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Introduction

Epithelial ovarian cancer (OV) is the leading cause of mortali-
ty from gynecological malignancies (1); the overall survival rate
has remained poor at 30% to 50% for decades, mainly owing to
late diagnosis and resistance to first-line chemotherapy (2-4).
Therefore, there is an unmet clinical demand to discover novel
strategies, particularly targeted therapies, to treat advanced OV.
Mitogen-activated protein kinase (MAPK) signaling is one of the
most deregulated oncogenic pathways across a variety of human
cancers, including colon cancer and OV (5-7). Integrative network
analysis of The Cancer Genome Atlas data for OV revealed that
approximately 30% of patients with OV harbor aberrant activat-
ed MAPK oncogenic signaling, which involves inactivation of the
RAS GTPase-activating protein neurofibromatosis 1 (NFI) and
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Ovarian cancer is characterized by aberrant activation of the mitogen-activated protein kinase (MAPK), highlighting the
importance of targeting the MAPK pathway as an attractive therapeutic strategy. However, the clinical efficacy of MEK
inhibitors is limited by intrinsic or acquired drug resistance. Here, we established patient-derived ovarian cancer models
resistant to MEK inhibitors and demonstrated that resistance to the clinically approved MEK inhibitor trametinib was
associated with enhancer reprogramming. We also showed that enhancer decommissioning induced the downregulation

of negative regulators of the MAPK pathway, leading to constitutive ERK activation and acquired resistance to trametinib.
Epigenetic compound screening uncovered that HDAC inhibitors could alter the enhancer reprogramming and upregulate

the expression of MAPK negative regulators, resulting in sustained MAPK inhibition and reversal of trametinib resistance.
Consequently, a combination of HDAC inhibitor and trametinib demonstrated a synergistic antitumor effect in vitro and in vivo,
including patient-derived xenograft mouse models. These findings demonstrated that enhancer reprogramming of the MAPK
regulatory pathway might serve as a potential mechanism underlying MAPK inhibitor resistance and concurrent targeting of
epigenetic pathways and MAPK signaling might provide an effective treatment strategy for advanced ovarian cancer.

activation of RAS/BRAF, suggesting that this pathway is a poten-
tial therapeutic target in OV treatment (6, 8).

MEK inhibitors, such as trametinib and selumetinib, have
shown promising therapeutic efficacy and have been clinically
approved for use in several tumor types characterized by BRAF
activating mutations such as melanoma and non-small cell lung
cancer (9, 10). MEK inhibitors have also demonstrated certain clin-
ical activity in low-grade serous ovarian cancer (LGSOC) (11-13).
Notably, clinical responses were recorded in both mutant and wild-
type KRAS or BRAF tumors in a phase II clinical trial of the MEK
inhibitor selumetinib in LGSOC (14), suggesting that MEK inhi-
bition could also be effective in high-grade serous ovarian cancer
(HGSOC). However, the potential utility of MEK inhibitors in high-
grade serous subtypes has mainly been demonstrated through pre-
clinical studies (15, 16) and isolated case reports (17). In addition,
the potential mechanisms and molecular predictors of outcome of
MEK inhibitors are poorly investigated in preclinical studies, which
hinders the implications of MEK inhibitors in OV therapy.

Despite the clinical effectiveness of MEK inhibitors, their clin-
ical utilization has shown limited success owing to the rapid devel-
opment of resistance (18, 19). To date, multiple resistance mech-
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anisms to MEK-targeted therapy have been elucidated, including
gain of secondary target mutations, gene amplification, and
compensatory activation of prosurvival signaling pathways. For
instance, the acquisition of gain-of-function mutations in MEK1/2
has been found in colon cancer and melanoma, which abrogates
MEK inhibitor binding, thereby maintaining ERK1/2 activity
and resulting in acquired resistance to allosteric MEK inhibitor
(20-22). Amplification of the upstream driving oncogenes such as
BRAF V600E and KRAS G13D has also been reported to account
for MEK inhibitor resistance (23). Furthermore, adaptive kinome
reprogramming of bypass signaling pathways, such as c-MET/
STAT3 and EGFR/HERS signaling, has been shown to drive the
occurrence of resistance (24, 25). In addition, activation of com-
pensatory survival pathways has also been determined to result
in drug resistance to MEK inhibitors in LGSOC and HGSOC (26).
These findings highlighted the complexity of drug-resistance
mechanisms in MEK-targeted therapy, which motivated us to sys-
tematically exploit the potential mechanisms of resistance to MEK
inhibitors in robust preclinical models of OV to improve patient
survival outcomes.

Here, we report the establishment of a series of patient-de-
rived advanced OV models that were sensitive or resistant to tra-
metinib, allowing for a robust platform to unravel mechanisms of
drug resistance. Using integrative chromatin and transcriptome
profiling, we demonstrated that enhancer reprogramming led to
sustained activation of the MAPK pathway, which played a crucial
role in MEK inhibitor resistance. We also showed that epigenetic
drugs such as HDAC inhibitors could overcome this resistance,
and a combination strategy targeting both MAPK signaling and
HDAC could be required to maximize clinical benefit.

Results

In vitro effect of MEK inhibitor in OV models. We established 20
patient-derived advanced ovarian cancer cells (POVCs) as preclin-
ical models to evaluate sensitivity to the MEK inhibitor trametinib.
Half-maximal growth-inhibitory concentration (IC,) analysis
showed that approximately half of the POVCs were highly sensitive
to trametinib at nanomolar concentrations. In contrast, the rest were
relatively resistant, and 4 of them displayed complete resistance up
to 10 uM trametinib (Figure 1A). Similar findings were also observed
in a panel of commercial OV cell lines (Figure 1B). The responses to
MEK inhibition in both POVCs and the commercial cell lines were
also confirmed with another MEK inhibitor (PD0325901) (Supple-
mental Figure 1, A and B; supplemental material available online
with this article; https://doi.org/10.1172/JCI145035DS1). In addi-
tion, annexin V/propidium iodide assay indicated that trametinib
remarkably increased the proportion of apoptotic cells in the sen-
sitive cells but not in the resistant cells (Figure 1C). This inhibitory
effect on growth for the cell was further confirmed by colony forma-
tion assays (Figure 1D). Immunoblot analysis showed that although
the ERK phosphorylation was transiently inhibited by trametinib in
both sensitive and resistant cells (Supplemental Figure 1C), it was
reactivated in a time- and dose-dependent manner in resistant cells,
but not in sensitive cells (Figure 1, E and F). Consistent with previ-
ous studies (27, 28), phosphorylated MEK (p-MEK) was dramatically
increased upon trametinib treatment as a result of abrogation of a
negative-feedback loop inhibiting the MAPK pathway in both sensi-
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tive and resistant cells. This observation raised a possibility that the
sensitivity to trametinib could be associated with sustained inhibi-
tion of MAPK signaling, while the reactivation of MAPK signaling
might lead to resistance to trametinib. To examine whether somatic
alterations in the MAPK pathway were associated with sensitivity to
MEK inhibitors, we examined the mutation status of MAPK path-
way members, including H/K/N-RAS, BRAF, MEK1/2, ERK1/2, and
NF1, in the commercial OV cell lines using the Catalogue of Somatic
Mutations in Cancer (COSMIC; ref. 29), the Broad Institute Cancer
Cell Line Encyclopedia (CCLE; ref. 30), and other published data-
bases (31, 32). The results showed that there was no significant cor-
relation between the sensitivity to trametinib and the mutation status
of MAPK pathway members (Supplemental Figure 1D), which was
further confirmed by Fisher’s exact test for the association between
each single gene mutation and IC, j value of trametinib in these com-
mercial cell lines (Supplemental Figure 1E). In addition, the baseline
activity of p-ERK and p-MEK was not correlated with the sensitivity
to trametinib in both patient-derived and commercial cells (Supple-
mental Figure 1, F and G). These observations were consistent with
a previous study showing that the MEK inhibitor response was not
significantly associated with mutation status or baseline levels of the
phosphorylation status of the MAPK pathway (33). This suggested
that alternative mechanisms such as epigenetic deregulation might
be involved in the resistance to MEK inhibitors in OV.

Persistent ERK activation is associated with acquired resistance to
MEK inhibitor in OV. To investigate the molecular changes rele-
vant to acquired resistance to MEK inhibitor, we chose 2 trame-
tinib-sensitive OV cell lines (A2780 and OVCARS5) that harbor
BRAF or KRAS activating mutations and constitutively activat-
ed p-ERK signaling (Supplemental Figure 1, D and F) to estab-
lish the acquired resistance models, A2780-R and OVCAR5-R,
through chronic exposure to trametinib. The chronically exposed
cells were more resistant to trametinib and PD0325901 than the
parental cells, as demonstrated by a significant rightward shift in
the dose-response curve (Figure 2A and Supplemental Figure 2A)
and further confirmed by colony formation (Figure 2B), as well
as apoptosis assays (Figure 2C). Although trametinib was able to
transiently inhibit ERK activity in both sensitive and resistant cells
in a short period of time (Supplemental Figure 2B), ERK activi-
ty was sustained in resistant cells rather than sensitive cells in a
dose-dependent manner (Figure 2, D and E). On the other hand,
ERK was reactivated in resistant cells after prolonged culturing
with trametinib (Figure 2, F and G), which was in agreement with
the findings in Figure 1, E and F, suggesting that both intrinsic and
acquired resistance was associated with ERK reactivation. To elu-
cidate the molecular basis of ERK reactivation in acquired-resis-
tant cell lines, we conducted whole exome sequencing in parental
A2780 (A2780-P) and A2780-R cells. The mutational profiling
analyses revealed that no additional mutations of the MAPK path-
way members were found in resistant cells compared with paren-
tal cells (data not shown). This supports our hypothesis that epi-
genetic deregulation rather than genetic alterations could confer
the resistance to MEK inhibitors in OV.

Enhancer reprogramming accompanies acquired resistance to
MEK inhibitors. To explore whether epigenetic dysregulation
played a role in mediating the resistance to MEK inhibitors, we
characterized the difference in chromatin remodeling between
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Figure 1. In vitro effect of MEK inhibitor in OV models. (A and B) Growth-inhibitory effect of trametinib on 20 patient-derived primary cells (A) and 17 commer-
cial OV cell lines (B). Cells were treated with vehicle or different dosages of trametinib in a 4-day cell viability assay. The half-maximal inhibitory concentration
(IC,,) values for trametinib are represented on the y axis. Data represent the mean of 3 biological replicates. The cutoff value of IC, for sensitivity is 1.0 uM. (C)
Quantification of the apoptotic cells in 2 sensitive cell lines (A2780 and OVCARS5) and 2 resistant cell lines (OVCAR3 and SKOV3) treated with vehicle or trametinib

(500 nM or 1uM) for 72 hours, analyzed by flow cytometry. Results are represented as mean + SD of 3 independent experiments. **P < 0.01 by 1-way ANOVA

with Bonferroni’s post hoc test. (D) Colony formation assay in 4 sensitive (A2780, OVCARS, IGROV1, and POVC1) and 4 resistant (OVCAR3, OVCAR4, SKOV3 and
POV(C20) OV commercial cell lines and patient-derived cells. Cells were treated with vehicle or trametinib (100 or 500 nM) for 10-12 days. Images are representative
of 3 independent experiments. (E) Immunoblot analysis of MEK/ERK signaling in sensitive and resistant cells treated with increasing concentrations of trametinib

for 6 hours. (F) Immunoblot analysis of MEK/ERK signaling in sensitive and resistant cells treated with 100 nM trametinib at indicated time points.

resistant and sensitive cells by performing chromatin immunopre-
cipitation-sequencing (ChIP-Seq) for H3K27ac, H3K4mel, and
H3K4me3. Distributions of H3K27ac, H3K4mel, and H3K4me3
across the genome were similar between parental and resistant
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A2780 cell lines (Figure 3A). Both H3K27ac and H3K4me3 peaks
were enriched at transcription start sites (TSSs), where H3K4mel
was generally depleted (Figure 3B). We defined promoters as
regions with H3K27ac*/H3K4me3* peaks and within 2 kb of any
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Figure 2. Persistent ERK activation is associated with acquired resistance to MEK inhibitor in OV. (A) A2780-P, A2780-R, OVCARS5-P, and OVCAR5-R cells
were treated with the indicated concentrations of trametinib. The number of viable cells was measured at 96 hours. Data represent the mean of 3 biological
replicates. IC, was calculated using GraphPad Prism software. (B) Colony formation assay of parental and resistant A2780 and OVCARS cells treated with
vehicle or trametinib (100 or 500 nM). Images are representative of 3 independent experiments. (C) Quantification of the apoptotic cells among A2780-P/R
and OVCARS-P/R cells treated with vehicle or trametinib for 72 hours, analyzed by flow cytometry. Results are represented as mean + SD of 3 independent
experiments. **P < 0.01, ***P < 0.001 by unpaired Student’s t test. (D and E) Immunoblot analysis of MEK/ERK signaling in A2780 (D) and OVCARS (E) cells
with their counterpart resistant lines treated with increasing concentrations of trametinib for 48 hours. (F and G) Immunoblot analysis of MEK/ERK signaling
in A2780 (F) and OVCARS (G) cells with their counterpart resistant lines treated with 50 nM (A2780) or 100 nM (OVCARS5) trametinib at indicated time points.

TSS in refTSS (version 3.1) and enhancers as regions outside +2 kb
of all TSSs and having H3K27ac*/H3K4mel* peaks. Promoters
and enhancers are assigned to the nearest gene within 1000 kb.
The definition satisfied exactly specific criteria for this designa-
tion, which is consistent with previous studies (34-36).
Substantial enhancer and promoter reprogramming was
observed inthe A2780 resistant cell line. Merging 68,245 H3K27ac
peaks in parental and 65,259 in resistant A2780 cells gave 87,146
peaks, 39,516 of which overlapped with TSS * 2 kb regions while
the remaining 47,630 did not. Of the 47,630 H3K27ac peaks locat-
ed outside TSS * 2 kb regions, 21,837 of them had overlapped
H3K4mel peaks, i.e., enhancer regions, of which 5544 (25.4%)
were common in both parental and resistant A2780 cell lines.
There were 9979 (45.7%) gained and 6314 (28.9%) lost enhancers
in the resistant A2780 cell line. Overlapping the 39,516 H3K27ac
peak regions with H3K4me3 peaks gave 26,053 promoter regions,
with 17,980 (69.0%) shared by parental and resistant A2780 cells.
There were 2995 (11.5%) lost and 5078 (19.5%) gained promot-
ers in the resistant A2780 cell line (Figure 3C). Gained enhancer
and promoter regions in A2780 resistant cells showed elevated
H3K27ac levels and a marked increase of H3K4mel. Similarly, at

lost enhancers, both H3K27ac and H3K4mel were reduced. Con-
cordant changes of H3K4me3 and H3K27ac were also observed at
gained or lost promoter regions (Figure 3, D and E). These data
suggested that massive enhancer reprogramming accompanied
the acquired resistance to trametinib in OV.

To further investigate whether the transcriptional change was
related to chromatin modification, we performed RNA sequencing
(RNA-Seq) in A2780-P and A2780-R cells. Integrative analysis of
transcriptome and chromatin landscape indicated that H3K27ac
change was generally correlated with the expression fold chang-
es of H3K27ac target genes (Figure 3F). Loss of H3K27ac signal
in enhancer regions was strongly associated with transcriptional
downregulation in resistant cells and vice versa. Integrating histone
modifications with transcriptome data, we identified 81 upregulat-
ed and 88 downregulated genes in resistant versus sensitive cells
(IAH3K27ac| = 100 counts per million; gene expression [log, fold
change| = 1 and adjusted P value < 0.05; Supplemental Figure 3A).
In addition, gene set enrichment analysis in the Kyoto Encyclope-
dia of Genes and Genomes (KEGG) pathway identified significant
suppression of MAPK signaling pathway in the resistant A2780
cell line (normalized enrichment score = -1.69, nominal P value =
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Figure 3. Enhancer reprogramming accompanies acquired resistance to MEK inhibitors. (A) Genomic distribution of H3K27ac, H3K4me1, and H3K4me3 peaks in
A2780-P and A2780-R cells. (B) Plot of the average level of H3K27ac, H3K4me1, and H3K4me3 peaks centered at the TSS in A2780-P or A2780-R cells. (C) Venn
diagram showing the number and overlaps of enhancers and promoters between A2780-P and A2780-R cells overlapped by MAnorm (https://github.com/shao-
lab/MAnorm). Common peaks merged. (D and E) Distribution of histone markers surrounding the summit of H3K27ac peaks, in gained or lost enhancer regions (D)
and promoter regions (E). Black borders, A2780-P; dark red borders, A2780-R. Only one of the duplicates was plotted, as consistent results were observed in the
other replicate. Each row represents 1 peak centered at the midpoint between two 2-kb flanking regions. (F) Scatterplot of the correlation between H3K27ac mark
intensity and fold change of corresponding gene expressions. The horizontal axis illustrates the differences between resistant and parental cell lines, measured in
counts per million mapped reads (CPM). Only genes of at least 4-fold change and H3K27ac changes of 500 CPM are shown. (G) Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis enriched by downregulated genes in A2780-R (relative to A2780-P) showed that the MAPK pathway was significantly enriched.
NES, normalized enrichment score. (H) Relative mRNA levels of ERK transcriptional targets in A2780-P/R cells (left) and OVCAR5-P/R cells (right). Results are
represented as mean + SD of 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 by unpaired Student's t test. (I) ChIP-Seq profiles show the ChIP-Seq
signal (y axis, reads per million) for H3K27ac, H3K4me1, and H3K4me3 at genomic loci of DUSP6, ETV4, and SPRY4. (J) The results showed relative mRNA level of
DUSP6 in 9 commercial cell lines and 7 patient-derived cells. Results are represented as mean + SD of 4 independent experiments.
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0.01, ***P < 0.001 by 1-way ANOVA with Bonferroni’s post hoc test.

3.48 x 1074; Figure 3G). Interestingly, the top genes showing both
downregulation and lost enhancer H3K27ac signals in resistant
cells were those involved in the feedback inhibition of MEK/ERK
signaling, including dual-specificity phosphatase 6 (DUSP6) (37,
38), the Ets variant transcription factors ETV4 and ETV5 (39-41),
and the sprout homologs SPRY2 and SPRY4 (42, 43) (Figure 3F).
This observation was further confirmed by real-time quantitative
reverse transcriptase PCR (QRT-PCR) in both parental and resis-
tant cells (Figure 3H). ChIP-Seq profiling for H3K27ac, H3K4mel,

and H3K4me3 showed a loss in the enhancer/promoter activities
for these genes (Figure 3I and Supplemental Figure 3B). Moreover,
the expressions of these negative regulators of the MAPK pathway
were suppressed not only in A2780-R and OVCARS5-R cells, but
also in intrinsic-resistant cells compared with sensitive cells (Fig-
ure 3] and Supplemental Figure 3C). Altogether, these data sug-
gested that the downregulation of negative regulators of the MAPK
pathway by enhancer reprogramming could reactivate ERK activi-
ty, leading to trametinib resistance.
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Combination drug screen identifies HDAC inhibitors as sensitiz-
ers to trametinib in resistant cells. To determine whether targeting
of enhancer reprogramming is a potential therapeutic strategy to
overcome resistance to trametinib, we performed a combination
drug screen using 67 compounds that targeted epigenetic modifi-
ers in both intrinsic-resistant SKOV3 cells and acquired-resistant
A2780-R cells to evaluate the combined effect on cell viability with
trametinib. The results showed that HDAC inhibitors were most
enriched among those epigenetic drugs, showing a combinatori-
al effect with trametinib compared with single treatment (Figure
4A). To further determine the synergistic anticancer effect of tra-
metinib in combination with HDAC inhibitors in trametinib-resis-
tant cell lines, we performed combination index analyses, based
on the Chou-Talalay combination index model, across 4 resistant
cell lines and 1 patient-derived OV cells using HDAC inhibitors,
including trichostatin A (TSA), suberoylanilide hydroxamic acid
(SAHA), LBH589, and PXD101. We observed that all the combi-
nation index values were less than 1, indicating a synergistic effect
between HDAC inhibitors and trametinib (Figure 4B and Supple-
mental Figure 4A). These combinational effects were further evi-
denced by apoptosis and cell proliferation assays (Figure 4C and
Supplemental Figure 4B), as well as colony formation assay (Fig-
ure 4, D and E). Having shown that HDAC inhibitors sensitized
to the effects of trametinib, we then sought to determine whether
HDAC inhibitors suppressed sustained reactivation of ERK activ-
ity in resistant cells to overcome the resistance to trametinib. We
evaluated the MEK/ERK activities in cells treated with trame-
tinib in the presence or absence of HDAC inhibitors. The results
showed that reactivation of ERK was efficiently blocked by com-
bination treatment in both intrinsic- and acquired-resistant cells
(Figure 4, F and G and Supplemental Figure 4, C and D). Taken
together, these findings demonstrated that HDAC inhibitors could
overcome the resistance to trametinib by suppression of the ERK
restoration in trametinib-resistant OV cells.

HDAC inhibitors reactivate repressive enhancers to block MAPK
signaling restoration in trametinib-resistant cells. Having shown
that HDAC inhibitors sensitized to the effects of trametinib and
blocked restoration of MAPK signaling in both intrinsic- and
acquired-resistant cells, we next examined whether HDAC
inhibitors was able to induce the expression of the negative reg-
ulators of the MAPK pathway DUSP6, ETV4, ETV5, SPRY2, and
SPRY4 through the modification of H3K27ac levels at enhancers
of these genes. qRT-PCR analysis in the acquired-resistant cell
A2780-R (Figure 5A) and the intrinsic-resistant cells SKOV3,
OVCAR3, and POVC17 showed that all of these genes were upreg-
ulated at the mRNA level by HDAC inhibitors except for SPRY2
in LBH589-treated A2780-R cells (Figure 5C and Supplemental
Figure 5A). Interestingly, we found that there are 4 transcript vari-
ants encoding the same protein in the SPRY2 gene, which were dif-
ferentially expressed in A2780-P and A2780-R cells as shown in
the RNA-Seq data and validated by qPCR analysis (Supplemental
Figure 5, B-D). The expression of transcript variant 1 (NCBI Ref-
erence Sequence NM_005842.3) was downregulated while other
variants were upregulated and the total expression of SPRY2 was
slightly increased in LBH589-treated A2780-R cells (Supplemen-
tal Figure 5, E and F). Immunoblot analysis further confirmed
that the protein levels of these genes were upregulated by HDAC
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inhibitors (Supplemental Figure 5G), in agreement with previ-
ous findings that HDAC inhibitor monotreatment could inhibit
p-ERK through upregulation of MAPK negative regulators (Figure
4). Consequently, combination treatment of HDAC/trametinib
induced a synergistic blockade of p-ERK in resistant cells. Nota-
bly, we observed that LBH589 failed to significantly upregulate
the expression of SPRY2 mRNA as compared with SAHA, while
both HDAC inhibitors induced a dramatic increase in protein level
in A2780-R cells, suggesting that LBH589 might have additional
mechanisms of action that affect the expression of SPRY2, such as
protein stability.

We observed that the amplitude of increase in mRNA level
was small, but the P value was significant and the protein levels
of other MAPK negative regulators were dramatically increased
by HDAC inhibitors, suggesting that the upregulation of these
genes by HDAC inhibitors was real and consistent at both the pro-
tein and the mRNA level. Moreover, the MAPK pathway works
as a signaling cascade, and any small changes induced by the
HDAC inhibitors in any of the members of this pathway would
likely have a profound amplified effect on the final targets, sup-
porting our hypothesis that HDAC inhibitors may reactivate the
MAPK negative regulators to reverse resistance to MEK inhibi-
tor. Consistently, the H3K27ac levels at enhancers of these genes
were enriched after treatment with HDAC inhibitor, supporting
that the expression of these negative regulators was regulated by
enhancer reprogramming in trametinib-resistant cells (Figure 5, B
and D, and Supplemental Figure 5H). To assure the specificity of
the H3K27ac ChIP-qPCR signal, we included the known genom-
ic regions enriched for H3K27ac represented by GAB2 and ACTB
and lack of enrichment at known genomic regions represented by
OUT and NC (Supplemental Figure 5, I and ]) as positive and neg-
ative controls, respectively.

To further verify that the suppression of negative regulators
of the MAPK pathway contributed to trametinib resistance, we
performed siRNA-mediated knockdown of DUSP6, ETV5, or
SPRY4 in A2780-P cells (Supplemental Figure 6A). The knock-
down of DUSP6, ETV5, or SPRY4 could induce a rescue of p-ERK
during trametinib treatment (Figure 5E and Supplemental Figure
6B) and impair the sensitivity to trametinib in colony formation
assay (Figure 5, F and G, and Supplemental Figure 6, C and D).
More importantly, ectopic expression of DUSP6 or SPRY4 could
partially confer sensitivity to trametinib and attenuate sustained
ERK activities in resistant cells (Figure 5, H and I, and Supple-
mental Figure 6, E and F). These findings are consistent with pre-
vious studies showing that restoration of DUSP6 or other MAPK
negative regulators could resensitize the resistance to targeted
therapy (44-48). In addition, we performed a rescue experi-
ment and found that DUSP6 knockdown-induced resistance
and ERK restoration were reversed by overexpression of DUSP6
in A2780-P cells (Figure 5, ] and K, and Supplemental Figure
6G). To further determine whether reactivation of DUSP6 medi-
ates the effect of HDAC inhibitors on the trametinib response,
we conducted siRNA-mediated DUSP6 knockdown in resistant
cells to evaluate the combination effects of MEK/HDAC inhib-
itor. The results showed that DUSP6 knockdown significantly
impaired the combination effect and HDAC inhibitor-induced
DUSP6 was suppressed by DUSP6 knockdown, resulting in ERK
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Figure 6. In vivo efficacy of combined HDAC and MEK inhibition. (A) SKOV3 xenografts were treated with vehicle, 2.5 mg/kg LBH589 (i.p.) daily,
0.25 mg/kg trametinib (i.p.) every other day, or the combination at the same doses (n = 8 per group). (B) Patient-derived xenograft PDX-POVC15
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in SKOV3 of experiments described in A. (F and G) Representative IHC (F) and quantification (G) of p-ERK1/2, Ki67, and DUSP6 in PDX-POVC15 of
experiments described in B. (H and 1) Representative IHC (H) and quantification (I) of p-ERK1/2, Ki67, and DUSP6 in PDX-POVC17 of experiments
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ANOVA with Bonferroni’s post hoc test.
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reactivation (Figure 5, L-N). Thus, these findings suggested
that HDAC inhibitors could reactivate the expression of MAPK
negative regulators through enhancer reprogramming and that
changes in the expression of these genes in resistant cells played
functional roles in mediating resistance.

HDAC inhibitor sensitizes resistance to MEK inhibitor in vivo. To
investigate the effect of the combination of trametinib and HDAC
inhibitor in vivo, we examined the efficacy and toxicity of this
potential therapeutic combination in xenograft tumor models. In
the SKOV3 xenograft model, LBH589 in combination with trame-
tinib retarded tumor growth compared with LBH589 or trame-
tinib alone (Figure 6A). In addition, LBH589, trametinib, or their
combination was well tolerated, as demonstrated by the main-
tenance of body weight in the treatment group (Supplemental
Figure 7A). Moreover, in 2 OV patient-derived xenograft (PDX)
models (PDX-POVC15 and PDX-POVC17), whose primary cells
were resistant to trametinib in vitro, combination treatment sig-
nificantly inhibited tumor growth in both PDX models with mod-
est side effects (Figure 6, B and C, and Supplemental Figure 7, B
and C). Notably, we performed IHC staining for p-ERK and Ki67
as well as DUSP6 in all xenograft/PDX tumor samples. The IHC
data showed that the combination treatment exerted dramatic
suppression of p-ERK and inhibition of proliferation. In addition,
either HDAC inhibitor or the combination significantly induced
transcriptional reactivation of DUSP6 (Figure 6, D-I), which was
consistent with findings in vitro. Together, these data support the
notion that HDAC inhibitors could reactivate DUSP6 and resensi-
tize the resistance to trametinib in vivo.

Discussion

In this study, we investigated the potential efficacy of, and mech-
anisms of resistance to, the MEK inhibitor trametinib in advanced
OV using patient-derived cells and xenograft models. Our study
identified enhancer reprogramming as a causative factor that
mediated resistance to trametinib and further demonstrated the
effectiveness of a drug combination strategy in inhibiting HDAC
to overcome this resistance. Moreover, we identified potential pre-
dictive biomarkers, such as DUSP6, ETV4, and SPRY4, which were
correlated with sensitivity to trametinib in OV.

The MAPK signaling pathway is frequently activated in
advanced OV. Genetic alterations, including oncogenic activa-
tion of KRAS/BRAF and inactivation of NFI, have been associat-
ed with hyperactivation of the MAPK pathway in OV (6, 8), which
can be measured by phosphorylated forms of key nodes of the
pathway including p-ERK and p-MEK. Our findings confirmed
the constitutive activation of the MAPK pathway in patient-de-
rived OV cells and commercial cell lines as evidenced by the
detection of p-ERK and p-MEK, indicating aberrant MAPK path-
way as a potential target in advanced OV. MEK inhibitors, which
impair the activation of MAP kinases and also block the aberrant
activation of upstream RAS, have demonstrated promising results
for cancer therapy (7). In line with a recent case report of a patient
with heavily pretreated OV responding to trametinib (17), we
showed that trametinib could indeed exert a profound therapeu-
tic effect on OV by suppressing the MAPK signaling. However,
chronic exposure to trametinib could lead to the acquisition of
resistance and reactivation of p-ERK, mirroring clinical observa-
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tions of eventual disease progression after an initial response to
several months of treatment. In this study, we showed that trame-
tinib response is not correlated with genetic alterations such as
mutations of members of the MAPK pathways in both acquired-
and intrinsic-resistant cells, indicating that epigenetic alterations
are responsible for MEK inhibitor resistance.

A reversible transition of epigenetic states that causes
dynamic chromatin modifications can lead to drug resistance
(49, 50). For instance, acute reprogramming of enhancers has
been observed in MEK inhibitor-treated triple-negative breast
cancer models, and pharmacological inhibition of BRD4 can
prevent the emergence of drug resistance (51). Consistent with
these studies, we found that enhancer reprogramming could
mediate resistance to trametinib. This observation indicated
that targeting epigenetic pathways could be a promising strategy
for overcoming acquired resistance to kinase inhibitors caused
by enhancer reprogramming. Our integrated analysis using
ChIP-seq and RNA-seq revealed that extensive enhancer repro-
gramming was accompanied with the suppression of MAPK
negative regulators, such as DUSP6, SPRY4, and ETV4, upon
acquisition of resistance to trametinib.. This was consistent with
previous studies, in which the suppression of these MAPK neg-
ative regulators was associated with sensitivity to MEK inhibi-
tor in various human cancers (52). In addition, genes involved
in the feedback inhibition of MAPK signaling, such as DUSP6,
SPRY2, and SPRY4, have been previously found to confer resis-
tance to FGFR inhibition (53) in gastrointestinal stromal tumors
and MET inhibition (54) in gastric cancer, suggesting that these
MAPK negative regulators are key mediators of resistance to
targeted therapy. Furthermore, DUSP6 knockdown contributed
to resistance to targeted therapies including BRAF inhibition in
melanoma and FGFR inhibitors in lung cancer (45, 55), whereas
DUSP6 restoration increased sensitivity to ALK inhibitors (44).
We also demonstrated that depletion of these MAPK negative
regulators could confer resistance to trametinib in sensitive
cells, whereas overexpression of those genes could impair resis-
tance to trametinib in acquired-resistant cells. Together, these
findings suggested that relief of feedback inhibition of MAPK
signaling could attenuate sensitivity to trametinib in OV.

Recent studies indicated that HDAC inhibitors could enhance
the antitumor activity of MEK inhibitors in various cancers,
including lung cancer, uveal melanoma, and melanoma (56-59).
The HDAC inhibitor belinostat activated FOXOs and upregulat-
ed expression of BIM and p21 to increase sensitivity to trame-
tinib in non-small cell lung carcinoma with KRAS mutation (56).
Increased ZEB1 and low IL17RD expression were reported to
be associated with therapeutic resistance to MEK inhibition in
KRAS-mutant lung tumors. Suppression of ZEB1 by the HDAC
inhibitor mocetinostat sensitized resistant cancer cells to MEK
inhibition (57). In melanoma, AR42, a class I/II HDAC inhibitor,
potentiated cell toxicity of the multi-kinase inhibitor pazopan-
ib in trametinib/dabrafenib-resistant melanoma cells partially
through inducing autophagy (58). In addition, GPCR-mediated
YAP activation and RTK-driven AKT signaling were reported to
contribute to MEK inhibitor resistance in uveal melanoma cells.
HDAC inhibitor suppressed the adaptive AKT and YAP signal-
ing to sensitize to MEK inhibition (59). These findings suggested
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Figure 7. Schematic model illustrating the role of enhancer reprogramming in modulating sensitivity to MEK inhibitors in OV. In sensitive cells (left),
the negative regulators of the MAPK pathway, including SPRY2/4, DUSP6, and ETV4/5, are expressed with active enhancers. Trametinib constitutively
inhibits ERK activity. In resistant cells (right), MAPK negative regulators are suppressed as a result of enhancer reprogramming from the active enhancer
to the repressive enhancer, leading to relief of feedback inhibition of MAPK signaling and conferring trametinib resistance. HDAC inhibitors can attenuate
the enhancer reprogramming and upregulate the negative regulators of the MAPK pathway, resulting in a more complete suppression of ERK activity and

overcoming the resistance to trametinib.

that HDAC inhibition could sensitize to MEK inhibition through
distinct underlying mechanisms in different cancer types. In our
study, we demonstrated that enhancer reprogramming, which
caused the suppression of the MAPK negative regulators, rath-
er than genetic alterations in certain genes is a causative factor
that mediated resistance to trametinib (Figure 7). Consequently,
HDAC inhibitors were able to reverse the chromatin structure
of resistant cells to a sensitive state and eventually increase the
expression of these MAPK negative regulators, leading to p-ERK
suppression and overcoming MEK inhibitor resistance (Figure 7).
Our findings not only unveiled potential resistance mechanisms
that can be exploited for MEK-targeted therapy to overcome drug
resistance in OV but also uncovered potential predictive biomark-
ers that could guide therapeutic strategies.

In conclusion, we found that resistance to MEK inhibitor was
associated with enhancer reprogramming leading to a refractory
ERK signaling. The addition of HDAC inhibitors could overcome
the resistance to trametinib through epigenetic reprogramming.
Overall, our findings highlight the importance of considering epi-
genetic drugs to overcome the acquisition of drug resistance in tar-
geted therapy. Further clinical investigation that combines MEK
and HDAC inhibitors in advanced OV, and exploration of this com-
bination in other solid tumors, should be considered in the future.
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Methods

Cell lines and reagents. All commercial cell lines were purchased from
ATCC, except for A2780, COV362, and COV504 (obtained from the
European Collection of Authenticated Cell Cultures), KURAMOCHI
(purchased from the Japanese Collection of Research Bioresources
Cell Bank), and DOV13 (obtained from BioVector NTCC). No authen-
tication of cell lines was done by the authors. The cells were cultured in
RPMI 1640 plus 10% FBS, except for CAOV3 (DMEM plus 10% FBS)
and ES2 (McCoy’s 5A plus 10% FBS). All cell lines were maintained
at 37°C in a humidified chamber in the presence of 5% CO, and were
confirmed to be free of mycoplasma contamination every month. Cells
used for experiments were between 3 and 20 passages from thawing.
Trametinib, panobinostat (LBH589), and vorinostat (SAHA) were pur-
chased from Selleck Chemicals. TSA was purchased from Cell Signal-
ing Technology. Epigenetic drug library was purchased from Selleck
Chemicals. Stock solutions were diluted in DMSO and stored accord-
ing to the manufacturer’s protocols.

Patient-derived xenograft model and primary cell culture. Patient
tumor tissues were collected from female patients undergoing sur-
gery at the Sun Yat-sen University Cancer Center. Informed consent
was obtained from the patients who provided the tissue, and all pro-
cedures were approved by the medical ethics committee of the Sun
Yat-sen University Cancer Center. Tumor tissue was examined by a
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pathologist to determine the tumor type and grade. Detailed patient
information is shown in Supplemental Table 1. Tumor fragments
were rinsed in saline and cut into small pieces for either patient-de-
rived cells or xenografts. For the patient-derived xenograft (PDX)
model, cut tumor tissue was implanted in the right or left axilla of
NOD/SCID mice. After the tumor volumes reached approximately
1000 mm?, the mice were sacrificed. Tumor masses were isolated
and subsequently passaged to new NOD/SCID mice for next gener-
ation. The third-generation tumor that had a stable growth rate was
considered as a successful PDX model. We routinely compared the
histopathological features of the passaged tumors with those of the
original samples to confirm that the passaged tumors retained the
morphological features of their original counterparts. About half of
the patient sample was for the PDX models, while the other half was
for the POVC cell lines. For patient-derived cells, the bulk tumors
were treated with a tumor dissociation kit (MACS, Miltenyi Biotec)
according to the manufacturer’s protocols. Cells filtered by a 70 pm
strainer were cultured using DMEM/F12 (1:1) basic (Gibco) supple-
mented with 10% FBS, 10 ng/mL EGF (PeproTech), 10 mg/mL insu-
lin, 0.5 pg/mL hydrocortisone, 10° M cholera toxin, 2 x 10~ M triio-
do-L-thyronine, and 1.8 x 10™* M adenine and containing penicillin
and streptomycin (Gibco).

Establishment of cell lines with acquired resistance to trametinib. A2780
and OVCARS cells were grown with increasing concentrations of trame-
tinib. Subconfluent cells were treated with trametinib at IC,  dose (both
25 nM, based on 96-hour cytotoxicity assays) for two 3-day periods, and
surviving cells were maintained for another 4 days. The process was
repeated once, and the remaining cells were cultured in the presence
of drug for 3 additional passages. Resistant cells were maintained in the
presence of trametinib, and the same passaged parental cells were used
in various cellular assays.

Cellviability and colony formation assay. Two thousand cells were
seeded in a 96-well plate for 24 hours and treated with indicated
drugs for 96 hours. The number of viable cells was measured by the
CellTiter-Glo Luminescent Cell Viability Assay (Promega). Lumi-
nescent signals were detected by a Tecan Infinite M200O Pro plate
reader. All conditions were tested in triplicate, unless otherwise
noted. Drug curves and IC,  values were generated using GraphPad
Prism 8 (GraphPad Software). For colony formation assay, 1 x 10*
cells were seeded in a 6-well plate and treated with indicated drugs
for 10-12 days. The fresh medium was replaced every 3 days. Sur-
viving colonies were fixed with methanol for 5 minutes and stained
with crystal violet. They were quantified using Image]/Fiji software
(https://fiji.sc/).

Apoptosis assay. A total of 1 x 10° cells were seeded in a 6-well plate and
treated with indicated agents for 72 hours. Apoptotic cells were quantified
using the Annexin V-FITC Apoptosis Detection Kit (Vazyme) according
to the manufacturer’s protocol. All experiments were performed in trip-
licate. Data were acquired and analyzed using BD LSRFortessa X-20 (BD
Biosciences) and Spectral Cell Analyzer SP6800Z (Sony).

Combinatorial drug screen. A2780-R and SKOV3 cells were subjected
to a combinatorial drug screen with a customized epigenetics compound
library (Selleck Chemicals; Supplemental Table 2). Two thousand cells
were seeded into a 96-well plate and treated with 67 compounds in the
drug screen in the absence or presence of trametinib for 96 hours. Cell
viability was assessed using CellTiter-Glo reagent (Promega) accord-
ing to the manufacturer’s instructions. Differential drug sensitivity was
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determined by the S/C score, which is defined as DMSO-normalized via-
bility of epigenetic library drug (single) divided by DMSO-normalized
viability of trametinib + epigenetic library drug (combination).

Combination index analysis. Trametinib-resistant cells were simul-
taneously exposed to indicated concentrations of trametinib and HDAC
inhibitors for 96 hours, and cell viability was subsequently assessed
using CellTiter-Glo reagent (Promega). Combination index values were
determined by the inhibition rate of the cells and calculated using Cal-
cuSyn software (http://www.biosoft.com/w/calcusyn.htm). Combina-
tion index values less than 1 indicated a synergistic interaction between
compounds, while those equal to or more than 1.0 indicated additivity
or antagonism.

Immunoblotting. The detailed procedure of immunoblotting was
described in a previous publication (60). Briefly, cell pellets were lysed
using RIPA buffer (Roche). Protein concentrations were determined
using a Bradford assay (Bio-Rad). An equal amount of protein was sub-
jected to SDS-PAGE and subsequently transferred to the PVDF mem-
brane (Bio-Rad). After blocking in 5% BSA (Sigma-Aldrich) and incu-
bation with appropriate primary antibodies and secondary antibodies,
immunoblotting was developed with ECL Western Blotting Detection
Reagents (GE Healthcare Life Sciences) and detected with a Bio-Rad
ChemiDoc MP imaging system. The primary antibodies used were as
follows: ERK1/2 (1:2000; 46968S), p-ERK1/2 (1:2000; 4370S), MEK
(1:1000; 91268), p-MEK (1:1000; 9154S), B-actin (1:2000; 84568),
and SPRY2 (1:1000; 14954S) were purchased from Cell Signaling
Technology; DUSP6 (1:1000, pa5-15552; or 1:1000, ab76310) was
obtained from Invitrogen or Abcam and ETV5 (1:1000; ab102010)
was from Abcam; and SPRY4 (1:2000; 22765-1-AP) was from Protein-
tech. The secondary antibodies were HRP-conjugated anti-rabbit and
anti-mouse (GE Healthcare Life Sciences NA934 and NA931).

RNA-Seq and data analysis. A2780-P and A2780-R were harvest-
ed after 24 hours of seeding, and total RNA was isolated using the
RNeasy Mini Kit (Qiagen). RNA sequencing libraries were prepared
using TruSeq Stranded RNA HT kit (96 samples) Ribo-Zero Gold (Illu-
mina) according to the manufacturer’s protocol and were sequenced
on a Novaseq S6000 sequencing system (Illumina). Library integrity
was assessed on an Agilent 2100 Bioanalyzer.

Quality-control passed reads were gained using fastp software
(version 0.12.5; ref. 61) and were subsequently mapped to the human
reference genome (GRCh37, hg19) using STAR (62) with GENCODE
annotation (gencode.vl9.annotation.gtf) and recommended settings
from the STAR manual. Gene expression levels were quantified with
RSEM (version 1.3.3; ref. 63). Differentially expressed genes were
identified with DESeq2 (version 1.28.1; [log, fold change| > 1 and
adjusted Pvalue < 0.05; ref. 64). Gene set enrichment analysis (GSEA)
was performed using GSEA (version 4.0.4; ref. 65). We used custom-
ized R scripts to generate visualizations.

gRT-PCR. Total RNA was isolated using the RNeasy Mini Kit (Qia-
gen); cDNA was subsequently prepared using TranScript All-in-One
First-Strand cDNA Synthesis SuperMix for RT-PCR (One-Step gDNA
Removal). qRT-PCR was performed following the instructions of Per-
fectStart Green qPCR SuperMix (TransGen Biotech). 18S was used
as an endogenous housekeeping gene for normalization. The primer
pairs of the genes used for quantitative qRT-PCR are shown in Supple-
mental Table 3. The mRNA levels of these genes were determined as
the mean of the Ct values obtained from the couple of primers. Data
are shown as relative gene expression.
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ChIP and ChIP-qPCR. Cells were treated with HDAC inhibitors
as indicated, cross-linked for 10 minutes at room temperature by 1%
formaldehyde, and quenched with 0.125 M glycine for 5 minute. Sub-
sequently, the cross-linked cells were washed with TBSE buffer (20
mM Tris-HCl pH 7.5,1 mM EDTA, 150 mM NaCl) and stored at -80°C.
The frozen cross-linked cells were lysed (50 mM Tris-HCl, pH 8.0; 10
mM EDTA; 1% SDS) and sonicated on ice using Bioruptor (Diageno-
de) for 16 cycles (on and off session at 30 seconds each). Sonicated
lysates were precleared with protein G Dynabeads (Invitrogen) for 1
hour at 4°C and were incubated overnight at 4°C with magnetic beads
bound with antibodies against H3K27ac (Abcam ab4729), H3K4mel
(EMD Millipore 07-436), and H3K4me3 (EMD Millipore 07-473) and
normal rabbit IgG (EMD Millipore 12-370). The immunoprecipita-
tions were washed 4 times and were eluted in elution buffer (50 mM
Tris-HCI, pH 8.0; 10 mM EDTA; 1% SDS) for the subsequent reversed
cross-linked process by incubation with pronase at 42°C for 2 hours
and 68°C for 6 hours. The reversed cross-linked DNA was purified by
Phenol-Chloroform-Isoamyl Alcohol (Thermo Fisher Scientific) and
ethanol precipitation. ChIP-qPCR assay was performed using SYBR
Green PCR Master Mix (Applied Biosystems). The primer sequences
are listed in Supplemental Table 3. The enrichment of specific genom-
ic regions was calculated relative to the input DNA followed by nor-
malization to the respective control IgG values.

ChIP-Seq. ChIP DNA and input DNA were amplified using the
GenomePlex Single Cell Whole Genome Amplification Kit (Sigma-Al-
drich). After digestion with BpmI (New England Biolabs), ChIP DNA
(30 ng) was used for library construction using NEBNext ChIP-Seq
Library Prep Master Mix Set for Illumina (New England Biolabs)
according to the manufacturer’s recommended protocol. Libraries
were sequenced using an Illumina HiSeq 2500.

ChlIP-Seq data analysis. For preprocessing, the quality of next-gen-
eration raw data was verified using FastQC (version 0.11.8; ref. 66).
ChIP-Seq data were trimmed by 10 bp from both ends to remove
adapter sequences using Trim Galore (version 0.6.3, https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/).  Trimmed
reads were mapped to human reference genome hgl9 (hs37d5) using
BWA-MEM (version 0.7.17-r1188; ref. 67). Mappings with mapping
qualities above 10 were retained and sorted using SAMtools (version
1.9; ref. 68), after which duplicates were removed using the Picard
toolkit (MarkDuplicates version 2.20.3, http://broadinstitute.github.
io/picard/).

Peaks of H3K27ac (narrow), H3K4mel (broad), and H3K4me3
(narrow) were called using MACS2 (version 2.1.2; settings: -f BAMPE -q
0.01 -g hs -B --trackline --SPMR; refs. 69, 70). Regions of peaks within
ENCODE BlacKlist regions were excluded (71). Only common peaks of
at least 100 bp shared by the duplicated samples were retained for fur-
ther analysis. Peaks were annotated with ChIPseeker (version 1.20.0;
ref. 72) and visualized using ngs.plot.r (version 2.61; ref. 73). Promoters
were regions with H3K27ac*/H3K4me3* peaks and within +2 kb of any
transcription start site (TSS) in refTSS (version 3.1; ref. 74). Enhancers
were regions outside +2 kb of all TSSs and with H3K27ac*/H3K4mel*
peaks. BEDOPS (75) and BEDTools (76) were used to process the BED
files. GREAT (77) was used to identify the targeted genes of promoters
and enhancers (single nearest gene within 1000 kb).

To quantify changes in histone marks, recurrent peaks in dupli-
cates of parental and resistant cell lines were merged, forming a list
of promoter/enhancer candidate regions. Reads within promoter/

J Clin Invest. 2021;131(20):e145035 https://doi.org/10.1172/)CI1145035

RESEARCH ARTICLE

enhancer candidates were quantified using HTSeq-count (version
0.11.2; ref. 78). Read counts are normalized to counts per million
(CPM) for comparisons. DeepTools bamCoverage generated the big-
Wig files for visualization in Integrative Genomics Viewer (version
2.4.19; ref. 79). Customized R scripts and Adobe Illustrator were used
to generate better visualizations.

Animal experiments. Animal studies were conducted in compliance
with animal protocols approved by the Institutional Animal Care and
Use Committee of Sun Yat-sen University. Female BALB/c nude mice
and NOD/SCID mice (5-6 weeks old) were purchased from the Bei-
jing Vital River Laboratory Animal Technology Co. Tumor volume was
measured by vernier caliper and calculated with the following formula:
tumor volume = width? x length x 0.537. Randomization was performed
by equal division of tumor-bearing mice of similar tumor burden into
different groups for drug treatment. For the SKOV3 tumor xenograft
experiment, 4 x 10¢ SKOV3 cells were injected s.c. in the right flank of
the BALB/c nude mice. For PDX mouse models, PDX-POVC15 and PDX-
POVC17 tumor masses were passaged to 40 NOD/SCID mice as men-
tioned above. When the tumors reached approximately 100 mm?, the
mice were randomly divided into 4 groups for treatment: (a) vehicle; (b)
trametinib; (c) LBH589; and (d) combination (trametinib and LBH589).
Trametinib was dissolved in 0.5% methylcellulose and 0.2% Tween-80,
and LBH589 was prepared in distilled H,0 containing 2% DMSO, 30%
PEG 300, and 5% Tween-80. Drug dosages were given as follows: tra-
metinib, 0.25 mg/kg daily, i.p.; and LBH589, 3.75 mg/kg every other
day, i.p. PBS (1x) was used as the vehicle control. The tumor volumes and
body weights were monitored 2-3 times per week until tumor volume
reached 1000-1500 mm?. These mice were sacrificed by CO, inhala-
tion, and their tumors were harvested for further analysis.

Immunohistochemistry. IHC staining was performed using standard
procedures. Briefly, xenograft tumors were harvested, fixed with for-
malin, and embedded in paraffin. After deparaffinization, rehydration,
antigen retrieval by heat-induced epitope retrieval, and inactivation of
endogenous peroxidase by 3% H,0,, slides were blocked using a block-
ing solution and incubated overnight with primary antibodies. After
incubation of secondary antibodies (Dako REAL HRP Rabbit/Mouse
detection kit) for 30 minutes, the DAB reagent kit (ZSGB-BIO, ZLI-
9019) was used as chromogen and hematoxylin (ZSGB-BIO, ZLI-9609)
as counterstain. Histoscore was a multiplicative index of the intensity
of staining and the proportion of positive tumor cells. The intensity
was graded as follows: O, negative staining; 1, mild staining; 2, mod-
erate staining; 3, strong staining. The percentage of stained cells was
defined as follows: 1, less than 10%; 2, 10%-50%; 3, 50%-75%; 4, more
than 75%. Primary antibodies used were Ki67 (ZSGB-BIO, ZA-0502,
$¢-23900), p-ERK1/2 (Cell Signaling Technology 4370S), and DUSP6
(Abcam ab76310).

RNA interference and lentiviral infection. Cells were seeded into a
6-well plate before transfection with indicated siRNA. Transfection
was performed using Lipofectamine RNAi-MAX (Thermo Fisher Sci-
entific) following the manufacturer’s instructions. The sequences of
siRNAs are shown in Supplemental Table 3.

Human DUSP6 cDNA was subcloned into the NheI-BamHI restriction
sites of the pCDH-CMV-MCS-EF1-copGFP lentiviral vector (MilliporeSig-
ma). Human SPRY4 cDNA was subcloned into the Nhel-BamHI restriction
sites of the pCDH-EF1-MCS-T2A-puro lentiviral vector (MilliporeSigma).
Viruses were generated by cotransfection of packaging vector psPAX2,
envelope vector pMD2.G, and target plasmids into 293T cells using Lipo-
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fectamine 2000 (Thermo Fisher Scientific) according to the manufactur-
er’s instructions. After 48 hours of transfection, virus-containing medium
was harvested through a 0.45 um nylon filter and added to cell lines. Cell
lines were sorted with GFP or puromycin for further analysis.

Data access. RNA-Seq and ChIP-Seq data were deposited in the
NCBI’s Sequence Read Archive (PRJNA698086).

Statistics. Atleast 3 biological replicates were performed for all exper-
iments, and data are presented as mean * SD/SEM. All statistical analy-
ses were performed using GraphPad Prism version 8.0, except for Fish-
er’s exact test (SPSS version 24.0). Statistical differences were calculated
using 2-tailed, unpaired Student’s ¢ test, 1-way ANOVA with Bonferroni’s
post hoc test, and 2-way ANOVA with Tukey’s post hoc test or Fisher’s
exact test. Pvalues less than 0.05 were considered statistically significant.

Study approval. All procedures involving the use and care of
animals were conducted in compliance with standard procedures
approved by the Institutional Animal Care and Use Committee of Sun
Yat-sen University. The procedures to obtain all human material were
approved by the medical ethics committee of the Sun Yat-sen Uni-
versity Cancer Center. Written informed consent was obtained from
patients who provided the tissue.
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