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Abstract

Triple-negative breast cancers contain a spectrum of epithelial and mesenchymal phenotypes.
SUM-229PE cells represent a model for this heterogeneity, maintaining both epithelial and
mesenchymal subpopulations that are genomically similar but distinct in gene expression profiles.
We identified differential regions of open chromatin in epithelial and mesenchymal cells that were
strongly correlated with regions of H3K27ac. Motif analysis of these regions identified consensus
sequences for transcription factors that regulate cell identity. Treatment with the MEK inhibitor
trametinib induced enhancer remodeling that is associated with transcriptional regulation of genes
in epithelial and mesenchymal cells. Motif analysis of enhancer peaks downregulated in response
to chronic treatment with trametinib identified AP-1 motif enrichment in both epithelial and
mesenchymal subpopulations. ChIP-seq of JUNB identified subpopulation-specific localization,
which was significantly enriched at regions of open chromatin. These results indicate that cell
identity controls localization of transcription factors and chromatin modifying enzymes to
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enhancers for differential control of gene expression. We identified increased H3K27ac at an
enhancer region proximal to CXCR7, a G-protein coupled receptor that increased fifteen-fold in
expression in the epithelial subpopulation during chronic treatment. RNAi knockdown of CXCR7
inhibited proliferation in trametinib resistant cells. Thus, adaptive resistance to chronic trametinib
treatment contributes to proliferation in the presence of the drug. Acquired amplification of KRAS
following trametinib dose escalation further contributed to POS cell proliferation. Adaptive
followed by acquired gene expression changes contributed to proliferation in trametinib resistant
cells, suggesting inhibition of early transcriptional reprogramming could prevent resistance and
the bypass of targeted therapy.

Introduction

Intratumor heterogeneity arising from differences in gene regulation and genetic mutation
represents a significant challenge to therapeutic durability and prevention of clinical drug
resistance. Deep sequencing of tumors has revealed that mutations are not present uniformly
throughout the tumor (1). This heterogeneity increases the likelihood that drug tolerant
populations can develop and persist through treatment, leading to relapse. Indeed, whole
exome sequencing of circulating tumor DNA isolated from breast cancer patients during
treatment revealed the enrichment of low frequency mutations that could contribute to
therapeutic resistance (2). Single nuclei sequencing of breast cancer tumor cells showed
point mutations evolved slowly giving significant clonal diversity, with many of the
mutations occurring at low frequency (3). Furthermore, a spectrum of interconvertible
phenotypic and functional states has been linked to clinical drug resistance (4,5). This
finding is consistent with analysis of circulating tumor cells revealing that the cells are not
always committed to a single cell state, but display a mixture of phenotypes that are
differentially sensitive to targeted therapy (6). Recent work has demonstrated that chromatin
remodeling that alters gene expression plays an essential role in cell state switching, which
allows cells to access drug tolerant persister phenotypes (5,7). Cell state switching has been
shown to mediate resistance through the transcriptional activation of genes that promote
survival or proliferation (8,9). Thus, genetic heterogeneity and cell state plasticity play
essential roles in mediating drug resistance and selection of drug tolerant subpopulations.

Triple negative breast cancer (TNBC) is a heterogenous disease clinically characterized by
the absence of the estrogen, progesterone and HER2 receptors. Unlike other breast cancer
subtypes, there are no FDA-approved targeted therapies currently available for TNBC
patients. Instead, these patients are treated with a combination of surgery, radiation therapy,
and chemotherapy (10). While TNBC patients have the best pathological complete response
rates of any breast cancer subtype, TNBC patients with residual disease have the lowest
survival (11). Deep sequencing of TNBC tumors revealed a broad distribution in the number
of clonal subpopulations within individual tumors, suggesting that genetic heterogeneity
contributes to outcome (12). These results indicate that heterogeneity in TNBC breast cancer
poses a significant obstacle to improve patient outcomes. Therefore, identifying durable
targeted therapies for TNBC patients is essential.
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Despite their initial promise, kinase inhibitors have often been ineffective as monotherapies
due to adaptive transcriptional activation of genes that occurs in response to treatment
leading to bypass of the targeted kinase inhibition (13,14). The Cancer Genome Atlas
Project evaluated 510 breast cancer tumors revealing the overexpression of genes in the
MAPK signaling pathway in TNBC patients, including EGFR, KRAS, and BRAF (15). This
result led to ongoing clinical trials examining the safety and efficacy of the MEK inhibitors
selumetinib and trametinib in breast cancer patients. A window-of-opportunity trial studying
TNBC patients demonstrated that these tumors rapidly respond by increasing expression of
receptor tyrosine kinases (RTKSs) and reactivating MAP kinase signaling (16). Additional
work examining the adaptive response to AKT inhibition revealed a similar upregulation of
RTKSs in response to AKT inhibition in several preclinical models (17). Combining a BET
bromodomain inhibitor with targeted therapy abrogated the adaptive transcriptional
activation by inhibiting the formation of a functional pTEFb complex (16,18).

Our goal herein was to understand how the chromatin landscape influences the response to
targeted therapy in the epithelial and mesenchymal subpopulations of the TNBC cell line
SUM-229PE. These cells were isolated from the pleural effusion of a breast cancer patient
following treatment with chemotherapy, and express cytokeratins consistent with their origin
from luminal breast epithelial cells. A comprehensive histological study of breast cancer cell
lines identified two distinct subpopulations that are maintained in the SUM-229PE line that
are distinguished by unique morphologies and differential expression of epithelial markers
(19). An siRNA screen in these SUM-229PE subpopulations demonstrated that a regulatory
subunit of the SWI/SNF chromatin remodeling complex, Smarcd3/Baf60c, is necessary to
maintain the mesenchymal phenotype (20). RNAI silencing of the SWI/SNF chromatin-
remodeling factor Smarcd3/Baf60c gave a robust conversion of SUM-229PE mesenchymal
cells to the epithelial EpCAM+ phenotype, suggesting the mesenchymal and epithelial
variation is regulated by the different chromatin states of the two subpopulations (20). Using
studies of chromatin accessibility, histone acetylation and RNA expression, we identified
differences in the chromatin landscape between the epithelial and mesenchymal
subpopulations, and how the landscape changes in response to therapy. These findings
provide insight into how resistance emerges during treatment with targeted therapy.

Materials and Methods

Cell Culture

Low-passage SUM-229PE cells (BiolVVT) and isolated subpopulations were cultured in
Ham’s F-12 Media (Gibco cat. # 11765-054) with 5% fetal bovine serum (VWR cat. #
97068-085), 5 ug/mL insulin (Gibco cat. # 12585-014), 1 ug/mL hydrocortisone (Sigma cat.
# H0396), 1% penicillin-streptomycin solution (Gibco cat. # 15140-014) and 5 mM HEPES
(Corning cat. # 25-060-Cl). SUM-229 POS R1 and POS R2 were continuously cultured in
10 nM trametinib for six weeks, changing the media every three days. These cells were then
trypsinized and dose escalated to 30 nM trametinib. POS R1 and POS R2 cells were
continuously cultured in Ham’s F-12 media as formulated above, with 30 nM trametinib
following dose escalation. SUM-229PE cells originally obtained from Asterand Biosciences
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in 2011, authenticated by RNA-Seq, and tested for mycoplasma by DNA staining in 2017.
Cells were cultured for a maximum of one month before treatment.

FAIRE Sequencing

2.5 million SUM-229 cells were treated with or without 30 nM trametinib for 24 hours.
Cells were crosslinked and nuclei were prepared using the Active Motif Chromatin
Preparation kit (Active Motif cat. # 53046) according to manufacturer’s instructions except
that 0.25 million formaldehyde crosslinked Drosophila S2 cells were spiked into the
SUM-229 cells just prior to nuclei preparation. Nuclei were resuspended in 90 pL Lysis
Buffer A (21) and 10 uL of MegaShear (Triangle Biotechnology, Inc.) was added to each
tube prior to sonication. Sonication was performed in a Covaris E110 instrument for 4
minutes per sample using conditions described in (22). Following sonication, insoluble
debris was removed by centrifugation and samples were digested with 200 ug RNase
(Qiagen) at 37°C for 30 minutes. Ten pL of sample was removed for input and digested with
40 mg Proteinase K (Worthington) for 1 hour at 55°C, followed by 2 hours at 80°C to reverse
the crosslinks, then purified using a silica matrix column (Zymo Research, ChIP DNA Clean
and Concentrate kit, cat . # D5201). FAIRE was performed on the remaining 90 pL of
sonicated chromatin by purification on a silica matrix column as described in (23). DNA was
quantitated using fluorometry (Qubit dsDNA High Sensitivity Assay Kit, Invitrogen).
Average peak fragment size of input and FAIRE DNA was confirmed using gel
electrophoresis. Approximately 50 ng of fragmented DNA was adapter ligated and purified
using the KAPA stranded HyperPrep Kit (Roche cat. # 07962347001) and Illumina TruSeq
Indexed Adapters according to the manufacturer’s instructions. Dual size selection was
performed after 18 cycles of PCR amplification of the cDNA library according to
manufacturer recommendations. A multiplexed pool of libraries was sequenced using the
75-cycle NextSeq 500/550 High Output v2 sequencing kit (I1lumina cat. # FC-404-2005) on
the Illumina NextSeq500 to yield approximately 5.0 x 107 75 bp single-ended reads per
sample. Following removal of adaptor sequences (cutadapt v1.12), reads were filtered for
quality using fastg_quality_filter in FASTX-Toolkit (v0.0.12) with options -Q 33, -p 90, and
g 20. Reads were then aligned to hg19 using STAR (v2.5.2b). Tracks of FAIRE-seq signal
were created by visualizing RPM normalized bigWigs on UCSC genome browser.

Chromatin Immunoprecipitation Sequencing

ChiIP-Seq for H3K27ac was performed using the ChlP-grade antibody for histone H3K27ac
(Active Motif cat. # 39133). ChIP-Seq for JUNB was performed using the ChIP-grade
antibody for JUNB (Cell Signaling cat. #3753S). Fixation and immunoprecipitation were
performed as previously described (16,24). See supplementary methods for a detailed
protocol.

Identification of Differential Regions of Signal Enrichment in FAIRE and ChIP-Seq

Regions of signal enrichment (ROE) were identified for each experimental condition
(MACS2 v2.1.2). The Score per million (SPM) was calculated for each region of enrichment
by dividing the MACS2 derived -log1g(p-value) by the total -logyg(p-value) then by
1,000,000 for each sample. A union set of all ROE was created where any overlapping ROE
was resolved by keeping the ROE with the highest SPM value. Raw read counts for ROE
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were tabulated using the featureCounts function in the Rsubread R package (v. 1.34.7) (25).
Differential signal between experimental conditions were identified using DESeq?2 (V.
1.24.0) at a padj < 0.05 (26). See supplementary methods for a detailed protocol of FAIRE-
Seq, JUNB ChlIP-Seq, and H3K27ac ChIP-Seq analysis.

Comparison of Differential Genes in SUM-229PE Subpopulation to Differential Genes in
Patient Tumors

Raw RSEM values derived from RNA-seq performed on patient tumors classified as basal-
like (patients 1-5) or claudin-low (patient 6) were downloaded from GEO (GSE107502).
RSEM values were derived using methods described in previous work (16). Differentially
expressed genes were identified in basal-like tumors using DESeq2, where the independent
variables were pre- vs. post- treatment and patient number. Differentially expressed genes
were also identified in the claudin-low tumor using DESeq?2. For the POS vs. basal-like
comparison a shared set of test genes was first defined, followed by the isolation of genes
with significantly different expression (padj < 0.05), and finally identifying the gene overlap
of both experiments. Statistical significance was determined using a Fisher’s exact test. The
same approach was applied to NEG v. claudin-low, as well as the POS v. claudin-low, and
NEG v. basal-like.

Integration of JUNB ChiIP-seq and FAIRE-seq data

Sites of differential JUNB binding present in POS or NEG cells were identified using
DESeq2 on MACS2 (default parameters) defined JUNB peaks. The average normalized
(RPM) FAIRE signal in both POS and NEG cells was compiled for regions of increased
JUNB binding in POS cells (as well as NEG cells) using python library pyBigWig (v0.3.17).
Statistical significance for the comparison of FAIRE signal at POS or NEG differential
JUNB binding sites was calculated using Mann-Whitney U test.

RNA Sequencing

RNA-Seq libraries were prepared as previously described (16). See supplementary methods
for a detailed protocol.

Fluorescence-Activated Cell Sorting

SUM-229PE cells were stained and sorted by fluorescence-activated cell sorting (FACS) as
previously described (20). See supplementary methods for a detailed protocol.

Crystal Violet Colony Formation Assay

Cells were fixed and stained as previously described (18). See supplementary methods for a
detailed protocol.

RNA Isolation From Fixed Isolated and Parental Cells

Approximately 10 million SUM-229PE cells were treated for 24 hours with 30 nM
trametinib or DMSO control. Additionally, 5 million POS cells and 5 million were treated
with 30 nM trametinib or DMSO control. Cells were fixed using the MARIS method as
previously described (27). See supplementary methods for a detailed protocol.
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Xenograft Growth Assay

Female NOD scid gamma mice were given a mammary fat pad injection of 2 x 106 POS,
POS R1, NEG, or NEG R cells suspended in 50% Matrigel. See supplementary methods for
a detailed protocol.

Beta-Galactosidase Staining

Cells were stained using Senescence B-Galactosidase Staining Kit (Cell Signaling
Technology cat. # 9860) according to the manufacturer’s instructions. See supplementary
methods for a detailed protocol.

siRNA Transfection

Cells were plated in a 96-well plate and transfected with 25 nM of siRNA targeting KRAS
or CXCRY. Individual siRNA from siGENOME smartpools targeting CXCR7 (GE
Dharmacon cat. # MQ-013212-03-0002) and KRAS (GE Dharmacon cat. #
MQ-005069-00-0002) were resuspended in siRNA buffer (GE Dharmacon cat. # B-002000-
UB-100). Cells were transfected using RNAIMAX (Invitrogen cat. # 13778-075) with 25
nM siRNA. siGENOME non-targeting pool #2 was used as control siRNA (GE Dharmacon
cat. # D-001206-14-05). Cells were incubated for 24 hours following transfection, then
media was aspirated. Cells were treated with 30 nM trametinib for 72 hours, then stained
with Hoescht 33342 at 2.5 pg/mL for 30 minutes at 37°C. Plates were imaged using a
Thermo Cellomics ArrayScan VT, capturing 25 frames per well. Cell number was
quantified and siRNA target was compared siRNA control.

RNAscope detection of KRAS RNA

KRAS RNA was detected using the RNAscope® 2.5 LS Probe for Hs-KRAS-O1 (ACD
Biotechne cat. # 522968) in a Bond RX autostainer (Leica Biosystems) following the
manufacturer’s directions. TSA-Cy5 and DAPI were used to visualize RNAScope signal and
nuclei, respectively. Slides containing RNAscope fluorescently labeled cells were scanned
either in the Aperio ScanScope FL or the Aperio Versa Digital Pathology Scanner using a
20X objective (Leica Biosystems). Images were archived in TPL’s eSlide Manger database
(Leica Biosystems). Images were manually annotated for regions of interest using Tissue
Studio software (Definiens Inc.Tissue Studio version 2.7 with Tissue Studio Library version
4.4.2). See supplementary methods for a detailed protocol.

Single Cell RNA Sequencing

Single cell RNA Sequencing of approximately 5000 POS cells and 5000 POS R1 cells was
performed according to the manufacturer specification (10X Genomics cat. # 1000092,
1000074, 120262). See supplementary methods for a detailed protocol.

Results

SUM-229PE Subpopulations are Genotypically Similar but Epigenetically Distinct

Extending the studies previously performed on TNBC cell lines (19), immunostaining of
SUM-229PE cells (Fig. 1A) revealed two subpopulations. One was marked by an elongated
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phenotype, prominent filamentous actin fibers (green) and perinuclear vimentin (red), while
the other displayed a rounded phenotype and stained positive for the epithelial marker
EpCAM (blue). Flow cytometry of SUM-229PE cells using epithelial markers EpCAM and
CDA49f (integrin a6) confirmed two subpopulations: EpCAM, CD49f positive (POS), and
EpCAM, CD49f negative (NEG) (Fig. 1B). Following six weeks of isolated culture, less
than 1% of the NEG subpopulation stained positive for EpCAM and CD49f. We analyzed
whole-exome sequencing of the isolated subpopulations and called variants using a germline
mutation caller. Whole-exome analysis yielded similar variant calls as those made with a
somatic mutation caller (16). We found that variant read abundance was highly correlated
between POS and NEG cells, demonstrating that these cells are genetically similar (Fig. 1C,
Supp. Table 1 and 2). Karyotypes of the POS and NEG cells demonstrated similar ploidy
and many of the same chromosomal aberrations, although NEG cells contained a higher
frequency of dicentric chromosomes (Supp. Table 3). Because of the genomic similarity of
the two subpopulations, as well as the conversion of NEG to POS upon loss of Smarcd3, we
hypothesized that the distinct phenotypes resulted primarily from differences in the
chromatin landscape (20).

We identified regions of enhanced chromatin accessibility by Formaldehyde-Assisted
Isolation of Regulatory Elements (FAIRE-seq) (21). We identified all regions of FAIRE
signal enrichment in the POS and NEG subpopulations by MACS2 and then used DESeq?2 to
identify subpopulation-specific regions. We identified 3,130 regions (1.6% of 194,421 total)
enriched in the POS subpopulation and 1,455 regions (0.7% of 192,421 total) enriched in the
NEG subpopulation (Fig. 1D-E).

We then performed ChiP-seq for histone H3 lysine 27 acetylation (H3K27ac) to identify
variation in potential enhancers. As before, regions of H3K27ac enrichment were called by
MACS?2 and regions with differential H3K27ac signal were identified by DESeqg2. 17,073
peaks (30% of 57,075 total) were selectively enriched in POS cells (Fig. S1A, blue) and
15,430 peaks (27% of 57,075 total) were selectively enriched in the NEG cells (Fig. S1A,
red). We then compared differences in chromatin accessibility with variation in the
acetylation signal. Overall, FAIRE signal strongly correlated with H3K27ac signal (Pearson
correlation r = 0.85) (Fig. 1F). Previous studies have shown that H3K27ac induces
chromatin relaxation, and our data demonstrates that these regions of accessible chromatin
are often highly acetylated (28,29).

We also evaluated transcriptional differences between POS and NEG subpopulations by
RNA-seq. To assess whether prolonged culture of isolated POS and NEG cells alters the
transcriptome, we performed RNA-seq on the isolated cells and recently sorted
subpopulations. We found that gene expression in recently sorted subpopulations and POS
(r=0.91) and NEG (r=0.95) cells cultured in isolation were highly correlated (Fig. S1B). We
then identified genes by DESeq?2 that were significantly differentially expressed between the
POS and NEG cells. To define the most significant expressed genes, we filtered the DESeq?2
results for genes with a minimum of 25 reads and at least a two-fold difference in
expression. We identified 1,812 genes enriched in POS cells, and 1,705 genes enriched in
NEG cells (Fig. 1G). GO analysis of genes preferentially expressed in POS cells are
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associated with the maintenance of cell-cell adhesion (Fig. SIC-S1E) and genes expressed
in NEG cells are associated with binding of extracellular matrix (Fig. SIF-S11).

We identified genes that are associated with mesenchymal and basal-like breast cancer cells
by comparing gene expression between the basal-like cell line, HCC-1806, and the
mesenchymal breast cancer cell line, SUM-159 (data not shown). We observed that POS-
specific genes were significantly enriched among HCC-1806 specific genes (hypergeometric
test p = 5.74 x 107126). A similar result was observed when we compared the NEG-specific
with SUM-159-specific genes (hypergeometric test p = 5.50 x 1074%) (Fig. S1J).
Importantly, the intersections of the converse associations were not significant. We next
compared gene expression in POS and NEG cells to gene sets used to classify mesenchymal
and epithelial breast cancers (30). NEG cells express genes found in mesenchymal breast
cancer (Fig. 1H, left, Fig. S1K), including the transcription factor ZEB1 and matrix protein
COLGBAZ2. In contrast, POS cells specifically express genes associated with basal breast
cancers (Fig. 1H, right, Fig. S1L), including the transcription factor GRHL2 as well as
epithelial markers CDH1 and KRTS5.

Our SUM-229PE results are consistent with previous studies that demonstrated
subpopulations with distinct gene expression profiles are observed in several breast cancer
cell lines (31). We performed a similar analysis on the basal-like breast cancer cell line
SUM-149. Flow cytometry analysis (Fig. S1M) and RNA-Seq revealed distinct profiles in
these isolated subpopulations (data not shown).

We associated differential chromatin accessibility with potential transcriptional regulators in
the POS subpopulation. Enriched motifs were identified by comparing accessible chromatin
in POS cells to accessible chromatin common to POS and NEG cells. We identified
enrichment of the consensus sequences of epithelial transcription factors p63 and GRHL2
(Fig. 11, left). Expression of the associated genes 7P63and GRHL2was upregulated in POS
cells relative to NEG cells (Fig 11, right). Interestingly, analysis also identified the motif for
ZEB1, a transcription factor expressed in mesenchymal cells to repress epithelial genes.
Although chromatin accessibility was detected at these regions, ZEB1 expression was
enriched only in NEG cells (Fig.1l, right). Taken together, these data demonstrate that
SUM-229PE heterogeneity is marked by chromatin and transcriptional variation reflecting
epithelial and mesenchymal differentiation states.

Differential Remodeling of the Enhancer Landscape is Associated with the Transcriptional
Response to Trametinib

To confirm that POS and NEG cells respond to MEK inhibition, we first treated these cells
with a clinically relevant dose of 30 nM trametinib for 24 hours and evaluated change in the
cell cycle relative to control cells (21). We observed a G1 arrest in POS cells (Fig. 2A, blue),
increasing the frequency of cells in G1 from 30% to 87% (Fig. S2A, blue). The impact of
trametinib was less prominent in the NEG cells (Fig. 2A, red), increasing the frequency of
cells in G1 from 41% to 67% (Fig. S2A, red). We then assessed changes in the enhancer
landscape following trametinib treatment. Previous studies have demonstrated that breast
cancer cells respond to MEK inhibition by altering the enhancer and transcriptional
landscape (14). To assess how acute trametinib treatment impacted the enhancer landscape
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of the SUM-229PE subpopulations, we performed H3K27ac ChlP-seq following 24 hours of
trametinib treatment. We identified regions of H3K27ac signal enrichment using MACS2,
and then identified subpopulation-specific regions of acetylation signal by DESeq2. In POS
cells, we identified 9,788 H3K27ac peaks that increase in response to trametinib, and 10,136
peaks that decrease (Fig. 2B). In NEG cells, we identified 2,395 H3K27ac peaks that
increase and 3,797 peaks that decrease (Fig. 2C). H3K27ac dynamics demonstrated a greater
number of gained and lost regions of H3K27ac signal and a wider dynamic range in the POS
cells compared to the NEG cells.

We next compared the transcriptional response to trametinib in SUM-229PE subpopulations
to POS and NEG isolated cells. The transcriptomes of FACS-sorted subpopulations were
strongly correlated with those that were in culture for 6 weeks (POS, r =0.90 and NEG,
r=0.92) (Fig. S2B). We then determined the transcriptional response to acute trametinib
treatment in POS and NEG cells relative to untreated controls. We identified 882 uniquely
upregulated and 1,022 uniquely downregulated genes in POS cells (Fig. S2C). GO analysis
of downregulated genes identified in POS cells are involved in cell cycle regulation and cell
division (Fig. S2D), consistent with cell cycle analysis (Fig. 2A, Fig. S2A). Similar to the
changes in enhancer landscape, we observed a more dynamic response in the POS cells
relative to the NEG cells. We identified 508 uniquely upregulated and 235 uniquely
downregulated genes in NEG cells (Fig. S2E). GO analysis of genes upregulated in NEG
cells identified the genes previously implicated in trametinib resistance (Fig. S2F) (32).

To assess the impact of trametinib treatment on enhancers, we evaluated the relationship
between gene expression and H3K27ac. We observed a significant increase in the expression
of genes associated with a gain of H3K27 signal, and significant decrease in the expression
of genes associated with loss of H3K27ac signal (Fig. 2D). We hypothesized that sites of
decreased H3K27ac found in trametinib-responsive POS cells would indicate reduced
activity of transcription factors downstream of MAPK. Therefore, we analyzed H3K27ac
peaks downregulated in response to trametinib treatment (compared with regions without
change in acetylation). Several MAPK-regulated ETS motifs were highly enriched in
H3K27ac peaks downregulated in POS cells (Fig. 2E, blue). However, we did not observe
similar enrichment of ETS motifs in NEG cells, suggesting that MEK inhibition primarily
effects these transcription factors in POS cells.

We next compared the transcriptional response observed in the POS and NEG
subpopulations after trametinib treatment to the transcriptional response in tumors from
patients with basal-like and claudin-low breast cancer who participated in a 7-day trametinib
window-of-opportunity trial (16). We explored the transcriptional responses to trametinib in
our preclinical model with those of patients by comparing differentially expressed genes in
the POS cells to basal-like tumors and those in the NEG cells to a claudin-low patient tumor.
A significant fraction of genes (n = 201) were shared between the POS transcriptional
response and the basal breast cancers (Fig. 2F, blue). A significant fraction of genes (n =
453) in the NEG transcriptional response was shared with those of Patient #6, a claudin-low
breast cancer (Fig. 2F, red). Notably, no significant overlap occurred in the converse
comparison. These data indicate that the subpopulations of the SUM-229PE cell line are
reflective of the variability observed in the drug response of TNBC patients.
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Enhancer Remodeling and Transcriptional Response to MEK inhibitor Persist in Chronic

Treatment

Recent studies have shown that the frequency of epithelial and mesenchymal subpopulations
can change in response to treatment with kinase inhibitors (6). Risom et al. demonstrated
that drug treatment may induce cell-state switching in basal-like breast cancer to overcome
tumor cell growth arrest (5). This suggests that chronic treatment with targeted therapy
applies selective pressure for cells that readily adapt to the presence of the drug. To study
how differential chromatin remodeling of epithelial and mesenchymal cells may influence
the clinical response to chronic treatment, we interrogated the response of POS and NEG
cells during treatment with 10 nM trametinib for five weeks. Cell cycle analysis
demonstrated that the S and G2 peaks were almost entirely lost in POS cells (Fig. 3A). In
contrast, NEG cells (Fig. 3B) continued to slowly proliferate during the course of chronic
treatment. We further quantified proliferation of POS and NEG cells by crystal violet
staining during chronic treatment (Fig. 3C). Increased staining at Day 21 and 49 of treatment
in NEG cells indicates that these cells continue to proliferate in the presence of the drug,
while small colonies begin to emerge in the POS cells by Day 21, suggesting the onset of a
resistant phenotype.

We evaluated changes in the enhancer landscape by performing H3K27ac ChlP-seq in POS
and NEG cells following two weeks of 10 nM trametinib treatment. Similar to that observed
following acute treatment, POS cells exhibited a more dynamic response than NEG cells,
with 23,963 differential regions of H3K27ac signal (12,055 increased, 11908 decreased)
compared to 4,520 (2,375 increased, 2,145 decreased) in the NEG cells (Fig. 3D, E). To
determine the degree to which the dynamic enhancer landscape established during the acute
phase of treatment is maintained over prolonged treatment, we compared both increased and
decreased H3K27ac peaks observed after 24 hours and 14 days of treatment. We found a
significant fraction of the remodeled enhancer landscape persists over the course of
treatment in both subpopulations at both gained and reduced regions of H3K27ac
enrichment (Fig. 3F).

To identify potential transcription factors involved in response to prolonged trametinib
treatment, we performed motif analysis of H3K27ac peaks decreased in POS and NEG cells
using HOMER. We observed an enrichment of ETS motifs at these regions of H3K27ac
signal loss relative to regions unchanged after treatment in POS cells, which were absent
from the most enriched motifs in the NEG cells (Fig. 3G—H). Identification of ETS motifs
demonstrates a similarity between acute and extended treatment. Motif analysis of H3K27ac
peaks increased in POS cells reveals enrichment of p63 and GHRL2, as well as mediators of
the integrated stress response, ATF4 and DDIT3 (Fig. S3A). In contrast, we observe
enrichment of SRF and SMAD3 in NEG cells (Fig. S3B).

A recent study has demonstrated that chromatin states influence the localization of
transcription factors (33). We observed JUNB motif enrichment at dynamic sites of
H3K27ac in both POS and NEG cells following prolonged treatment. To determine if
subpopulation specific JUNB localization corresponded to differential chromatin
accessibility prior to treatment, we performed JUNB ChlP-seq. We then identified JUNB
sites that were specific to POS or NEG cells and associated these regions with FAIRE signal.
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We found that JUNB sites unique to POS cells had significantly increased FAIRE signal
relative to the signal at the same regions in NEG cells (Fig 3l, left). We observed a similar
trend between JUNB binding and chromatin accessibility at JUNB binding sites unique to
NEG cells (Fig 3l, right). These results indicate that subpopulation-specific chromatin
accessibility may direct the localization of AP-1 family members.

RNA-seq of NEG and POS cells was used to determine the persistence of the transcriptional
response during the course of chronic trametinib treatment. In POS cells, we identified 4,904
genes (37% of expressed genes) that change at least two-fold in response to chronic
trametinib treatment (Fig. S3C). Hierarchical clustering of dynamic genes in POS cells
revealed two expression patterns: 1735 genes that continuously decrease in expression
during chronic treatment (DOWN), and 2644 genes that continuously increase in response to
chronic treatment (UP). In the NEG subpopulation, we identified 1441 genes (11% of
expressed genes) that change at least two-fold during the course of chronic treatment (Fig.
S3D). Hierarchical clustering of differentially expressed genes identified three distinct
patterns of gene expression: 416 genes that initially increase in response to trametinib and
then return to baseline (UP-DOWN), 441 genes that continuously decrease throughout
treatment (DOWN), and 529 genes that sustain increased expression throughout treatment
(UP). When comparing the transcriptional response of the POS and NEG subpopulations,
we observe a stronger response in POS cells (37% of expressed genes) compared to the
NEG (11% of expressed genes). This is correlated with the dynamic changes in the enhancer
landscape observed in Fig. 3D-E. While GO analysis of genes downregulated in POS cells
during treatment is consistent with growth arrest, we also observed the enrichment of genes
that regulate PI3K signaling (Fig. S3E-F). Interestingly, GO analysis of dynamic genes in
NEG cells reveals that PDGF signaling regulation occurs transiently (Fig. S3G), but
downregulation of MAPK phosphatases persists during chronic treatment (Fig. S3H). We
identified continuous increase in genes regulating TGFp and the cytoskeleton (Fig. S3D, Fig
S31-J), concordant with the enrichment of SMAD3 and SRF observed in motif analysis (Fig
S3B). We observed significant overlap in dynamic genes identified in POS and NEG cells,
indicating that MEK inhibition culminates in both common and unique responses (Fig.
S3K).

Drug Resistant POS Cells Emerge Following Chronic Trametinib Treatment

After approximately three weeks of treatment with 10 nM trametinib, we began to observe
small colonies of POS cells, suggesting that these cells had developed resistance (Fig. 3C).
To further study the factors that contribute to resistance, we treated POS and NEG cells with
10 nM trametinib for six weeks, then dose-escalated to 30 nM trametinib, and independently
isolated drug-resistant cell lines from these cultures. We compared the responses of these
drug resistant cell lines (POS R1, POS R2, and NEG R) to naive POS and NEG cells that
had never been exposed to trametinib (POS N and NEG N). Notably, when dose escalated to
30 nM trametinib, NEG R cells growth arrested, but the two independently isolated POS cell
lines, POS R1 and POS R2 continued to proliferate (data not shown). Whereas growth
arrested NEG cells stained positive for senescence-associated beta-galactosidase activity
after dose escalation, (Fig. 4A, NEG R), both the naive NEG (NEG N) and naive POS cells
(POS N) were beta-galactosidase negative (Fig. 4A). As expected, drug resistant POS cells,
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were also beta-galactosidase negative (Fig. 4A, POS R). Cell cycle analysis revealed
treatment with 30 nM trametinib induced G1 arrest in POS N cells (Fig. 4B, blue) but both
POS R cells continued to proliferate (Fig. S4A), with a similar frequency of cells in S phase
in POS R1 (51%) and POS R2 (38%) compared to the POS N control (55%) (Fig. S4B).

We further studied the trametinib response of POS and NEG cells in vivo by xenograft
injection into the mammary fat pad of NOD scid gamma mice (NSG). NEG naive and NEG
resistant cells failed to establish tumors, and therefore these arms of the study were
terminated after ninety days (Fig. S4C, grey and maroon). POS naive xenografts grew
significantly slower on trametinib (Fig. 4C, royal blue) compared to control (Fig. 4C, grey),
but POS resistant xenografts (Fig. 4C, dark blue) grew at a rate similar to the POS naive
xenografts treated with control (Fig. 4C, grey). These results indicate that POS R xenografts
are resistant to trametinib /7 vivo and continue to grow in the presence of the drug.

We compared activation of ERK1/2 (phosphorylation at T202/Y204) in the POS N cells to
POS R1 and POS R2 cells (Fig. 4D). We observed that ERK phosphorylation was lost in
POS N cells treated with 30 nM trametinib for 24 hours, but ERK phosphorylation was
preserved in the POS R1 and POS R2 cells despite trametinib. We measured proliferation of
POS R1 and POS R2 by crystal violet staining of cells following 0, 14, or 21 days of
treatment with 30 nM trametinib (Fig. 4E). We observed visible staining at Day 14 of
treatment, which intensified at Day 21, indicating these cells continue to proliferate in the
presence of the drug.

To assess differences between the POS R enhancer landscape after dose escalation and the
POS N enhancer landscape, we identified condition-specific regions of H3K27ac signal by
DESeq2. We identified 9,867 increased H3K27ac peaks (18% of the total 53,549) and 9,320
decreased H3K27ac peaks (17% of the total 53,549) in POS R cells compared to POS N
control (Fig. 4F). We then determined motifs that were enriched at increased H3K27ac
peaks in POS R cells. We identified strong enrichment of DDIT3 and ATF4 motifs (Fig.
4G). We performed DESeq?2 analysis of gene expression in POS R1 relative to POS N cells,
which revealed 433 genes upregulated in POS R1 cells. We also analyzed POSR2 cells,
which identified 455 genes upregulated relative to POS N cells (Fig. 4H, top). We observed
a highly significant overlap of genes upregulated in POS R1 and POS R2 cells, suggesting
that these cell lines converged on similar resistance mechanisms (Fig. 4H, bottom). GO
analysis of the 202 genes upregulated in both POS R1 and POS R2 cells revealed the
enrichment of PI3K signaling (Fig. 41). Hierarchical clustering of these genes identified a
class of genes that continuously increased in expression during chronic trametinib treatment
(Fig. S4D), indicating that epigenetic remodeling associated with these genes increases
transcription, contributing to resistance in POS cells.

G-protein Coupled Receptor CXCR7 Mediates Proliferation in POS Resistant Cells

Several studies have demonstrated that resistance to targeted kinase inhibitors can be
acquired by either adaptation or selection of resistant cells (23-27). One of the most
significantly upregulated genes in POS R1 and POS R2 cells relative to naive cells was the
G-protein coupled receptor Atypical Chemokine Receptor 3, (CXCR7) and its cognate
ligand, Adrenomedullin (ADM) (Fig. 5A). We confirmed the expression of CXCR?7 in both
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POS R1 and POS R2 cells by immunoblot (Fig. 5B). Studies have shown that CXCR7 is a
Gij-coupled receptor that can activate MAPK signaling via beta-arrestin to stimulate survival
and proliferation of breast cancer cells (28-30). Therefore, we quantified cell proliferation
following siRNA knockdown of CXCR?7 in POS N and POS R1 cells to determine the effect
of CXCRY7 on proliferation of trametinib resistant and trametinib naive cells. Interestingly,
CXCRTY knockdown in the POS N cells had no significant effect on proliferation (Fig. 5C).
In contrast, CXCR7 knockdown in the POS R1 cells significantly decreased proliferation
(Fig. 5D), indicating that CXCR7 plays an essential role in the recovery of proliferation in
the presence of trametinib. We verified CXCR7 knockdown by immunoblot of CXCR7
following treatment with an siRNA targeting CXCR7 or an siRNA control (Fig. 5E). We re-
examined CXCRY7 expression in POS cells during chronic trametinib treatment, which
revealed that CXCR7 expression increased approximately five-fold at Day 1 and increased
to a maximum expression level at Day 14 (Fig. 5F). Proximal to the gene encoding CXCR?7,
we identified an enhancer region containing accessible chromatin (Fig. 5G, orange) with
JUNB binding (Fig. 5G, green) that correlated with increased H3K27ac during chronic
treatment (Fig. 5G, purple).

Wild-type KRAS is Amplified in Trametinib Resistant POS Cells Following Dose Escalation

KRAS was significantly upregulated in POS R1 and POS R2 cells compared to control (Fig.
6A). An immunoblot for KRAS in POS naive and resistant cells confirmed the upregulation
of KRAS in POS R1 and POS R2 cells (Fig. 6B). However, when we re-examined KRAS
expression during chronic treatment, we did not observe a substantial increase in KRAS
expression (Fig. S5A). We demonstrated that KRAS expression in POS N and POS R1
contributes to proliferation by silencing KRAS (Fig. 6C, Fig. 6D). KRAS depletion was
confirmed by immunoblot following treatment with KRAS siRNA (Fig. S5B). We
performed KRAS RNA-FISH in POS N (Fig. 6E) and POS R1 (Fig. 6F) to determine if cells
with high KRAS expression pre-exist in the POS naive cells. We observed a broad
distribution of KRAS expression in the POS R1 population, with 13% of the cells classified
with low expression, 23% classified with medium expression, and 61% classified with high
expression (Fig. S5C, dark blue). In comparison, the untreated POS cells had more
uniformly low expression, with greater than 99% of cells classified with no expression (Fig.
S5C, grey). Furthermore, when we treated cells continuously with 10 nM trametinib, we did
not observe a significant increase in KRAS expression in drug-resistant colonies (Fig. 6G
and 6H), suggesting that KRAS expression increases following dose escalation in the drug
resistant cells. We performed single-cell RNA sequencing on the POS N and POS R1 cells
to further quantify single-cell gene expression of KRAS in these two populations, which
demonstrated that POS naive cells have uniformly low KRAS expression (Fig. 61 and S5D,
grey), whereas POS resistant cells have a broad distribution of KRAS expression (Fig. 6l
and S5D, navy). Previous studies have shown that gene amplification of the wild-type locus
of KRAS can mediate resistance to MAPK inhibition (31,32). RT-PCR using gDNA isolated
from POS naive, POS R1 and POS R2 cells revealed a six-fold amplification of wild-type
KRAS in the drug resistant cells relative to control (Fig. 6J). These results indicate that POS
cells develop treatment resistance through multiple mechanisms, including remodeling
H3K27 acetylation to increase expression of genes involved in survival and proliferation
signaling, as well as the amplification of wild-type KRAS to reactivate MAPK activity.
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Discussion

Triple negative breast cancer is a heterogeneous disease with no currently available targeted
therapy. Immunostaining of TNBC mouse models and patient samples reveals significant
tumor heterogeneity (34,35). A recent study of circulating breast cancer tumor cells
demonstrated that epithelial and mesenchymal cells have differential sensitivity to combined
PI3K and MEK inhibition (6). Furthermore, chronic drug treatment has been shown to select
for drug resistant cells. These studies indicate that tumor heterogeneity presents a significant
obstacle to the development of durable therapies for the treatment of TNBC. Our goal was to
define the differential responses to trametinib in epithelial and mesenchymal subpopulations
using a preclinical model of TNBC heterogeneity.

Immunostaining and flow cytometry analysis of breast cancer cell lines revealed remarkable
heterogeneity in surface marker expression (19). The two subpopulations of TNBC cell line
SUM-229PE are characterized by differential expression of two epithelial surface markers,
EpCAM and CD49f. Culture of POS and NEG cells following FACS isolation demonstrated
that these phenotypes are stable and model the gene expression of the parental
subpopulations. Despite the genomic similarities we observed in POS and NEG cells by
whole exome sequencing, FAIRE-Seq identified differential regions of chromatin
accessibility that were enriched in binding motifs for transcription factors known to regulate
cell identity (36,37). Analysis of differentially expressed genes revealed that POS and NEG
cells faithfully represent the basal-like and mesenchymal TNBC phenotypes (30).

We previously demonstrated that sSiRNA knockdown of Smarcd3/Baf60c, a regulatory
subunit of the SWI/SNF chromatin remodeling complex, is sufficient to induce a phenotypic
switch from NEG to POS SUM229-PE cells (20). Smarcd3/Baf60c knockdown in NEG cells
inhibited expression of two mesenchymal-specific transcription factors, SNAIL and SLUG.
Furthermore, we showed ectopic expression of Smarcd3/Baf60c in primary human epithelial
cells induced a mesenchymal phenotype (20). Cumulatively, the findings demonstrated that
differing chromatin states between POS and NEG subpopulations of SUM-229PE have a
strong influence in controlling their respective phenotype.

We used SUM-229PE POS and NEG cells to characterize the regulatory elements associated
with the response to acute trametinib treatment. Motif analysis of H3K27ac peaks decreased
in POS cells following acute trametinib treatment identified ETS-family transcription factor
motifs. ETS-family transcription factors are phosphorylated by MAP kinases to regulate
gene transcription downstream of the Ras-Raf-MEK-ERK pathway (38,39). Analysis of
decreased H3K27ac peaks in the NEG cells did not identify similar enrichment of ETS-
family motifs. The findings are consistent with the sensitivity to MEK inhibition in POS
cells, which exhibited downregulation of genes that regulate cell cycle progression. In
contrast, NEG cells upregulate genes in response to trametinib that activate bypass pathways
to reactivate MAPK signaling.

We observed increased enhancer remodeling in response to acute trametinib treatment in
POS cells relative to NEG cells, which persists during chronic trametinib treatment. MAPK-
regulated ETS motifs identified in H3K27ac peaks decreased in POS cells remain
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downregulated during chronic treatment. Additionally, chronic trametinib treatment revealed
new motifs previously unobserved in the acute response. Interestingly, the SRF consensus
motif is enriched at sites of increased acetylation in NEG cells. Previous studies have shown
that SRF activation stimulates both proliferation and cell contractility, concordant with
increased expression of genes in these pathways in NEG cells during chronic treatment (40).

While we identified the enrichment of the JUNB motif only in NEG cells in response to
acute trametinib treatment, we observed enrichment of the JUNB motif in both POS and
NEG cells during chronic treatment. Previous studies have shown that AP-1 binding is
strongly correlated with chromatin accessibility (33). JUNB localized to differential sites of
chromatin accessibility in POS and NEG cells, which indicated that MAPK inhibition can
have unique outcomes in genomically similar subpopulations, dictated by differential
localization of common transcription factors.

Drug resistant colonies emerged from a population of slowly proliferating persister POS
cells, which survived treatment and adapted to a clinically-relevant trametinib dose (41). In
contrast, NEG cells became senescent and failed to develop resistance /n vitro or in vivo.
Two drug resistant cell lines were independently isolated from POS cells, which were used
to identify factors driving survival and proliferation. Motif analysis of H3K27ac peaks
increased in POS resistant cells revealed further enrichment of sequences previously
identified in response to chronic trametinib treatment. We also observed further enrichment
of GO terms associated with PI13K signaling in POS resistant cells, indicating PI3K may
cooperate with amplified KRAS to enhance proliferation in the presence of trametinib.

CXCRY7 and adrenomedullin were upregulated in POS resistant cells, and RNAi knockdown
of CXCRY inhibited proliferation. Increased transcription correlated with increased
H3K27ac at the CXCR7 TSS and a proximal enhancer region. These data suggest that
enhancer remodeling at the CXCR7 locus in response to trametinib enhances CXCR7 gene
expression, which stimulated proliferation in the presence of trametinib treatment. A clinical
study of TNBC patients revealed that 16% of patients had CXCR7 overexpression, and these
patients had significantly worse overall survival (42). Immunostaining for CXCR7 in 10
normal, 10 metastatic, and 38 invasive ductal carcinoma samples showed a significant
correlation between CXCR?7 expression and aggressive breast cancer (42). These results
demonstrate that the activation of CXCR?7 observed in POS cells highlights a potentially
clinically relevant mechanism of tumor aggression and drug resistance in TNBC patients
that is regulated by enhancer remodeling.

We identified amplification of KRAS in POS trametinib resistant cells, and KRAS
knockdown suppressed growth. We found that KRAS amplification occurred after dose
escalation. Clinical studies reveal that KRAS overexpression is feature observed in both
TNBC patients and mouse models (15,37). Preclinical studies of the role of wild-type and
oncogenic KRAS demonstrate that overexpression of wild-type KRAS reduces proliferation
in the context of mutant KRAS, but is sufficient to create drug resistance (43,44). These
results demonstrate that KRAS amplification acquired during chronic trametinib treatment is
sufficient to stimulate proliferation in the continued presence of the drug.
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In this work, we have described different chromatin states in the SUM-229PE POS and NEG
cells that contribute to the maintenance of epithelial and mesenchymal phenotypes. These
distinct chromatin states dictate selective recruitment of transcription factors and epigenetic
modifying enzymes to different genes and their enhancers, resulting in a differential
response to targeted drug therapy. Enhancer remodeling in POS cells recruits transcriptional
activators to the CXCR7 gene, which promotes proliferation and survival in trametinib
resistant cells. We observed the amplification of KRAS after the emergence of drug resistant
colonies, indicating adaptive resistance contributes to survival in this context. The
progression from adaptive to acquired resistance suggests that inhibiting enhancer
remodeling may prevent resistance and the bypass of targeted therapy. We and others have
shown that targeting the pTEFb complex and BET proteins with small molecule inhibitors
are able to not only inhibit the onset of the initial chromatin reprogramming but reverse the
epigenetic changes making the targeted inhibitor therapy durable (16). Inhibiting enhancer
remodeling may prevent further proliferation and the acquisition of oncogenic mutations.
These results suggest that combining kinase and chromatin remodeling inhibitors may offer
a durable treatment strategy to reduce adaptive resistance, and should be tested in clinical
trials.
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Implications Statement

We defined the differential responses to trametinib in subpopulations of a clinically-
relevant in vitro model of TNBC, and identified both adaptive and acquired elements that
contribute to the emergence of drug resistance mediated by increased expression of
CXCR7 and amplification of KRAS.
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Figure 1. TNBC Subpopulations Are Genotypically Similar But Epigenetically Distinct.
(A) Immunofluorescence of SUM-229PE cells stained for F-actin (green) EpCAM (blue)

and vimentin (red). (B) Flow cytometry of SUM-229PE cells stained for EpCAM and
CDA49f (ITGAG). EpCAM negative subpopulation (NEG) highlighted in red, and positive
subpopulation (POS) highlighted in blue. (C) Comparison of the abundance of whole exome
sequencing variants in POS and NEG cells relative to hg19. (D) Representative tracks
depicting regions of significant differential FAIRE signal at enhancers in the POS and NEG
cells (gray box). (E) Heatmap of average normalized FAIRE signal at differential peaks in
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biological replicates of both POS and NEG cells ranked by -log10 p-value. Blue to yellow
represents low to high signal. (F) Average normalized H3K27ac signal at differential FAIRE
peaks identified in POS (blue) and NEG (red) cells. Pearson correlation coefficient = 0.85.
(G) Differential gene expression in POS cells relative to NEG cells. Significant genes with
greater than two-fold difference in expression, normalized RNA reads > 25, and a p-value <
0.05 are highlighted (POS blue, NEG red). (H) Row-mean normalized expression of genes
that were the most differentially-expressed in mesenchymal (left) and basal (right) breast
cancer gene sets (from Charafe et al.). Maximum expression indicated in yellow. (I)
Consensus motifs identified in FAIRE regions enriched in POS cells. Differential RNA
expression of genes encoding transcription factors identified by motif analysis (right). ***
indicates adjusted p-value < 0.001

Mol Cancer Res. Author manuscript; available in PMC 2021 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Goulet et al. Page 22
= 9 A G1 Occupancy: G1 Occupancy: E 3 B 9,788 E 3 c 2,395
Z DMS030% oMso41%| D 3,
;‘2 4+ Trametinib87% Trametinib 67%| o i o 1
= 1 0]
2 , E 0 = o0
. o
C2- | =™ i
L) = .
T £ E,
o — = =
0 . —— -3 = 3
0 20 40 60 0 20 40 60 8 i 0]
Propidium lodide (Counts x 10?) o 10,136 % -4 3,797
2 4 6 8 10 12 2 4 6 8 12
H3K27ac Signal H3K27ac Signal
(log, Normalized Mean) (log, Normalized Mean)
p << 0.001
D r — E 100 F
R ] OPOS .
O NEG Patient #
D » ETS motifs

RNA log,FC
( POS Tram. / DMSO)
o

Q0 s
00 U

o

Figure 2. Differential Remodeling of the Enhancer L andscape is Associated with the
Transcriptional Response to Trametinib.

(A) Cell cycle analysis of POS cells (left) treated with DMSO (grey) or 30 nM trametinib
(blue) for 24 hours, and NEG cells (right) treated with DMSO (grey) or 30 nM trametinib
(red) for 24 hours. (B-C) Regions of differential H3K27ac enrichment in POS cells (bluge)
and NEG cells (red) after 24 hours of treatment with 30 nM trametinib or DMSO control.
Highlighted points indicate regions with an adjusted p-value < 0.05 and log, fold change
less than or greater than 0. Gray points indicate regions without significant change following
treatment. (D) Genes proximal to either gained or lost regions of H3K27ac following
treatment have significantly different levels of expression (p-value << 0.001 Mann-Whitney
U). (E) Significance of motif enrichment at regions of H3K27ac loss following trametinib
treatment in POS (blue) and NEG (red) subpopulations. Gray fill indicates ETS family
motifs. (F) Overlap of genes differentially expressed in POS cells following 24 hours of
trametinib treatment (top, blue) and genes differentially expressed in five TNBC patients
with basal-like breast cancer treated with trametinib for 7 days. Intersection of differentially
expressed genes in NEG cells following 24 hours of treatment (bottom, red) with genes
differentially expressed in a TNBC patient with mesenchymal breast cancer treated for 7
days. Significance determined by Fisher’s Exact Test.
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Figure 3. Unique Enhancer Remodeling and Transcriptional Response Per sists Following
Chronic Trametinib Treatment.
(A) Cell cycle analysis of POS cells during treatment with trametinib from Day 0 to Day 35

(light to dark blue). (B) Cell cycle analysis of NEG cells during treatment with trametinib
from Day 0 to Day 35 (light to dark red). (C) Crystal violet staining of POS and NEG cells
following treatment with DMSO or 10 nM trametinib for the for the time indicated. (D)
Differential H3K27 acetylation in POS cells at Day 14 of trametinib treatment relative to
Day 0. Statistically significant regions are highlighted in blue. (E) Differential H3K27
acetylation in NEG cells at Day 14 of trametinib treatment relative to Day 0. Statistically
significant regions are highlighted in red. (F) Comparison of regions with differential
H3K27 acetylation in response to 24 hours or 14 days of treatment. Significance determined
by permutation test. (G) Motif analysis of H3K27ac peaks significantly downregulated at
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D14 in POS cells in response to trametinib treatment. (H) Motif analysis of H3K27ac peaks
significantly downregulated at D14 in NEG cells in response to trametinib treatment. (1)
Quantification of FAIRE signal in POS and NEG cells at POS cell specific JUNB peaks (left
panel) and NEG cell specific JUNB peaks (right panel).
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Figure 4. Drug Resistant POS Cells Emerge Following Chronic Trametinib Treatment.
(A) POS and NEG naive cells (POS N, NEG N, left) were stained for beta-galactosidase and

compared to POS and NEG cells that had been conditioned for six weeks in 10 nM
trametinib and then dose-escalated to 30 nM trametinib (POS R, NEG R, right). (B) Cell
cycle analysis of POS naive cells treated with DMSO (grey) or 30 nM trametinib (blue) for
24 hours compared to POS R1 cells cultured in 30 nM trametinib (dark blue). (C) 2 million
POS naive cells were injected into the mammary fat pad of nod/scid mice (n=6) and treated
with control chow (grey) or trametinib chow (0.2 mpk) (blue). Nod/scid mice were pre-
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treated with trametinib chow (0.2 mpk) and then injected with 2 million POS resistant cells
(dark blue) each (n=6). (D) Immunoblot of phospho-ERK (T202/Y204) in naive and
resistant cells following 24 h treatment as indicated. (E) Crystal violet staining of POS R1
and POS R2 treated continuously with 30 nM trametinib or DMSO for the time indicated.
(F) Differential H3K27 acetylation in trametinib resistant cells relative to trametinib naive
cells. Statistically significant regions are shown in dark blue. (G) Motif analysis of H3K27ac
peaks significantly upregulated in POS R cells relative to unchanged H3K27ac peaks. (H)
MA Plot of genes upregulated in trametinib resistant cells relative to trametinib naive cells.
Significant genes with a minimum mean expression of 25 reads and greater than two-fold
difference in expression with a p-value < 0.05 are highlighted in dark blue. (I) GO analysis
of the molecular function of the intersection of genes upregulated in POS R1 and R2 cells
identified in Fig. 4H.
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Figure5. G-protein Coupled Receptor CXCR7 Mediates Proliferation in POS Resistant Cells.
(A) Volcano plot of gene expression in POS R1 and POS R2 cells relative to POS N.

Relative CXCR7 and Adrenomedullin (ADM) expression in POS R1 and POS R2 cells
highlighted in yellow. (B) Immunoblot for CXCR?7 in naive cells treated for 24 hours with
DMSO or 30 nM trametinib compared to POS R1 and POS R2 cells cultured in 30 nM
trametinib. (C) POS N cell number was measured by high content imaging after 72 hours of
treatment with 30 nM trametinib in combination with control siRNA (grey) or sSiRNA
targeting CXCR7 (blue). (D) POS R1 cell number was measured by high content imaging
after 72 hours of treatment with 30 nM trametinib in combination with control siRNA (grey)
or siRNA targeting CXCR7 (dark blue). (E) Immunoblot for CXCR7 following treatment of
trametinib naive and trametinib resistant cells with control siRNA or siRNA targeting
CXCRY. (F) CXCRY7 expression in POS naive cells during chronic treatment with 10 nM
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trametinib measured by RNA-Seq. (G) FAIRE-seq (orange) and JUNB ChlP-seq (green)
shows JUNB binding at regions of relaxed chromatin (boxed regions). H3K27ac signal
(purple) at the enhancer region proximal to CXCR7 increases during chronic treatment.
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Figure 6. Wild-type KRASis Amplified in Trametinib Resistant POS Cells Following Dose
Escalation.

(A) Volcano plot of genes expression in POS R1 and POS R2 cells relative to POS N.
Relative KRAS expression in POS R1 and POS R2 cells highlighted in yellow. (B)
Immunoblot for KRAS in naive cells treated for 24 hours with DMSO or 30 nM trametinib
compared to POS R1 and POS R2 cells cultured in 30 nM trametinib. (C) POS naive cell
number was measured by high content imaging after 72 hours of treatment with 30 nM
trametinib in combination with control siRNA (grey) or siRNA targeting KRAS (blue). (D)
POS R1 cell number was measured by high content imaging after 72 hours of treatment with
30 nM trametinib in combination with control siRNA (grey) or siRNA targeting KRAS (dark
blue). (E) POS cells stained with KRAS RNA-FISH probes at Day 0 of chronic trametinib
treatment, viewed at 100X magnification. (F) POS R1 cells stained with KRAS RNA-FISH
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probes, viewed at 100X magnification. (G) POS cells at Day 49 of 10 nM trametinib
treatment, stained with KRAS RNA-FISH probes, viewed at 20X magnification. (H) 100X
magnification of colony shown in Fig. 6G. (1) KRAS expression in POS resistant cells (dark
blue) and naive cells (grey) measured by sScRNA-seq, binned by 10 read intervals of KRAS
expression. (J) Copy number PCR targeting KRAS locus in naive (grey), POS R1, and POS
R2 cells (dark blue).
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