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Abstract

Bromodomain and extraterminal protein inhibitors (BETi) are epigenetic therapies aimed to target
dysregulated gene expression in cancer cells. Despite early successes of BETi in a range of
malignancies, the development of drug resistance may limit their clinical application. Here, we
evaluated the mechanisms of BETi resistance in uveal melanoma, a disease with little treatment
options, using two approaches: a high-throughput combinatorial drug screen with the clinical BET
inhibitor PLX51107 and RNA sequencing of BETi-resistant cells. NF-kB inhibitors synergistically
sensitized uveal melanoma cells to PLX51107 treatment.Furthermore, genes involved in NF-xB
signaling were upregulated in BETi-resistant cells, and the transcription factor CEBPD contributed
to the mechanism of resistance. These findings suggest that inhibitors of NF-xB signaling may
improve the efficacy of BET inhibition in patients with advanced uveal melanoma.
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Introduction

Uveal melanoma is the most common intraocular malignancy in adults, with a very poor
prognosis. The incidence of liver metastasis is 50% even after enucleation (1, 2), and the
survival rates for patients with metastatic disease range from 4 to 15 months (3). Nearly 90%
of uveal melanoma is characterized by oncogenic mutations in the G-protein alpha subunits
g (GNAQ) and 11 (GNAL11; refs. 4, 5). Gain of chromosome 8 and monosomy of
chromosome 3 are poor prognostic markers (6), and amplification of Myc is present in about
40% of cases of uveal melanoma (7). Several treatments have been evaluated to date,
including systemic chemotherapy, targeted agents for the MAPK pathway, immunotherapy;,
and liver-directed therapy. However, no treatment has been shown to improve overall
survival (8, 9), and there is no standard therapy for the metastatic disease. Recent findings
have highlighted the importance of epigenetic dysregulation, including CpG
hypermethylation of candidate tumor suppressor genes and altered histone modifications in
uveal melanoma tumorigenesis, progression, and metastasis (10). Chromatin regulators have
become relevant targets for cancer therapy (11, 12), with examples including the
bromodomain and extracellular domain (BET) proteins BRD2, BRD3, BRD4, and BRDT,
which play a central role in transcription and cell growth. BRD4 is known to recruit the
transcriptional elongation factor complex (PTEFb) to chromatin and activate RNA
polymerase 11-dependent transcription. BET inhibition by small molecules downregulates
MY C transcription, followed by genome-wide downregulation of Myc-dependent target
genes (13). Several small-molecule inhibitors specifically targeting the bromodo-mains of
BET proteins have been developed that display promising anticancer activity via selective
inhibition of promoter activity of genes with oncogenic roles in hematologic (14) and solid
tumors (15). We previously reported that JQ1, a BRD4 inhibitor, induced cell-cycle arrest in
uveal melanoma cell lines, and it had proapoptotic effects in cells with GNAQ/11 mutations,
irrespective of MYC status (16). Transcriptional microarray analysis revealed that GNAQ/11
mutant cells are highly dependent on BRD4 activity compared with cells without the
mutations, and we identified two genes, Bcl-xL and Rad51, as important targets of JQ1 in
GNAQ/11-mutant cells.

Although BET inhibitors are currently being evaluated in clinical trials across a range of
malignancies, the molecular and cellular mechanisms responsible for resistance to this class
of drugs are starting to emerge. For example, evidence of primary and acquired resistance to
BETi has been described in myeloid leukemia through activation of WNT/b-catenin
signaling components (17, 18). In prostate cancer, intrinsic BETi resistance was reported to
be mediated by BET protein stabilization and AKT-mTORC1 activation (19), whereas
TRIM33 was identified as a factor promoting sensitivity to BETi through Myc and TGFp in
colorectal cancer (20). Because these mechanisms of BETi sensitivity and resistance seem to
be tumor type-dependent, exploring this phenomenon in uveal melanoma may lead to novel
and more successful treatments. The BETi PLX51107 is currently being evaluated in a
clinical trial () for the treatment of solid tumors, including uveal melanoma. Here, we report
high-throughput drug screening and RNA sequencing analysis of uveal melanoma cells to
uncover the mechanisms of resistance to BETi, with the goal of developing combination
therapies that overcome drug resistance in this treatment-refractory disease.
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Materials and Methods

Cell lines and reagents

Omm1.3 and Omm1 cell lines were kindly provided by Dr B. Bastian, University of
California, San Francisco, CA. The cell line 92.1 was provided by Dr W. Harbour,
Washington University, St. Louis, MO. The cell line UM004 was provided by Dr. Takami
Sato, Thomas Jefferson University, Philadelphia, PA. All cell lines were sequenced for the
presence of activating mutations in codons 209 of Gnaq and Gnall. Mewo cells were
purchased from ATCC. The cells were cultured in RPMI medium supplemented with 10%
FBS, 100 U/mL penicillin and 100 mg/mL streptomycin, and maintained at 37°C in 5%CO,.
The resistant cell lines were derived from the corresponding parental cell lines after at least
6 weeks of exposure to escalating doses of PLX51107. The surviving cells were then
routinely grown in 0.2 to 0.5 ummol/L PLX51107. PLX51107 and PLX8573 were from
Plexxikon, Inc. JQ1 and QNZ (EVP4593) were from Selleck Chemicals.

High-throughput screening

A large-scale drug combination experiment was carried out using a library of 1,280
compounds (Tocris), which was tested in 4 concentrations (5, 1, 0.2, and 0.04 ummol/L)
versus 4 concentrations of PLX51107 (0.17, 0.08, 0.04, and 0.02 pmmol/L). This resulted in
the generation of 20,480 combinations in triplicate (61,440 total). We utilized an Echo 550
acoustic dispensing system to dispense the compounds in the drug combination matrices.
Each individual combination was run on a single assay plate, and an additional plate was run
to provide the effect of the library compound in the absence of PLX51107. Each assay plate
also contained PLX51107 treatments in the absence of additional compounds, a positive
control (Thimerosal at 20 ummol/L) and a negative control (DMSO). CellTiterGlo
(Promega) was used to assess the viability of each well through quantification of ATP levels.
Using the individual drug treatment and the corresponding drug combination response, an
excess over Bliss for each combination was derived (21). Combinations with high bliss score
were brought forward for further testing and run in 10 x 20 concentration matrixes.

Cell viability assays

Cell viability was measured after 3 days of treatments in 96 well plates using the Cell
Counting Kit 8 (CCK8) from Dojindo Molecular Technologies, and expressed as a
percentage of untreated cells. Cell-cycle analysis was performed by flow cytometry after
staining the cells with 5 umg/mL propidium iodide in the presence of 50 umg/mL RNase A.
The data were analyzed using FlowJo software. Apoptosis was measured using a chromatin
condensation and membrane permeability apoptosis assay (YO-PRO-1, Life Technologies).
Fluorescent cells were analyzed on Cellometer K2 (Nexcelom Bioscience) with De Novo
software.

RNA sequencing and gene set enrichment analysis

The cells were treated in triplicate with medium containing 0.2% DMSO or 0.5 pmmol/L
PLX51107 for 24 hours. Total RNA was extracted using the RNeasy Mini Kit (Qiagen) and
RNA integrity was confirmed on a Bio Analyzer (Agilent Technologies). Poly-A pull-down
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was used to enrich for mRNAs, and libraries were prepared using the lllumina TruSeq RNA
Kit. Libraries were pooled and sequenced on an Illumina HiSeq2000 machine with 100-bp
single-end reads. RTA (lllumina) was used for base calling and bcl2fastq (version 1.8.4) for
converting BCL to FASTQ format, coupled with adaptor trimming. The reads were mapped
to the human reference genome (NCBI/build37.2) using Tophat (22) with 4 mismatches and
10 maximum multiple hits. The relative expression level of genes was estimate by FPKM
(fragments per kilobase of transcript per million mapped reads) using Cufflinks (23) with
default settings. For each condition, we averaged the FPKM across 3 technical replicates.
We excluded from subsequent analysis one locus, HBB, for which the FPKM value was
aberrant in one of the replicate and reflected genomic DNA contamination. Correlations
between technical replicates were estimated by R? calculated by linear regression. Candidate
genes were defined as genes with at least 1.5-fold change and 1 FPKM in absolute
difference in at least 2 cell lines. Data are deposited at GEO no. GSE124059. Gene lists of
interest were analyzed for the enrichment of biological pathways using hypergeometric tests
with Benjamini—-Hochberg multiple testing correction (FDR). To test for this enrichment, we
downloaded hallmark gene sets, which aggregate several MSigDB gene sets from GSEA-
Broad Institute database (www.broadinstitute.org/gsea). All statistical analyses were carried
out using R and Stata statistical software v13 (Stata Corp).

Immunoblotting

Cells were lysed in RIPA buffer (Cell Signaling Technology) supplemented with protease
inhibitor cocktail tablets (Roche Diagnostics). Total protein concentration of the lysates was
measured by BCA assay (Bio-Rad), and equal amounts of protein were loaded on 4% to
12% PAGE gels (Life Technologies). PVDF membranes were blocked with 5% nonfat dried
milk in TBS buffer and probed with antibody for p65, p-p65, p50, IkBa, c-Myc, PARP,
REL, RELB, tubulin (Cell Signaling Technology), CEBPD, and SOD2 (Santa Cruz
Biotechnology). Signals from secondary antibodies were detected using ECL (Pierce) and
auto-radiography films (Thermo Fisher Scientific). Antibodies for IHC (p-p65 and CEBPD)
were from Abcam.

siRNA and plasmid transfections

gRT-PCR

Two nontargeting and specific SiRNA sets against p65, IkBa, REL, RELB, CEBPD, and
SOD2 were purchased from Santa Cruz Biotechnology, Dharmacon, or Thermo Fisher
Scientific. Sequences are listed in Supplementary Table S1. They were transfected in cells
using Lipofectamine RNAIMAX reagent (Life Technologies). CEBPD cDNA construct was
from GenScript, and it was transfected in cells using Fugene 6 (Promega) following the
manufacturer’s instructions. NF-xB-Luciferase reporter gene vector and reagents were from
Promega.

Total RNA was reverse-transcribed using the SuperScript 1V First Strand System (Life
Technologies). The resultant cDNA was used in gPCR reactions using 7500 Real Time PCR
System (Applied Biosystems) with predesigned TagMan Gene expression assays for REL,
RELB, CEBPD, SOD2, and GAPDH genes (Life Technologies). The relative expression of
each gene was calculated by the AAC; method in triplicates and normalized with GAPDH.

Cancer Res. Author manuscript; available in PMC 2020 May 01.


https://www.broadinstitute.org/gsea

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ambrosini et al.

Page 5

Each experiment was performed three times in triplicates. Values (folds) are relative to
mRNA levels of 92.1 untreated cells set at 1.

Animal studies

Athymic nu/nu mice were purchased from Charles River Laboratories, and used when they
were 8 weeks old. R-Omm1.3 cells were inoculated subcutaneously into the right flanks of
four mice. When tumors reached a volume of approximately 1,000 mm3 diameter, they were
dissected and implanted in mice before the experiment. When these tumors reached an
average of 270 mm3 diameter, the mice were administered (7/group) with vehicle or
PLX51107 20 mg/kg orally PTL 10 mg/kg i.p. and the combination of the two drugs three
times a week. The treatment duration was 5 weeks and the tumor size and body weights
were measured twice a week. Two animals in each cohort were sacrificed and the resected
tumors were snap frozen for Western blot analysis. Experiments were carried out under an
Institutional Animal Care and Use Committee—approved protocol, and institutional
guidelines for the proper and humane use of animals were followed. Statistical significance
was determined by two-sample Student ¢tests.

Patient tumor samples

Results

Biopsies were collected from liver metastasis of patients enrolled in the PLX51107 clinical
trial () following written informed consent under an IRB-approved protocol (#02.9014R)
and confirmed to be metastatic uveal melanoma. The tissue samples were fixed in buffered
formalin (1:10) for 24 hours, then embedded in paraffin, and sections were stained with p-
p65 and CEBPD antibodies by IHC.

Identification of compounds that synergize with PLX51107

Uveal melanoma cells have shown sensitivity to the clinical BET inhibitor PLX51107 /in
vitro and in xenograft mouse models (Supplementary Fig. S1A and S1B), consistent with
our previous findings using the BRD4 inhibitor JQ1 (16). To increase the effectiveness of
BET inhibition in uveal melanoma, we explored combinatorial treatments utilizing a high-
throughput drug screening library of 1,280 FDA-approved and experimental compounds in
combination with PLX51107. The uveal melanoma cell line 92.1 was treated in 4 x 4 matrix
of PLX51107 either alone or in combination with each compound at concentrations ranging
from 0.04 to 5 pmmol/L, and evaluated following 72 hours of drug exposure. Four hits were
selected in the primary screening based on Bliss synergy score (24). Notably, two of four
compounds, parthenolide (PTL) and ammonium pyrrolidine dithiocarbamate (PDTC) are
known NF-xB inhibitors (25-27). They were subjected to secondary screening in a 10 x 20
matrix to confirm their activity, and we found that PTL had the most significant Bliss score
for synergy in combination with PLX51107 (Fig. 1A). Synergy was also confirmed with the
Chou-Talalay method (28), with resulting combination index < 1 (Fig. 1B). To confirm
inhibition of NF-xB signaling by PTL we performed NF-xB reporter gene assays, where the
relative luciferase activity was inhibited by PTL alone and in combination with PLX51107
in 92.1 cells (Fig. 1C) and Omm1.3 cells (Supplementary Fig. S2A). PTL also inhibited the
phosphorylation of the NF-xB subunit p65 in 92.1 (Fig. 1D) and Omm1.3 cells
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(Supplementary Fig. S2B). Furthermore, the combination PLX51107+ PTL suppressed the
expression of the subunit p50, inducedpthe NF-xB inhibitor IkBa, and increased PARP
cleavage in both cell lines. Apoptotic cells increased 2.5-fold with the combination treatment
compared with single agents in 92.1 (Fig. 1E) and OmmZ1.3 cells (Supplementary Fig. S2C).
To confirm the specificity of NF-xB inhibition, we silenced p65 and IkBa with two
independent siRNAs in uveal melanoma cells (Fig. 1F; Supplementary Fig. S2D). After p65
depletion, we found a decrease in NF-xB activity (Fig. 1G) and cell viability (Fig. 1H),
reproducing PTL effects. In contrast, the silencing of IkBa increased NF-xB activity (Fig.
1G) and rendered the cells less sensitive to PLX51107 (Fig. 1H; Supplementary Fig. S2E).
We also analyzed the effects of the second NF-xB inhibitor, PDTC, obtaining similar
combination effects with PLX51107 (Supplementary Fig. S3A-S3C). These results indicate
that the inhibition of NF-xB signaling has synergistic antiproliferative activities with the
BET inhibitor PLX51107 in uveal melanoma cells.

Uveal melanoma cells acquire resistance to PLX51107

Using another approach, we developed BETi-resistant uveal melanoma cell lines to explore
mechanisms of acquired resistance to BET inhibitors. Uveal melanoma cell lines were
chronically exposed to increasing doses of PLX51107 (0.05—2 pmmol/L) for at least 6
weeks. Four independent uveal melanoma cell lines were established, which showed
resistance to BETi treatments (Fig. 2A), with ICgg that were 5- to 10-fold higher than their
parental cell lines (Fig. 2B). The cells also showed cross-resistance to the BRD4 inhibitor
JQ1 (Supplementary Fig. S4A) and another potent BET inhibitor, PLX72583
(Supplementary Fig. S4B).

We further characterized the resistant cells, which did not show changes in cell size
(Supplementary Fig. S4C); instead, they grew at slower rates compared with their parental
cell lines (Supplementary Fig. S4D). We next analyzed cell-cycle progression after
PLX51107 treatment for 48 hours. In the parental cells, we found an arrest in G;-phase and
an increase in the sub-G; population (Fig. 2C). In contrast, the resistant cells remained
mostly unchanged after the treatment. Moreover, PLX51107 induced PARP cleavage in the
parental cells only (Fig. 2D). Interestingly, the BRD4 target c-Myc was downregulated by
PLX51107 in both parental and resistant cells (Fig. 2D), suggesting that the drug is still
blocking BET proteins, but it fails to induce cell-cycle arrest and apoptosis in the resistant
cells.

To search for mechanisms driving resistance, we analyzed the transcriptomes of four
parental and four BETi-resistant uveal melanoma cell lines by RNA sequencing. For
comparison, we analyzed parental and resistant cutaneous melanoma cells (Mewo). The
cells were treated with DMSO or 0.5 pmmol/L PLX51107 for 24 hours and the differential
analysis of genes was performed using FPKM calculated by Cufflink. We observed high
correlations between technical replicates (R2 ranging from 0.91 to 0.999), but to decrease
the risk of false-positive biological findings, we required reproducible expression changes in
multiple cell lines, instead of significant P value based on technical replicates. In a first
analysis, we found that many genes regulated by acute drug exposure in the sensitive uveal
melanoma cells were no longer induced or repressed after drug resistance had developed,
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suggesting the acquisition of stable epigenetic changes in BETi target genes. Therefore, we
searched for differentially expressed (DE) genes in the BETi-resistant cells at baseline
versus BETi-sensitive cells. Candidate genes were defined with at least 1.5-fold change and
1 FPKM in absolute difference in at least 2 cell lines. Using this approach, we found 799
overexpressed and 1,019 underex-pressed genes in the BETi-resistant cells (Fig. 3A).

Next, we searched for regulatory pathways driving resistance and performed gene set
enrichment analysis (GSEA) on these DE genes, which pointed to alterations in major
signaling pathways, including NF-xB signaling, the epithelial-mesenchymal transition
(EMT), estrogen response, hypoxia, and STATS5 signaling (Fig. 3B). Focusing on specific
genes in these pathways, we found that genes involved in NF-xB signaling (REL, RELB,
CEBPD, SOD2), and in the EMT (CD44, SNAI2, GADD45B) were upregulated in the
resistant cell lines, while underex-pressed genes were mostly involved in hypoxia (IGFBP3,
CDKNZ1C) and STATS5 signaling (SOCS1 and SLC2A3). In contrast, the cutaneous
melanoma Mewo cells did not show significant changes in the expression of these genes
(Supplementary Fig. S5A). There were no enriched pathways for over-expressed genes in
the resistant Mewo cells, as most of the genes were downregulated, including those of the
NF-xB signaling pathway (Supplementary Fig. S5B). This finding is in accordance with
previous reports showing that BET inhibition suppressed NF-xB genes in cutaneous
melanoma (29). In fact, the combination with PTL did not increase the sensitivity to
PLX51107 (Supplementary Fig. S5C). Furthermore, there was very little overlap of genes
between uveal melanoma and Mewo cells (Venn diagram, Supplementary Fig. S5D),
suggesting that the gene sets found in the BETi-resistant uveal melanoma cells are unique
for this cell type.

NF-xB signaling mediates acquired resistance to BET inhibition

On the basis of the GSEA analysis, we first sought to confirm the induction of several genes
involved in the NF-xB signaling (REL, RELB, CEBPD, SOD?2) in all the resistant cell lines
by gPCR (Fig. 3C) and immunoblotting (Fig. 3D). Both assays showed higher expression of
these genes at the mMRNA and protein level in the resistant cells compared with their parental
counterpart. Furthermore, NF-xB activity was increased in the resistant cells compared with
parental (Fig. 4A), and it could be inhibited by PTL. To test whether NF-xB inhibition could
also reverse secondary BETi resistance, we treated the resistant cells with PTL or another
known NF-xB inhibitor, QNZ (EVP4593), and found that both combinations were
synergistic (Fig. 4B; Supplementary Fig. S6A), and induced significant apoptosis in the
resistant cells R-92.1 and R-Omm1.3 (Fig. 4C; Supplementary Figs. S6B, S7TA, and S7B).
Next, we tested the expression of the above-mentioned genes in parental and resistant cells
after treatments. The combination PLX51107+PTL decreased p-p65 and p50, while it
induced IkBa and PARP cleavage in both parental and resistant cells (Fig. 4D and E). In
addition, CEBPD was downregulated by the combination in the resistant cell lines, while
PLX51107 alone was sufficient to suppress it in the parental cells. RELB, REL, and SOD2
expression did not significantly change after the treatments. These data suggest that NF-xB
inhibitors synergize with PLX51107 in both parental and resistant cells by decreasing the
expression of NF-xB signaling molecules and inducing apoptosis.
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We next utilized a mouse xenograft model of BETi-resistant uveal melanoma cells to test the
effects of the combination PLX51107+PTL /n vivo. Tumors developed from R-Omm1.3
cells were passaged in mice until they reached an average volume of 270 mm3. The mice
were treated with vehicle, 20 mg/kg orally PLX51107, 10 mg/kg i.p. PTL, and the
combination of the two drugs. The combination of PLX51107 + PTL could significantly
inhibit tumor growth in a dose-dependent manner compared with vehicle or PLX51107
single agent (Fig. 5A), suggesting that PTL could reverse resistance to PLX51107 /n vivo.
These treatments did not cause reduced body weight of the host mice (Fig. 5B) or other side
effects. Western blot analysis of tumor specimens from two mice in each group showed
downregulation of target genes (i.e., p-p65, p50, CEBPD) especially with the combination
therapy (Fig. 5C).

CEBPD contributes to NF-xB signaling and BETi resistance

To determine whether any particular gene was involved in BETi resistance, we silenced
CEBPD, REL, RELB, and SOD2 with two independent siRNAs for each gene (Fig. 6A).
NF-xB activity was measured in the siRNA-depleted cells, showing decreased activity
especially after CEBPD depletion (Fig. 6B). This is in accordance with previous studies,
where CEBPD engages in cross-talk and synergizes with the NF-xB pathway (30, 31).
Furthermore, the depletion of each gene in the resistant cells slightly decreased cell viability
after treatment with PLX51107 (Fig. 6C), while the suppression of CEBPD induced a
significant reversal of resistance. Next, we assessed whether the exogenous expression of
CEBPD could protect the cells from the combination treatment. Although CEBPD
synergizes with NF-xB subunits by direct binding (31), we also found that in the presence of
CEBPD overexpression (Fig. 6D), there was residual p-p65 after the combination treatment.
Indeed, CEBPD over- expression increased NF-xB activity (Fig. 6E) and significantly
rescued the cells from the combination treatment, compared with vector control (Fig. 6F).

Finally, we sought to determine the expression levels of p-p65 and CEBPD in tumor biopsy
samples from patients enrolled in the PLX51107 clinical trial. A total of 36 patients with
advanced solid tumors were treated on this study, including 11 patients with uveal
melanoma. Although there were no responses, 8 patients achieved stable disease (SD),
including 2 with uveal melanoma. Specimens at baseline (pre-treatment) and on PLX51107
(2 weeks posttreatment) from two representative patients with uveal melanoma were
analyzed by IHC. The expression of p-p65 did not change after treatment with PLX51107
(Supplementary Fig. S7C). However, the intensity of CEBPD staining was suppressed in
patient UM-1, who achieved prolonged stable disease lasting over 1 year (Fig. 6G). Patient
UM-2 showed no significant changes in CEBPD expression and experienced disease
progression, suggesting that these patients, especially patient UM-2, may benefit from a
combination with a NF-xB inhibitor.

Altogether, these results suggest that NF-xB signaling mediates resistance to BET inhibition
in uveal melanoma cells, and CEBPD, a transcription factor that synergizes with the NF-xB
pathway, contributes to the acquired resistance to PLX51107.
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Discussion

In recent years, BET inhibitors have shown efficacy in preclinical studies in uveal melanoma
(16), in cutaneous melanoma (32) and other solid tumors (15). However, results from the
first clinical trials show limited single-agent activity and the development of drug resistance
may limit their clinical application (12). To increase the efficacy of BET inhibition in uveal
melanoma, we have explored combinatorial strategies using a large library of compounds in
combination with the clinical BET inhibitor PLX51107. We found synergistic activities of
two NF-xB inhibitors, PTL and PDTC, in combination with PLX51107. PTL, which had the
most significant synergy score, is a sesquiterpene lactone found in feverfew and it was
reported to exert toxicity against a wide range of cancer cells as single agent and in
combination with other anticancer drugs (33, 34).

We have also analyzed the transcriptome of sensitive and BETi-resistant uveal melanoma
cell lines. RNA sequencing analysis revealed that several genes involved in NF-xB signaling
were overexpressed in cells with acquired resistance to PLX51107. One of these genes, the
transcription factor CEBPD, contributed to BETi secondary resistance, and the combination
with NF-xB inhibitors could restore sensitivity to BET inhibition in uveal melanoma
resistant cells and mouse models. Thus, both strategies revealed that inhibition of NF-xB
signaling enhances sensitivity to BET inhibition and can reverse resistance to PLX51107 in
uveal melanoma cells.

The NF-xB signaling pathway is a key coordinator of immunity and inflammation, a
regulator of tumor initiation and progression, and it can also function as a resistance factor
against treatments such as chemotherapy (35, 36), targeted therapy (37) and immune-
response (38). The role of NF-xB in the resistance to BETi appears to be cell type-
dependent. In fact, this pathway was reported to be downregulated in BETi-resistant
leukemia cells (17), and it was also suppressed by BRD4 inhibitors in melanoma (29) and
lung carcinoma (39). On the contrary, we showed that NF-xB signaling was active in uveal
melanoma cells after BET inhibition and it was exacerbated during the acquisition of
secondary resistance with the upregulation of several NF-xB dependent genes. The NF-xB
family members can form up to 15 different dimers with other members of the family, and
their activity is regulated mostly by posttranscriptional modifications and subcellular
localization. However, the molecular or pharmacologic suppression of CEBPD was
sufficient to resensitize the resistant cells to PLX51107. This protein belongs to the CCAAT/
enhancer-binding protein family, functioning as a transcription factor in many biological
processes, including cell differentiation, proliferation, cell death, and inflammation (40, 41).
All members of this family (CEBPA/B/D) engage in cross-talk with NF-xB (30, 31).
CEBPD can amplify NF-xB—mediated transcription, resulting in the synergistic stimulation
of promoters with C/EBP-binding sites (41), including promoters of immune or acute-phase
responding genes, such as IL8 (42). In the resistant cells, we found upregulation of the
proinflammatory cytokine IL17D, which also activates NF-xB (43). Inhibiting these
responses with NF-xB antagonists may overcome a tumor-promoting inflammatory
microenvironment, in which uveal melanoma cells actively participate (44). CEBPD has
been also implicated in the acquisition of resistance to drugs such as cisplatin and
methoxyestradiol through the expression of SOD1 (45) and SOD?2 (46), respectively. SOD2
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was indeed upregulated in uveal melanoma-resistant cells, where it may play a role in
protecting the cells from oxidative stress (47). We also analyzed the expression of CEBPD in
liver biopsies of patients with uveal melanoma treated with PLX51107. These results would
suggest that downregulating CEBPD with a NF-kB inhibitor could improve the efficacy of
BET inhibition in patients with uveal melanoma. However, further studies are required to
evaluate NF-xB and CEBPD expression in tissue samples from patients treated with BET
inhibitors.

Numerous NF-xB inhibitors have been developed that may be used to block this signaling
pathway (48). A number of protea-some inhibitors can also act as NF-xB inhibitors and are
in clinical development. The most studied is bortezomib, the first NF-xB blocking drug
approved by the FDA (49). Other examples are etanercept, an inhibitor commonly used for
rheumatoid arthritis that has been recently shown to inhibit the metastatic potential of
ovarian cancer cells (50), and selinexor, an inhibitor of NF-xB transport and activity through
the inhibition of the nuclear export protein XPO1 (51).

In conclusion, this study extends our understanding of the molecular mechanisms underlying
BETI resistance in uveal melanoma, and it could lead to more effective treatments against
this disease.
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Significance: These findings provide evidence that inhibitors of NF-xB signaling
synergize with BET inhibition in /n vitroand /n vivo models, suggesting a clinical utility
of these targeted therapies in patients with uveal melanoma.
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Figurel.
Parthenolide has synergistic activity in combination with PLX51107 in a high-throughput

drug screening. A, Uveal melanoma cells (92.1) were treated in secondary screenings with
increasing concentrations of PLX51107 (0.05-1 ummol/L) and parthenolide (0.025-10
pummol/L) for 72 hours. The Bliss values for positive interactions (additive/synergy) are
indicated in red and negative interactions in blue. B, Chou-Talalay plot (x-axis, Fa, or
fractional activity, reflects the fraction of cells affected by the drug treatment relative to
vehicle controls; y-axis, combination index, with <1, >1, and = 1 indicating synergistic,
antagonistic, and additive effects, respectively). Each point represents a different
combination of drug concentrations. C, The cells were transfected with a vector containing
an NF-xB reporter gene along with a Renilla luciferase vector (1:10 ratio), then treated with
0.5 pummol/L PLX51107, 1 ummol/L PTL, and the combination for 24 hours. Luciferase
activity was determined by chemiluminescence. Results are normalized to Renilla luciferase
activity and represent the mean + SD.*, P < 0.005.D, Western blot analysis of 92.1 cells
treated with 0.5 pummol/L PLX51107 and 1 pmmol/L PTL alone and in combination for 48
hours, showing inhibition of p65 phosphorylation, decreased expression of p50, induction of
IkBa,, and PARP cleavage. E, Apoptosis assay of 92.1 cells treated with 0.5 pummol/L
PLX51107 and 1 ummol/L PTL alone and in combination for 48 hours, measuring cell
permeability to fluorescent stains YO-PRO (FL1, for early apoptosis) and propidium iodide
(FL2, for late apoptosis). F, Immunoblotting of cells transfected with two control (siCtr-1,
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-2), two p65 (sip65-1, —2), and two IkBa (IkB-1, -2) siRNA. G, The siRNA-transfected
cells were then transfected with the NF-xB reporter gene vector/ Renilla and tested for
luciferase activity.**, P < 0.01; #, P < 0.05, comparing sip65-1,—2 with control siRNA. H,
Cell viability assays of cells depleted of the indicated proteins after treatment with
PLX51107 for 72 hours. Bars, mean + SD.*, P < 0.005; **, P < 0.01.
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Figure 2.
Uveal melanoma cells develop resistance to BET inhibitors. A, Proliferation assays of uveal

melanoma cell lines 92.1, Omm1.3, UM004, OMML1 (blue), and their resistant counterpart
R-92.1, R-Omm1.3, R-UMO004, R-OMML1 (red). Cell viability after 72 hours was calculated
as percentage of untreated controls. Each point is a mean £+ SD. B, The ICgqs were
calculated using the CompuSync software. The parental cell lines showed I1C5¢ = 200-600
nmol/L, while for the resistant cells ICsg = 1,600-2,500 nmol/L. C, Parental and BETi-
resistant cells were treated with DMSO or 0.5 pmmol/L PLX51107 for 48 hours, then
stained with propidium iodide and analyzed for cell-cycle distribution by flow cytometry.
The sub-G population was 23% for 92.1 and 17% for Omm1.3, while R-92.1 and R-
Omm1.3 cells showed 4% and 3%, respectively. D, 92.1 and OmmZ1.3 cells were treated with
0.5 pmmol/L PLX51107 for up to 72 hours, and cell lysates were analyzed by
immunoblotting for expression of c-Myc, PARP, and tubulin.
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Figure 3.
RNA sequencing and GSEA. A, Scatter plots of candidate genes in the given cell line

showing overexpression (red) and underexpression (green) in at least two cell lines. Selected
genes with high differential expression are indicated. B, GSEA for differentially over- and
underexpressed genes in the resistant cells at baseline. The bars show the log(” value) from
a Fisher exact test for enrichment for each pathway. C, Validation of gene expression by
gPCR analysis using gene-specific primers for CEBPD, REL, RELB, and SOD?2 in all four
parental and four BETi-resistant cell lines. Triplicate values were normalized with GAPDH
using the AAC; method and reported as distributions of fold change relative to untreated 92.1
cells (set at 1) between the two groups (parental and resistant cells).#, P < 0.05; **, < 0.01.
D, Immunoblotting of parental and BETi-resistant cells using antibodies for the indicated
proteins. Each blot is representative of at least two experiments showing same results.

Cancer Res. Author manuscript; available in PMC 2020 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ambrosini et al.

Page 19

A 4 1 @DMSO B c 5
3.5 { WPLG1107 aR-92.1 .
.‘g‘ oPTL 2 PLX51107+PTL g 2 | BR-Omm1.3 5
5 JepLG1107+PTL =
@ 2.5 4 E £ 2
g < =
& 2 Cl1 < E5
s .. > g
g 1.5 \\M-O‘UV g = 1
E 14 5
[ (4] 5 J
€ o5 4 S
0 0.5 1
Fa 055
Omm1.3 R-Omin1.3 DMSO PLX51107 PTL PLX51107
+PTL
D 921 R-92.1 E Omm1.3 R-Omm1.3
-+ - % - + -+ PLX51107 0.5 pmollL -+ - o+ - 4+ -+ PLX51107 0.5 pmollL
- -+ % - - + + PTL1pmolL = = + - - + + PTL 1pmolL
I———->< N — — p'p65 ——— - — — — p_p65
| p65 e p65
——— e ——— = | 050 —— o w—— | p50
|——ee——— $— - —a® | (B P sses@EDEP | |KBo.
— -— — — CEBPD —_— — - ess e ~— ( CEBPD
e e et v Sl bt bl o | REL - — o bt s bt e RE
— — - v | RELB = = S emefudées | RELB
— — _——— | SOD2 —— . — e TED = TID SOD2
|--- S——— | Tubulin apepessese  SEDeswee | T 1 lin
Figure 4.

Inhibition of NF-xB restores sensitivity to PLX51107 in BETi-resistant cells. A, NF-xB
luciferase reporter gene assay of parental and resistant cells after treatment with PLX51107
(0.5 ummol/L), PTL (1 ummol/L), and the combination for 24 hours. B, The combination
PLX55107 + PTL is synergistic (Cl < 1). Each point represents a different combination of
drug concentrations. C, Quantification of apoptotic cells for the experiments shown
inpSupplementary Fig. S7. #, P < 0.05;*, P < 0.001.D and E, Parental and resistant 92.1 and
Omm1.3 cells were analyzed by immunoblotting for the indicated proteins after 48-hour
treatments with 0.5 pmmol/L PLX51107, 1 ummol/L PTL, and the combination. The
concurrent inhibition of BET and NF-xB reduces the expression of p-p65, p50, and CEBPD,
while inducing PARP cleavage.
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Figure5.

Inhibition of NF-xB increases sensitivity to BET inhibition /n vivo. A, Tumors derived from
R-Omm1.3 cells were implanted in athymic nu/nu mice. When these tumors reached an
average of 270 mm3 diameter, the mice were administered (7/group) with vehicle or
PLX51107 20 mg/kg orally, PTL 10 mg/kg i.p., and the combination of the two drugs. The
treatment duration was 3 weeks for vehicle and 5 weeks for the drug treatments. The tumor
size was measured twice a week. Each value represents the mean measurement of at least 5
animals. £ SEM, #, P < 0.05. B, Body weight of the host mice was measured twice a week.
C, Two xenograft tumors per group were lysed at the end of the treatments and analyzed by
Western blotting with the indicated antibodies.
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Figure 6.
Effects of gene silencing in the resistant phenotype. A, The indicated genes were silenced

with two independent siRNA in the cell line R-92.1. Two nonspecific sSiRNAs were used as
controls. B, siRNA-depleted cells were than transfected with an NF-xB-Luc vector and
tested for NF-xB activity.**, P < 0.01. C, Cell viability assay of siRNA-transfected cells in
the presence of 0.5 pmmol/L PLX51107 after 72 hours. Bars, mean £ SD. #, P < 0.05. D,
R-92.1 cells were transfected with an empty vector () CMV) or a CEBPD construct (pCMV-
CEBPD). Cell lysates were subjected to immunoblotting using antibodies for CEBPD, p-
p65, p65, and tubulin. E, NF-xB-Luc activity in vector and CEBPD-expressing cells with or
without the combination treatment PLX51107 + PTL. **, P < 0.01. F, Viability assay of
CEBPD-transfected cells after the combination treatment for 72 hours. Columns, mean + SD
of three independent experiments. **, P < 0.01. G, IHC analysis of CEBPD expression at
baseline and after 2 weeks of treatment with PLX51107 in specimens from two
representative patients with uveal melanoma. Suppression of CEBPD staining was observed
after treatment in patient UM-1 who achieved prolonged stable disease lasting more than 1
year. Patient UM-2 had no significant changes in CEBPD expression and experienced
disease progression.
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