. In addition, multiple ETS family members are expressed in the panel of nine melanoma cell lines (summary table of RT-PCR screen shown in
table). F–I, Inhibition of ETS factors influences the expression of other familymembers in A375 and SKMEL28melanoma cells, andMEL-STmelanocyte cells. The data
represent inhibitionwith siETS1, siETV4, siETV5, or all three (si X3) as indicated at top of column, and bars inG–I representWestern blot densitometry for ETS1 (white
bars), ETV4 (gray), or ETV5 (black) as indicated at bottom of column. The y-axis is densitometry readings normalized to siScramble controls (set at 100%). Data
shown areWestern blot analysis from three independent experiments. � , P ≤ 0.05; #, no detectable expression of ETV4 in MEL-ST cells. J, Expression of a dominant-
negative ETS protein (DN-ETS-GFP) decreased MET expression in A375 cells when compared with mock-transfected cells (GFP). K, MET expression is increased
when ETS family members are inhibited and decreased with expression of DN-ETS-GFP in A375 cells. Densitometry of three independent Western blot analyses
shows a significant change in MET expression (representativeWestern blots shown in F and J). � , P ≤ 0.05; ��� , P ≤ 0.0005. L, Inhibition of ETS family members with
DN-ETS-GFP significantly attenuated cell numbers, but ETS-specific siRNA did not. Cell counts of three independent experiments at 48 hours post treatment were
normalized to control groups (siScramble or GFP), which were set at 100% (��� , P ≤ 0.0005). NS, nonsignificant.
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374509, RRID:AB_10987669), ETV4 (ProteinTech, catalog no.
10684–1-AP, RRID:AB_2100984), ETV5 (Sigma-Aldrich, catalog
no. WH0002119M2, RRID:AB_1841526). GAPDH (Cell Signaling
Technology, catalog no. 5174, RRID:AB_10622025) or total protein
input (Stain Free System, Bio-Rad) was used as a loading control.
ImageLab (BioRad) was utilized to quantify band intensity that was
normalized to loading controls. All Western blot analyses were
repeated minimally in triplicate.

Histology
Skin tissue was collected at the end time point of experiment,

formalin-fixed, paraffin-embedded, sectioned into 5-mm thick sections,
and stained with hematoxylin and eosin (H&E). Samples were anon-
ymized and assessed for lesion thickness by a dermatopathologist.
For measuring tumor thickness, H&E–stained samples were digitally
scanned and pigmented lesions were measured from the top of the
granular cell layer in the epidermis to the deepest point of invasion.
At least 5 tumors from each mouse specimen were measured and the
largest numberwas used as the representative thickness of the specimen.

Immunofluorescence staining
For tissue sections, samples were treated with heat-induced antigen

retrieval with citrate buffer (pH 6.0, Abcam). Fixed cells or tissue were
permeabilized with a 0.25% TritonX-100 solution, blocked with
Duolink Blocking solution, and incubated with primary antibodies:
PAX3 (1:100; Abcam), ETS1 (1:50; Santa Cruz Biotechnology),
ETV5 (1:200; R&D Systems), and/or MET (1:200; Ab-1003, Sigma
Aldrich). The samples were incubated with F594-labeled anti-rabbit
IgG and F488-labeled anti-mouse IgG (Cell Signaling Technology)
secondary antibody, and cover slipped with duolink in situ–mounting
medium with DAPI or Hardset Antifade Mounting Medium with
DAPI (Vector Laboratories). For analysis of MET expression, sections
were examined and scored as negative, low MET expression (<10%
MET-positive cells of lesion) or abundant MET expression (>10%
MET in tumor) under a fluorescence microscope in comparison with
both positive control and negative control. At least five anonymized
tumors from two or more sections of each mouse specimen were
examined, and a final score was given after examination.

Statistical analysis
Statistical tests were performed using GraphPad Prism6 (RRID:

SCR_002798). For luciferase assays, the means of the fold change
induction for each group was compared with the reporter alone using
one-way ANOVA with a Dunnett multiple comparison test. Kaplan–
Meier survival plots were generated on Prism6 and analyzed using log-
rank (Mantel–Cox) tests with one degree of freedom. Significance of
correlation in MET expression between drug versus mock-treated
groups was determined with two-tailed Fisher exact tests, with nom-
inal data (abundant vs. low/absent) analyzed with X2 analysis (CI ¼
95%). Sample sizes were calculated using power analysis, with power
>85% for mouse experiments and >90% for immunofluorescence
scoring methods. All scoring of staining was performed by a “blinded”
observer to the identity of sample group. All error bars are calculated as
SD unless noted. For analysis of significance where multiple sets are
included for each group, error bars are calculated by SEM as indicated.
Findings are presented as significant if the P values were less than or
equal to 0.05. All experiments were performed minimally in triplicate.

Study approval
Animal experiments were performed following the NIH guidelines

and were approved by the IACUC of Boston University (Boston, MA).

Additional methods [Vectors, Luciferase assays, Data mining,
Reverse-transcriptase PCR,MTT/MTS assays, invasion assays, Zymo-
grams, proximity ligation assays (PLA), Coimmunoprecipitation anal-
ysis, MET or ETS1 rescue experiments, and phosphorylated receptor
tyrosine kinase (RTK) assays] are included in Supplementary Materi-
als and Methods.

Results
A dominant-negative ETS protein, but not an ETS1 siRNA,
inhibits ETS1 and PAX3 function and melanoma cell growth

In melanoma, ETS1 drives MET gene expression directly through
enhancer elements within theMET 50 proximal promoter through two
pathways (2). The first mechanism is through recruitment of ETS1 by
PAX3 to a specific “ETS-PAX”binding site, and the second is through a
PAX-independent enhancer “ETS-HGF” binding site that is more
active when ETS1 is phosphorylated (Fig. 1A). Previously, our group
utilized a dominant-negative ETS1 (DN-ETS) protein, commonly
used in developmental studies, which contains only the C-terminal
DNA-binding domain and acts as a dominant-negative protein (2). In
parallel to our prior findings, DN-ETS significantly attenuated the
ability of ETS1 to activate a MET enhancer reporter construct
synergistically with either PAX3 or HGF/MAPK–mediated phos-
phorylation (Fig. 1B and C, P < 0.0005). DN-ETS also significantly
inhibited melanoma growth in vivo (2) as well as in culture (Fig. 1D,
dotted line vs. solid line mock control group, P¼ 0.026 at 48 hours).
However, direct inhibition of ETS1 transcript through siRNA
targeting did not result in any significant difference between con-
trols in A375 melanoma cells (Fig. 1D, dashed line vs. double line
mock control group). This suggests that the DN-ETS–mediated
inhibition on ETS1 function and melanoma growth is not purely
through blocking ETS1.

The presence and functional redundancy of other ETS family
members in melanoma provides one explanation for why a domi-
nant-negative ETS1, but not an ETS1-targeted siRNA, blocked tran-
scriptional activity and cell growth. ETS1 is part of 28-member ETS
protein family that all share an ETSDNA–binding domain. Because all
ETS factors bind to very similar cis regulatory sites, the DN-ETS most
likely inhibits these other ETS proteins aswell. Although ETS factors in
melanoma have not been extensively studied, there is some evidence
that ETV1, ETV4, and ETV5 have oncogenic function (19–21). To
determine which ETS factors are commonly expressed in melanoma,
bioinformatic and RT-PCR analysis was performed. A gene expression
profile of ETS family members using RNA-seq data from 473 patients
with melanoma was created utilizing the UCSC Cancer Genomics
Browser (Fig. 1E). In patient-derived tumor tissue, multiple ETS
family members are commonly expressed. In addition, expression of
ETS family members was screened in melanoma cell lines. To deter-
mine whether the factors had measurable transcript levels from ETS
genes, a panel of nine lines was screened with family-specific primers
byRT-PCR. Expression of ETS factorswas common,with 16 expressed
in all nine of the cell lines and only one factor (ELF5) not expressed in
any of the melanoma lines analyzed (Fig. 1E; Supplementary Fig. S1).
These findings support that multiple ETS factors are expressed in
melanoma cells.

To determine whether inhibition of another common ETS factor in
melanomawould alterMET expression, expression of ETS1 and two of
the most overexpressed factors in patient samples, ETV4 and ETV5,
was inhibited. ETS1, ETV4, and ETV5 were targeted singularly and in
combination, and ETS factor and MET levels were measured by
Western blot analysis in two melanoma lines (A375 and SKMEL28)
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as well as the melanocyte line MEL-ST (Fig. 1F). These experiments
revealed two surprising findings: (i) inhibition of one ETS factor
affected the expression of other family members, and (ii) blocking
the expression of ETS family proteins increasedMET levels, while DN-
ETS decreased levels. ETS1, ETV4, and ETV5 were expressed in both
melanoma cell lines, while theMEL-ST cells expressed ETS1 andETV5
but had no detectable levels of ETV4.Overall, the trend after inhibition
of a single ETS factor was an increase in the other two familymembers,
with a significantmultifold increase in ETS1 and ETV4 after inhibition
of ETV5 (Fig. 1G–I). In terms of MET expression, while DN-ETS
protein significantly decreased MET protein levels in A375 cells
(Fig. 1J and K), MET levels increased when the expression of single
ETS family members (or all three in tandem) was inhibited (Fig. 1F
andK). Furthermore, while theDN-ETS protein inhibited cell number
expansion, there was no effect on any of the cells with ETS family–
targeted siRNA (Fig. 1D and L). These findings support that targeting
ETS1, ETV4, and ETV5 singularly or in combination fails to replicate
the impact of DN-ETS onmelanoma cell growth andMET expression.

The small-molecule drug YK-4-279 mimics the effects of DN-
ETS for cell proliferation, survival, invasion, and ETS function

Specific targeted therapy against ETS factors may hold promise as a
melanoma treatment. Recently, the small-molecule inhibitor YK-4-
279 has been utilized to efficiently target the translocation product
EWS-FLI1 in Ewing sarcoma (11, 22). This compound also efficiently
inhibits other EWS translocation products with ETS family members
(ERG, ETV1) specifically through the ETS domain (12). The addition
of YK-4-279 attenuated the growth and viability of three different
melanoma cell lines and mimicked the growth effects of DN-ETS
(Fig. 2A and B). YK-4-279 also significantly reduced melanoma cell
invasion through Matrigel-coated transwells (Fig. 2C). One mecha-
nism for melanoma invasion is through activation of the gelatinase
MMP9 (23). Treatment of YK-4-279 resulted in decreased activation
of MMP9 protein in a dose-dependent manner (Fig. 2D). To deter-
mine whether YK-4-279 blocks ETS transcription factor activity, we
utilized a luciferase reporter assay. Two reporters, one containing a
minimal promoter upstream of a luciferase gene and another with four
distinct but highly related ETS-binding sites (24) ligated upstream of
theminimumpromoter, were transfected intoA375 andMEL624 cells.
While endogenous activation of the reporter construct with the ETS
sites was detectable and significant in comparison with controls
[6.10 � 1.24 (A375) and 5.12 � 1.34 (MEL624)-fold over reporter
without ETS-binding site], introduction of eitherDN-ETS or 1mmol/L
YK-4-279 significantly attenuated ETS transcription factor activity
(Fig. 2E). Taken together, YK-4-279 inhibits melanoma cell
growth, survival, and invasion in cellulo through inhibition of ETS
activity.

YK-4-279 attenuates melanoma progression in a mouse model
of melanoma

To test YK-4-279 potential in vivo, the melanoma mouse model
BrafCA;Tyr-CreERT2;Ptenf/f was utilized because it demonstrates mel-
anoma tumor progression that parallels human disease in terms of
kinetics, genetics, and histology (17, 25). To determine whether YK-4-
279 had any significant effect in this model, three time points were
documented: induction, initiation, and progression. Induction was
activation of the model with tamoxifen/4-hydroxy-tamoxifen (4-
OHT) and recorded as defined by day 1, initiation was the first sighting
of a pigmented lesion (Fig. 3A andB), and progression occurred when
the lesion progresses to a palpable lesion (Fig. 3E and F). Previous
reports found initiation of pigmented lesions at approximately 2 weeks

that progressed to nodularmelanomas in the following 2 to 4weeks (17).
In our experiments, we found a significant sex bias in this melanoma
model (18). In control experiments, initiation occurred at 17.9� 2.3 days
in female mice and 22.7� 3.6 days in males, and progression at 28.3�
1.3 days and 46.6� 3.5 days for females andmales, respectively. For this
reason, each drug groupwas paired with sex-matched controls. At day 0,
mice were transplanted with osmotic pumps, either with YK-4-279
(releasing drug at 1.6 mg/kg) or DMSO alone. There was no significant
difference in initiation of pigmented lesions between experimental or
controlgroups for either females ormales (Fig. 3CandD),with initiation
days in 17.9� 2.3 days and 18.3� 1.3 days in females, and 22.7 days�
3.6 days and 22.1 days � 1.9 days in males in control and experimental
groups, respectively. In addition, there was a lack of significance
between survival curves (X2 ¼ 0.03, P ¼ 0.86 females; X2 ¼ 0.58,
P ¼ 0.45 log-rank tests).

However, significant differences were noted between control and
YK-4-279 groups in terms of progression of pigmented lesions to
nodular tumors. All control group females progressed before or by day
32, but progression only occurred in two (out of 12) of the drug group
(Fig. 3G; X2 ¼ 18.8, P < 0.0001, log-rank tests, 1df). Males followed a
similar pattern, with 75% progression in controls but with 0% in the
YK-4-279–treated group (Fig. 3H; X2¼ 12.4, P¼ 0.004, log-rank tests,
1df). This model is prone to develop secondary nonpigmented
tumors (25) so any surviving mice were collected at day 52 because
of secondary tumor burden in control mice. In the mock-treated mice,
there was evidence of invasion into the subdermal layer even in
relatively thin lesions (Fig. 3I), with the majority of lesions presented
as nodular melanomas with evident pigmented cells throughout the
dermis and epidermis (Fig. 3J), the YK-4-279–treated mice had
pigmented growths that were superficial both grossly and histologi-
cally in superficial dermis (Fig. 3K and L). Measurements of the
thickest section of lesions on day 52 post induction demonstrated a
significant difference between groups, 1.37 � 0.55 mm for mock and
0.82 � 0.32 mm for YK-4-279–treated groups (P ¼ 0.00098, n ¼ 16
samples, Fig. 3M). The majority of mock lesions presented as full
thickness with tumor cells in the epidermis, dermis, and subdermal
layer, while the drug-treated lesions lacked any signs of invasion.While
there was no difference in initiation of pigmented lesions detected in
the transgenic model, there was a significant block of progression in
terms of palpable lesions, tumor thickness, and notable invasion into
the subdermis.

YK-4-279 inhibits ETS1 and PAX3 interaction in
melanoma cells

One possiblemechanismof YK-4-279 action onETS factor function
affecting in vivo and in cellulo growth, migration, and invasion is
through interaction with PAX3. Our group and others discovered
PAX3 to be overexpressed and actively driving melanoma growth and
migration (Fig. 1E; refs. 26–28). Loss of PAX3 expression inmelanoma
leads to a drastic decrease in cell viability, while conversely increasing
PAX3 promotes growth (28). In addition, PAX3 is a known partner of
ETS1 in melanoma (2). PAX3 and ETS1 are expressed in melanoma
cells and directly interact biochemically (2) and in situ through PLAs
(Fig. 4A–D). The addition of YK-4-279 disrupted this interaction,
reducing the number of puncta/cell in melanoma cells from 2.30 �
1.00 to 0.90 � 0.25 (MEL624, P ¼ 0.0050) and 6.26 � 2.82 to 2.26 �
1.30 (SKMEL28, P¼ 0.018), and in melanocyte cells from 4.33� 0.41
to 1.33 � 0.59 (MEL-ST, P ¼ 0.015; Fig. 4D). These findings in cell
culture were paralleled in the in vivomelanoma mouse model BrafCA;
Tyr-CreERT2;Ptenf/f, where mice treated chronically with YK-4-279
have significantly less interaction between ETS1 and PAX3 as

Melanoma and ETS Factors

AACRJournals.org Cancer Res; 81(8) April 15, 2021 2075

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/8/2071/3090323/2071.pdf by guest on 19 M

ay 2023



Figure 2.

YK-4-279 inhibits melanoma cell growth, invasion, and ETS activity.A, YK-4-279 and DN-ETS comparably reduce cell growth. Melanoma cells were transfected with
DN-ETS-GFP or treated with 2 mmol/L YK-4-279 and cell numbers quantified on days 0, 1, 2, 3, and 6. B, YK-4-279 inhibits melanoma cell proliferation and survival.
Cells were treated with 1 mmol/L or 2 mmol/L YK-4-279. MTT assays were used to assess cell survival compared with respective untreated controls. C, YK-4-279
inhibits melanoma cell invasion. Cells were seeded onto collagen-coated transwells and treated with either DMSO or YK-2-479. Cell invasionwas examined 16 hours
post drug treatment. DMSO cells migrated at rates 7.84 � 1.43 (A375) or 2.27 � 0.38 (SKMEL28)-fold more than cells treated with YK-4-279. D, YK-4-279 inhibits
MMP9 activation in a dose-dependentmanner. Media fromcells treatedwith (0.1–2.0mmol/L, lanes 3–6) orwithout (untreatedorDMSOalone, lanes 1, 2) YK-4-279 for
7 dayswere collected, concentrated, and run on agelatin gel to examineMMP2/9 activity.E,YK-4-279 inhibits ETS transcriptional activity. Cellswere transfectedwith
a reporter construct containing a minimal promoter without (top three bars) or with (bottom three bars) the addition of a 60 base-pair sequence containing four
different ETS-binding sites. With a minimum promoter without ETS sites serving as control (first top bar, 1-fold), the reporter with ETS sites produced 6.10 � 1.24
(A375, P < 0.001) or 5.12 � 1.34 (MEL624, P < 0.01)-fold more light units than control levels. Luciferase activity was reduced to base levels with DN-ETS or drug.
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measured by puncta (Fig. 4E). The number of puncta per tumor
sample was normalized by PAX3-expressing cells, and while the ETS1-
PAX3was abundant inmock-treatedmice (1.06� 0.45 puncta/PAX3–
expressing nuclei), the treatment with YK-4-279 significantly
decreased the number of puncta (0.010� 0.008 puncta/PAX3–expres-
sing nuclei,P¼ 0.0008;Fig. 4F). Thesefindings support that YK-4-279
inhibits the interaction of ETS1 with PAX3.

ETS1 and PAX3 interaction was not significantly disrupted in
melanoma cells with MEK inhibition

The MAPK pathway is frequently hyperactive in melanoma cells
and is a frequent target for therapeutics. Both ETS1 and PAX3 are

downstream targets of this pathway, and PAX3 levels increase in
response to pathway inhibitors vemerafenib and selumetinib (7, 29).
To test ETS1 and PAX3 response to MAPK pathway inhibition, cells
were treated with the ERK1/2 small-molecule inhibitor SCH772984.
In melanoma cells MEL624 and SKMEL28, and in the melanocyte
cell line MEL-ST, there was no difference in ETS1 protein levels
with treatment of either YK-4-279 or SCH772984 (Fig. 5A and B).
PAX3 levels increased significantly with ERK1/2 inhibition in both
melanoma cell lines [3.61 � 1.19-fold over control levels (MEL624),
and 3.27 � 1.61-fold (SKMEL28), both P ¼ 0.01 for 1 mmol/L
SCH772984] in parallel to previous reports (29). MEL-ST cells had
no significant changes in PAX3 levels in the drug concentrations

Figure 3.

YK-4-279 attenuates melanoma progression in a mouse model of melanoma. The melanoma model, BrafCA;Tyr-CreERT2;Ptenf/f, was transplanted with osmotic
pumps containing DMSO alone or 1.12mmol/L YK-4-279 total/final concentration that released a constant level of 1.6mg/kg of drug.A andB, Photographs of control
(A) and drug (B) group mice with initiation lesions, with magnification (�2) in insets. C and D, Kaplan–Meier survival graphs of initiation in female (C) and male (D)
experimental and control-matched groups. There were no significant differences between curves (P¼0.45). E and F, Photographs of control (E) and drug (F) group
mice with progressed tumors, with magnification (�2) in insets. G and H, YK-4-279 treatment attenuates tumor progression. There were significant differences
between Kaplan–Meier curves (P < 0.0001, females; P¼ 0.004, males). I–L, Cutaneous pigmented lesions of mock-treatedmice (I and J) were full thickness tumors,
while lesions in YK-4-279–treated mice (K and L) were superficial. In mock-treated skin, even relatively flat lesions have cells invading into the subdermis (I,
arrowheads). The more typical mock-treated lesion is thick (>1 mm; J). Sections shown are either parallel to the anterior–posterior axis (I, K, and L) or transverse
section (J).M,Mock-treatedmice have thicker pigmented lesions thanYK-4-279–treatedmice. In themeasurement of the thickest lesion per slide, lesionswere 1.37�
0.55mmand0.82�0.32mm formock anddrug-treatedmice, respectively (P¼0.00098, n¼ 16mice/group). Each box represents the upper and lower quartilewith
a line at the median; whisker lines extend from maximum to minimum thicknesses; unpaired two-tailed t test.
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Figure 4.

YK-4-279 inhibits ETS1 andPAX3 interaction inmelanomacells. A andB,ETS1 andPAX3are expressed inMEL624 (A) andSKMEL28 (B) cells by immunofluorescence.
C andD,ETS1 andPAX3 interact in situ inmelanoma cells, but this complex is inhibited byYK-4-279. ETS1 andPAX3 antibody alonedid not result in significant number
of puncta generated through proximity ligation assay (PLA) [columns (C) or bars (D) 1 and 2]. Significant PLA puncta were produced with both antibodies (columns
3), 2.3� 1.00 (MEL624), 6.26� 2.82 (SKMEL28), and 4.33�0.41 (MEL-ST) puncta/nuclei. YK-4-279 significantly reduced the number to 0.9�0.25 (MEL624), 2.26�
1.3 (SKMEL28), and 1.33� 0.59 (MEL-ST) puncta/nuclei (columns 4, all P < 0.05). E and F, ETS1 and PAX3 interact in mouse melanoma tumors and this complex was
inhibited after YK-4-279 treatment. For each sample on sequential sections, tumor cells were identified by PAX3 immunofluorescence, and PAX3–ETS1 interaction
was detected by PLA puncta (E). ETS1-PAX3 PLA puncta were reduced in melanoma tissue from 1.06 � 0.45 puncta/PAX3–expressing nuclei in tumors of mock-
treated mice to 0.010� 0.008 in YK-4-279 mice (error expressed as SEM), with the number of puncta normalized to PAX3-positive–expressing nuclei in the sample
(P ¼ 0.0008 two-tailed t test, graphed data in F).
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tested. Furthermore, there was also an increase in PAX3 levels in
MEL624 cells with YK-4-279 treatment (2.96 � 0.78-fold over
control levels, P ¼ 0.006). To determine whether ERK1/2 inhibition
impacted PAX3–ETS1 interactions in situ, PLA was performed on
SCH772984-treated and control cells (Fig. 5C and D). For the three
cell lines tested, there was no significant difference in the number of
puncta counted between the PLA DMSO and drug-treated groups.
Attenuation of the MAPK pathway through SCH772984 ERK1/2
small-molecule inhibition did not have a significant impact on
PAX3–ETS1 interaction in our experiments.

YK-4-279 inhibits the interaction of PAX3 with ETS family
members

Our data suggest that there are functional redundancies among ETS
family members and there aremany other ETS factors expressed in the
melanoma cells in addition to ETS1 (Fig. 1). In addition, it is not
known whether PAX3 interacts with any other ETS factors besides
ETS1. There is support that PAX3 binds to other ETS factors from

studies focused on PAX5–ETS1 interactions (2, 30), where it was
determined that ETS1 binds to PAX5 through four amino acid
epitopes within the ETS-DNA–binding domain, Q, Y, D, K, which
corresponds to amino acids 336, 395, 398, and 399 of ETS1 (Fig. 6A;
ref. 31). Fifteen ETS familymembers have identical or similar epitopes:
five with identical epitopes (ETS1, ETS2, ERG, FLI1, FEV), three with
atypical Q epitopes but retaining surrounding leucine/isoleucine
(ELK1, ELK3, ELK4), and eight with different but similar amino acids
replacingD and/orK epitopes (Fig. 6B andC). It is predicted that these
ETS family members should bind to PAX3. The 12 remaining ETS
family members only share the Y epitope or none of the epitopes. To
determine whether ETS1 interacts with PAX3 through the corre-
sponding amino acid epitopes, mutant ETS1 was generated by repla-
cing Q336, Y395, D398, and K399 with alanines (A; Fig. 6D, mutant
construct ETS1-D4). ETS1-D4 lost the ability to interact with PAX3
after both proteins were coexpressed exogenously in 293T cells
(Fig. 6E and F). This suggests that Q336, Y395, D398, and/or K399
are necessary amino acid epitopes for ETS1–PAX3 interaction. These

Figure 5.

ERK inhibition, via SCH772984 treatment, had little to no effect on PAX3 and ETS1 interaction in melanoma cells. A and B, ERK inhibition had minimal effect on ETS1
protein levels, but increased PAX3 inmelanoma cells. PAX3 levels rose 3.61� 1.19-fold over control levels (MEL624) and 3.27� 1.61-fold (SKMEL28), both P¼0.01 for
1 mmol/L SCH772984. C and D, Treatment with 2 mmol/L SCH772984 did not reduce PAX3–ETS1 interactions in melanoma cells. Number of PLA puncta per nuclei
between DMSO and SCH772984-treated cells were not significantly different between groups for all cell lines tested.
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Figure 6.

PAX3binds toETS1 through four epitopes that are similar in somebut not all ETS factors includingETV5.A,ETS1 contains four previously identifiedepitopeswithin the
ETS-DNA–binding domain (31) that interact with PAX proteins, Q336, Y395, D398, and K399. B, Amino acid sequences of ETS family ETS DNA domains, with PAX-
interacting epitopes highlighted. C, Summary chart of sequences from B, with ETS family members with all four epitopes the same (first group) or similar (second
group), with only Y395 (third group), or without any shared epitopes (fourth group). D, Schematic of wild-type (ETS1-WT) and mutant ETS1 with four PAX3-
interacting epitopes changed to alanines (ETS1D4).E, 293T cellswere transfectedwith PAX3 and/or ETS1-WTor ETS1-D4expression constructs or empty vector, and
cell lysates were immunoprecipitated with anti-HA or anti-PAX3 antibodies (lanes 7–12) or control antibodies (lanes 1–6). Immunoprecipitants were probed by
Western blot analysis for ETS1 (anti-HA, top) or PAX3 (anti-PAX3, bottom). F, Input control samples for experiments shown in E. Input proteinswere probed for ETS1
(anti-HA, top) or PAX3 (anti-PAX3, bottom). ETV5 and PAX3were expressed in MEL624 (G) and SKMEL28 (H) cells by immunofluorescence. I and J, ETV5 and PAX3
interact in melanoma cells but this complex was inhibited with YK-4-279. ETV5 and PAX3 antibody alone do not result in significant number of puncta generation
[columns (I) or bars (J) 1 and 2]. Significant PLA punctawere producedwith both antibodies (column 3), 23.69� 4.71 (MEL624) and 22.93� 3.62 (SKMEL28) puncta/
nuclei. YK-4-279 significantly reduced the number of puncta (column 4), 12.5 � 2.78 (MEL624, P ¼ 0.0031) and 15.01 � 1.93 (SKMEL28, P ¼ 0.050) puncta/nuclei.
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findings provide evidence that other ETS factors that possess these
epitopes have the potential to interact with PAX3.

To determine whether PAX3 binds to other ETS family members,
and if so, whether YK-4-279 disrupts this interaction, the in cellulo
experiments from Fig. 4 were repeated with another candidate ETS
factor. For these experiments, ETV5 was selected because (i) it has
similar but not identical PAX3-interacting epitopes to ETS1 (in group
2, Fig. 6C), (ii) ETV5 and other PEA3-ETS factors were identified to be
expressed and active in melanoma (32, 33), and (iii) ETV5 was the
most common ETS family member in the UCSD melanoma dataset
(Fig. 1E). We discovered that ETV5, like ETS1, was expressed in
melanoma cells (Fig. 1E–G,Fig. 6G andH) and binds to PAX3 (Fig. 6I
column 3). The addition of YK-4-279 reduced the number of puncta
per cell from 23.69 � 4.71 to 12.5 � 2.78 (MEL624, P ¼ 0.0031)
and 22.93 � 3.62 to 15.01 � 1.93 (SKMEL28, P ¼ 0.0050; Fig. 6I
column 4, Fig. 6J). Accordingly, we found that multiple ETS factors or
at least ETS1 and ETV5, bind to PAX3 and that YK-4-279 inhibits this
interaction.

YK-4-279 reduces MET expression in cellulo and in vivo
YK-4-279 inhibited ETS factor function (Fig. 2E), ETS1–PAX3

interaction (Fig. 4), and demonstrated a reduction in melanoma
growth in cellulo and in vivo (Figs. 2 and 3). The receptor tyrosine
kinaseMET is a downstream target of ETS1 and PAX3 (Fig. 1A; ref. 2)
with active roles in melanoma cell proliferation and survival (1). In
melanoma cells, MET protein levels decreased significantly after
treatment with YK-4-279 [0.49 � 0.19-fold P ¼ 0.044 (A375), and
0.30 � 0.13-fold P ¼ 0.011 (MEL624), Fig. 7A and B]. In the
melanocyte line MEL-ST, there was a downward trend in MET
expression but not significantly (0.79 � 0.20-fold P ¼ 0.13). YK-4-
279 also significantly decreased luciferase expression driven by a MET
promoter containing two ETS-binding sites [30.40� 13.2% P¼ 0.012
(A375), 37.80� 22.5% P¼ 0.0043 (MEL624), Fig. 7C]. This decrease
in luciferase expression was similar to the outcome of mutating both
ETS-binding sites in the promoter. To determine whether there was a
difference in MET expression between mock and drug-treated groups
in mouse tumors, MET expression in pigmented lesions was detected
by immunofluorescence and scored as “Absent/LowMET expression”
(0%–10%MET-expressing cells in lesion) or “Abundant MET expres-
sion” (>10% cells expressingMET; Fig. 7D) and scored with the group
anonymized.With 18 specimens per group,mostmock-treated lesions
expressed abundant MET (15/18 samples, 83.3%) while YK-4-279
lesions were predominantly MET low or absent with only 4 of 18 with
abundant MET expression (22.2%, Fig. 7E and F). The correlation of
MET expression between drug versus mock-treated groups was deter-
mined to be significant (P ¼ 0.00018, >85% power) with two-tailed
Fisher exact tests, with nominal data (abundant vs. low/absent)
analyzed with X2 analysis (CI ¼ 95%). Melanoma cells treated with
YK-4-279 express significantly lessMET receptor levels both in culture
and in vivo.

To determine whether YK-4-279 loss of cells is dependent (fully or
partially) or independent of ETS1 or MET, three melanoma cell lines
(A375, MEL624, SKMEL28) were transfected with empty vector
(mock) or constructs expressing either ETS1 or MET (Fig. 7G). Each
transfection set was treated with either YK-4-279 or DMSO, and cell
numbers after 48 hours in the DMSO group were set at 100%. It was
discovered that in two lines (A375, SKMEL28), ETS1 transfection did
not significantly rescue YK-4-279 cell loss. However, ETS1 did provide
partial protection for MEL624 cells (P ¼ 0.023). Addition of MET
resulted in a significant partial rescue in all three cell lines, with a near
total rescue in SKMEL28 cells. These findings support that at least part

of the growth-inhibitory effect of YK-4-279 treatment is because of
a loss of MET expression. However, this also suggests that there are,
most likely, other factors involved with YK-4-279 cell loss. Because
of what is known about YK-4-279, it is likely that this compound
has pleiotropic effects. Because RTKs, including MET, are major
factors involved with cellular signaling, a nonbiased screen using a
phospho-RTK assay array was utilized to measure overall changes
in RTK phosphorylation. After YK-4-279 treatment, the overall
trend was that there was no change in phosphorylation for the
majority of the represented RTKs except for nine that decreased
(≤75% of control levels). In the nine factors (listed in Fig. 7H, with
array locations shown in Supplementary Fig. S3A and S3B), five
decreased in both cell lines (ERBB3, Insulin receptor, IGF1R, MET,
and ROR2), three in A375 (PDGF, FIT3, RYK), and one in MEL624
(EPHB6). Of note, MET was reduced to approximately half the
levels of the controls with YK-4-279 treatment in both cell lines, in a
similar pattern to the reduction to protein levels (Fig. 7A and B).
YK-4-279 was found to reduce the phosphorylation of a subset of
RTK factors within a representative phosphorylation array, includ-
ing MET.

We discovered a molecular pathway of ETS family members
functioning as transcription factors, synergistically activating genes
with PAX3, and actively promoting melanoma growth and invasion
through the regulation of downstream effector genes such as MET
(Fig. 7I). The ETS targeting drug YK-4-279 inhibits ETS factor
function, interaction with PAX3, and melanoma tumor progression.
This work supports YK-4-279 as a potential therapeutic option in
melanoma.

Discussion
In our presented work, we find multiple ETS family members

expressed in melanoma (Fig. 2). ETS factors are often deregulated in
cancers, through overexpression, chromosomal mutations, transloca-
tions, and posttranscriptional modification. In melanoma, there are
prior reports of ETS family overexpression, including ETS1, ETV1,
ETV4, ETV5, ETV6, and GABPA (3, 4, 19, 21, 34–36). In addition,
ETS genes are amplified because of large chromosomal rearrange-
ments, including ETV1 gene amplification in melanomas and ETV6
translocation with the NTRK3 gene in Spitz Nevus (19, 20, 37).
ETS factors are regulated by phosphorylation, sumoylation, and
ubiquination. Some, but not all, of the ETS factors (21 members) are
phosphorylated by ERK2, and this pathway is commonly overactive in
melanoma (38, 39). Some of the ETS factors are also targets for COP1,
part of an E3 ubiquitin complex, and this factor may be deleted in
melanoma (40). In addition to the loss of COP1, the deubiquinase
Usp9x also protects ETS factors from proteasomal degradation in
melanoma (5). ETS1 and other ETS factors contain the Usp9x
recognition site (MNYEK�LSR, located at the C terminal end of
the ETS domain; Fig. 6). Our data support some redundancy of
function of the ETS factors (Figs. 1 and 3) such as interaction with
PAX3 (Fig. 6). Our data and others support that there are regulatory
pathways and functions that are shared and divergent among ETS
family members.

Because of the function of ETS factors, we hypothesized that YK-4-
279 has the potential to bind and inhibit the ETS domain and have a
significant effect againstmelanoma. YK-4-279 treatment of theBrafCA;
Tyr-CreERT2;Ptenf/fmouse model led to a block of tumor progression
(Fig. 3). This may be because of an inhibition of growth, increased cell
death, decreased migratory ability, and/or a block in invasion; and this
is supported by the functional data in Fig. 3. ETS factors have been
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implicated in tumor growth (19). However, in our model system there
was not a complete block of growth because tumor initiation was not
affected (Fig. 4A–D) and there was an evident proliferation of
pigmented cells histologically (Fig. 4J–L). ETS factors are linked to
migration in normal neurogenesis (41, 42). In addition, in epithelial
tumors, ETS/AP1–binding sites were located in RAS-inducible genes
that are linked to cell migration (38). ETS factors also activate genes
that correlate with metastatic spread, or are demonstrated to actively
drive metastasis. This includes CEACAM1 and cathepsin (43, 44),
MMPs (21), and MET (2). Therefore, the effectiveness of YK-4-279 in
inhibiting melanoma progression in our studies is most likely because
of a block of ETS-dependent promotion of protumor downstream
effector genes.

We discovered that YK-4-279 has anticancer effects in melanoma
cell lines and mouse models (Figs. 2 and 3). Other studies support
these findings, as YK-4-279 appears capable of targeting a wide variety
of cancers (16). Our data indicate that YK-4-279 suppressesmelanoma
invasion in cellulo and in vivo (Fig. 2C and D; Fig. 3I–M). These
findings are in parallel with a recent prostate cancer mouse xenograft
model study, where YK-4-279 treatment demonstrated decreased
expression of ETV1 metastasis–related target genes MMP7,
GLYATL2, and FKBP10 (13). In these studies, it is not clear whether
the impact of YK-4-279 was purely dependent on ETV1 or if the drug
also blocked other factors independent of ETV1. YK-4-279 inhibited
growth in cell culture (Fig. 2A) and reduced melanocytic proliferation
in mouse models (Fig. 3). Furthermore, YK-4-279 decreased MET
levels as well as the phosphorylation of a number of RTKs including
MET (Fig. 7). In our studies, we revealed that MET is likely a
significant part of the YK-4-279 antitumor effect because reintroduc-
tion of exogenous MET at least partially protected melanoma cells
from the negative impact of the drug on cell numbers (Fig. 7G). In
Ewing sarcoma, YK-4-279 induces G2–M cell-cycle arrest and
increases the level of CyclinB1 by reducing EWS-FLI1–mediated
expression of target gene ubiquitin ligase UBE2C that promotes the
degradation of CyclinB1 (45). YK-4-279 promotes cell death by
inhibiting the alternative splicing function of EWS-FLI1, which
increases the proapoptotic isoforms of MCL1 and BCL2 (45). In
neuroblastoma cells, without affecting CyclinB1 levels, YK-4-279
induces mitotic arrest at G2–M phase by disrupting spindle assembly

and increases caspase-3–dependent apoptosis (16). We do not exclude
such mechanisms may also be involved in YK-4-279 melanoma
inhibition.

In our studies, we used a transgenic rather than a xenograft model,
as the BrafCA;Tyr-CreERT2;Ptenf/f mouse more closely mimics mela-
noma found in patients in terms of progression, intact microenviron-
ments and immune systems, and is a better predictor of translational
therapeutic outcomes (46). In addition, we utilized osmotic pumps,
which allowed (i) a constant dose of the drug that circumvented
problems with the quick clearance of the drug, (ii) a reduction in stress
on the mice by avoiding daily handling and injections, and (iii) an
ability to use a relatively low dose of drug compared with other studies.
Of note, pharmacokinetic studies find that YK-4-279 has a short half-
life in blood plasma and continuous infusion of the compound was
required for tumor regression in the rat model of Ewing sarcoma (47).
This short plasma half-life is remedied with the use of osmotic pumps,
which have been shown as a promising systems for controlled drug
delivery (48). The big advantage of using osmotic pumps is that the
drug release is independent of the pH and hydrodynamics of the
dissolution medium, which assures a steady drug concentration and
activity level into the blood plasma (48). Another advantage is that the
osmotic pump is able to maintain drug concentration for 28 days.
Therefore, the treatment process only requires two implantations. The
drug dose in our study (1.6 mg/kg) is far less than the levels that have
been used by injection method (75–150 mg/kg; refs. 11, 13) and still
shows promise in inhibiting tumor progression, suggesting that a
higher therapeutic potential of YK-4-279 may be achieved with
increased dose in future investigation using osmotic pumps as drug
delivery system.

BRAF-V600E–mutant tumors targeted with small-molecule inhi-
bitors such as vemerafenib or debrafenib, as a single agent or in
combination with MEK inhibitors, demonstrated good response rates
but low durability to treatment (10). In our findings and as reported by
others, PAX3 and ETS1 levels and/or activity were altered in response
to MAPK pathway inhibition (Fig. 5; refs. 7, 29). The use of YK-4-279
has promise as a combination therapy, where mutant BRAF inhibitor
drugs attenuate BRAF hyperactivation and YK-4-279 counteracts the
upregulation and function of PAX3. In summary, our work, utilizing a
physiologically and clinically relevant mouse model, supports that

Figure 7.
YK-4-279 reducesMET expression in cellulo and in vivo.A andB,YK-4-279 reducesMET expression inmelanomacells byWestern blot analysis (A)with densitometry
readings of three independentWestern blots (B). Therewas significantMET reductionwith YK-4-279 treatment, 0.49�0.17-fold (A375, P¼0.044) and0.30�0.13-
fold (MEL624, P ¼ 0.011). C, Both enhancer mutation and YK-4-279 reduce MET promoter activity in melanoma cells. A MET reporter vector containing two ETS-
binding sites (shown schematically in Fig. 1A) expression was reduced if the ETS sites were mutated (27.62% � 8.82%, A375, 44.76% � 6.13% MEL624) or in the
presence of YK-4-279 (30.40� 13.20, A375, 37.80%� 22.5%, MEL624). All reductions of luciferase activity were significant, P < 0.005. D,MET expression in BrafCA;
Tyr-CreERT2;Ptenf/f mouse tumor lesions. Immunofluorescence of nuclei (DAPI, first column), MET (middle column), and combined DAPI/MET (last column; dotted
line, epithelial/dermal junction). Top row is an example of a lesion with low or absent MET expression, bottom row a lesion with abundant (>10% cells positive) MET.
E, Summary of anonymized scoring of MET expression in BrafCA;Tyr-CreERT2;Ptenf/f mouse tumors. Tumors from DMSO (MOCK, first column)- or drug (YK-4-279,
second column)-treatedmicewere scored for absent/low expression of MET (top row) or abundant (>10%, bottom row); n¼ 18 for each group. F,Graph of data from
E. Mock-treated lesions expressed abundant MET (15/18 samples, 83.3%), while YK-4-279 lesions were predominantly MET low or absent with only 4/18 with
abundant MET expression (22.2%). The correlation of MET expression between drug versus mock-treated groups was significant (P ¼ 0.00018, >85% power).
G, Transfection of ETS1 and MET partially rescues YK-4-279 cell loss (ETS1 in MEL624, MET in all three lines) in melanoma cell lines. Percent survival after 48 hours of
YK-4-279 treatment for each group (mock, ETS1, MET, x-axis) is shown from representative experiments from cell lines A375, MEL624, and SKMEL28, with the
average of three independent experiments shown below each columnwith significant differences between mock and transfected groups determined by ANOVA (P
values as shown; NS, not significant; � ,P<0.05; �� ,P<0.005). Differences in cell numbers betweenYK-4-279 andDMSOcells are comparedwithin transfected groups
(mock, ETS1, MET) to determine percent survival (y-axis). The gray line indicates 100% of DMSO-treated cell numbers or levels for a complete rescue from YK-4-279
treatment. For each experiment, at least 400 cells were counted per group. H, Densitometry from phospho-RTK array from mock and 2 mmol/L YK-4-279–treated
A375 andMEL624melanoma cells. Representative arrays are shown in Supplementary Fig. S3A–S3C. RTKswith differential densitometry between groups for at least
one cell line are graphed where the genes are listed on the x-axis and percent of DMSO controls is indicated on the y-axis, with DMSO levels set at 100%. I, Simplified
schematic of the molecular pathways affected by YK-4-279 treatment on melanoma cells. The drug inhibits ETS1 and other ETS factors and blocks ETS domain
function and binding to protein partners such as PAX3. This leads to an attenuation of ETS-dependent activation of downstream effector genes such as MET and a
decrease in protumor function including migration and invasion.
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YK-4-279 has potential as amelanoma therapeutic through the targeting
of ETS protein family function as an activator of protumorigenic genes.
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