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Enhancer remodeling regulates epigenetic adaptation and resistance to MEK1/2

inhibition in triple-negative breast cancer
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ABSTRACT

Kinase inhibitors targeting the mitogen/extracellular signal-regulated kinase kinase (MEK)- extracellular
signal related kinase (ERK) signaling pathway have limited durability in inhibiting growth of triple-negative
breast cancer. We defined genome wide enhancer remodeling following MEK inhibition capable of driving
adaptive gene transcription. Targeting positive elongation factor (P-TEFb) transcriptional regulatory
complex members can block enhancer remodeling making the response to MEK-ERK inhibition durable.

Triple-Negative Breast Cancer (TNBC) is characterized by the
loss of expression of the estrogen receptor, progesterone recep-
tor, and human epidermal growth factor receptor 2 (HER2)
and there is currently no (Food and Drug Administration)
FDA-approved targeted therapy for these patients. TNBC is
largely devoid of oncogenic driver mutations, which could oth-
erwise point to therapeutic vulnerabilities. However, frequent
elevated expression of epidermal growth factor receptor, KRAS,
or BRAF increases the activity of the mitogen/extracellular sig-
nal-regulated kinase kinase (MEK)-extracellular signal-related
kinase (ERK) pathway making TNBC sensitive to MEK inhibi-
tion." While TNBC initially responds with strong growth inhi-
bition to MEK inhibitors such as trametinib, the tumor cells
rapidly adapt to the drug by transcriptional upregulation and
activation of receptor tyrosine kinases (RTKs) which reactivate
the growth of the tumor cells.” This inevitable bypass of MEK-
ERK inhibition is a fundamental problem, which prevents
kinase inhibitors from having durable growth suppression in
the clinic across multiple tumor types. Tumor heterogeneity
also makes it difficult to predict which kinases will drive resis-
tance to treatment, calling for a more fundamental understand-
ing of how tumors adapt to pathway inhibition leading to
resistance.

In our recent work published in Cancer Discovery,” we
defined the transcriptional response of TNBC patient tumors
to trametinib, a FDA-approved MEK inhibitor (MEKi), using
paired tumor samples before and after 7 d of treatment with
the drug. We observed a large transcriptional response to
MEKi in patient tumors involving up to 22% of the transcrip-
tome, effectively changing the phenotypic state of the tumor
cell. Analysis of the tyrosine kinome revealed heterogeneity
across tumors with multiple RTKs upregulated in treated
samples relative to controls. Further quantitative proteomic

ARTICLE HISTORY
Received 20 February 2017
Revised 22 February 2017
Accepted 23 February 2017

KEYWORDS

Adaptive resistance; BRD4;
enhancer remodeling; MEK
inhibition; P-TEFb complex

analysis revealed that these kinases were functionally upregu-
lated in tumor samples. Statistical analyses using the Differen-
tial Expression-Seq2 algorithm allowed us to profile kinases
transcriptionally induced in both basal-like cell lines and
patient tumors including fyn-related Src family tyrosine
kinase, erb-b2 receptor tyrosine kinase 2, discoidin domain
receptor tyrosine kinase 1 (DDR1), CDC42 binding protein
kinase gamma, cyclin-dependent kinase like 5, and cyclin-
dependent kinase 19. We also compared subtype-specific
responses of RTKs to MEKi between basal-like and claudin-
low cell lines with fibroblast growth factor receptor 2 and
colony stimulating factor 1 receptor uniquely induced in
basal-like cells and platelet-derived growth factor receptorp
and erb-b2 receptor tyrosine kinase 4 uniquely induced in
claudin-low cell lines. These subtype differences were con-
firmed in the SUM-229PE cell line which contains two intrin-
sic subpopulations, which profiled as either basal-like or
claudin-low. Importantly, exome sequencing identified no
unique nucleotide variants or copy number alterations
between these two populations. Genome-wide DNA methyla-
tion analysis further showed no significant difference between
the two populations that could account for differential tran-
scriptional responses to trametinib, suggesting epigenetic
chromatin modifications beyond that of DNA methylation.
Analysis of enhancer and promoter marks using chromatin
immunoprecipitation coupled with deep sequencing (ChIPseq)
revealed a significant rearrangement of the genomic landscape
following trametinib treatment in TNBC cell lines including
the formation of new enhancers proximal to adaptive response
genes. Using antibodies to the bromodomain containing 4
(BRD4) protein for ChIPseq to identify enhancers, we observed
an increase in the number of BRD4-enriched enhancers start-
ing as early as 1 hour post MEK inhibition that continued to

CONTACT Gary L. Johnson @ glj@med.unc.edu @ Department of Pharmacology, Lineberger Comprehensive Cancer Center, University of North Carolina School of
Medicine, 4016 Genetic Medicine Bldg, Campus Box #7365, 120 Mason Farm Road Chapel Hill, NC 27599-7365, USA.

© 2017 Taylor & Francis Group, LLC


https://crossmark.crossref.org/dialog/?doi=10.1080/23723556.2017.1300622&domain=pdf&date_stamp=2017-11-23
https://doi.org/10.1080/23723556.2017.1300622

13006222 (&) S.M.BEVILLETAL.

No Drug Trametinib
Mediator Cadt
200 c-MYC
P
BRD4 BRD4 ’

( BRD4

proteasome
degradation

c-MYC c-MYC

BRD4.
e
paused
RNA | TSS
Polll | ——

adaptive response genes
DDR1, KDR, PIK3R1

BRD4 Mediator
BRD4 )
Ac

O

Enhancer

he—fhe P300

BRD4)y08

b
BRD4 A
e ,BRD4)

Mediator

B
RNA
Polll &}

adaptive response genes
DDR1. KDR, PIK3R1

N paused
) RNA | T55
Polll | ——
adaptive response genes
DDRY1, KDR, PIK3R1

Figure 1. MEK inhibition results in c-MYC degradation and enhancer formation proximal to adaptive response genes. Following treatment with the mitogen/extracellular
signal-regulated kinase kinase (MEK) inhibitor trametinib, proteasome degradation and turnover of v-myc avain myelocytomatosis viral oncogene homolog (c-MYC) pro-
tein allows for the recruitment of transcriptional regulators proximal to adaptive genes including discoidin domain receptor tyrosine kinase 1 (DDR1), kinase insert domain
receptor (KDR), and phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1). Enhancer formation includes the recruitment of the acetyltransferase CREB binding protein/
E1A binding protein P300 (p300), the mediator complex, and the positive elongation factor (P-TEFb) complex including bromodomain containing 4 (BRD4), cyclin-depen-
dent kinase 9 (CDK9), cyclin-dependent kinase 7 (CDK7), nuclear receptor binding SET domain protein 3 (NSD3), and jumonjii domain containing 6 (JMJD6). Upon
enhancer formation, the P-TEFb complex phosphorylates paused RNA polymerase Il at transcriptional start sites (TSSs) leading to productive transcriptional elongation

and expression of adaptive response genes.

rise across a 72-hour time frame. Many of the enhancers
formed in response to trametinib were mapped to genomic loci
proximal to genes transcriptionally responsive to trametinib
including DDRI, kinase insert domain receptor, and phosphoi-
nositide-3-kinase regulatory subunit 1 (Fig. 1). Clustered, regu-
larly interspaced short palindromic repeats -Cas9 deletion of
the DDRI enhancer confirmed the newly seeded enhancer
functioned in regulating the expression of DDRI following
MEKi. Adding the BET bromodomain inhibitor JQ1 in combi-
nation with MEKi pharmacologically inhibited the formation
of BRD4 enhancers. Illumina deep mRNA sequencing analysis
revealed that BRD4 bromodomain inhibition blocked 25% of
trametinib-induced gene transcripts, specifically genes associ-
ated with enhancer formation in response to drug. The combi-
nation treatment translated to sustained growth inhibition in
TNBC cell lines and multiple pre-clinical mouse models of
TNBC.

Inhibiting MEK-ERK signaling results in rapid degrada-
tion of v-myc avain myelocytomatosis viral oncogene
homolog (c-MYC) protein due to loss of stabilizing serine
62 phosphorylation. Previous studies have characterized c-
MYC as a master transcriptional regulator and shown that
¢-MYC turnover is critical for the recruitment of transcrip-
tional complexes to genomic loci including BRD4 and asso-
ciated positive elongation factor (P-TEFb) regulatory
complexes.* ¢-MYC knockdown experiments using an
inducible shRNA showed BRD4 recruitment in the 50 high-
est ranking trametinib-induced enhancer regions. Con-
versely, the loss of c-MYC turnover during MEK inhibition
suppressed enhancer formation across the genome and
induction of the adaptive bypass response.

Interest in using BET bromodomain inhibitors to treat cancer
has grown in recent years with 10 inhibitors currently in phase 1
and 2 clinical trials. Previous studies have suggested combining
BET inhibitors with targeted therapies in various tumor types
including luminal and HER2-positive breast cancer to increase the
durability of targeted therapies.”” Our study provides an epigenetic
mechanism by which this combination is effective. We also investi-
gated novel pharmacologic targets to block enhancer seeding in
response to MEKi. Targeting additional factors associated with the
P-TEFb complex with siRNA including cyclin-dependent kinase 9,

cyclin-dependent kinase 7, jumonjii domain containing protein 6,
and nuclear receptor binding SET domain protein 3, blocked
expression of adaptive RTKs in response to MEKi. Growth assays
using small molecule inhibitors against jumonjii methyltransferases
and the CREB binding protein (CREBBP)/E1A binding protein
P300 (EP300) acetyltransferase also synergized with trametinib.
Cumulatively our data show that P-TEFb complex inhibition, and
enhancer perturbation, provide a promising avenue for attenuating
the adaptive response to targeted inhibition of the MEK-ERK
pathway.
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