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Abstract

BRDA4 is an epigenetic regulator and transcription cofactor whose phosphorylation by CK2 and
dephosphorylation by PP2A modulates its function in chromatin targeting, factor recruitment, and
cancer progression. While the bromodomains of BET family proteins, including BRD4, BRD2,
BRD3 and BRDT, have been the primary targets of small compounds such as JQ1, I-BET and
MS417 that show promising anticancer effects against some hematopoietic cancer and solid
tumors, drug resistance upon prolonged treatment necessitates a better understanding of alternative
pathways underlying not only the resistance but also persistent BET protein dependence for
identifying new targets and effective combination therapy strategies.

Introduction

Bromodomain-containing protein 4 (BRD4) is a member of bromodomain (B) and
extraterminal (ET) family proteins (BET) that in humans also include BRD2, BRD3 and
BRDT [1]. BET proteins are evolutionarily conserved epigenetic readers featuring the
presence of two tandem bromodomains (BD1 and BD2), which bind to select acetyl-lysine
residues in nucleosomal histones [2] or nonhistone proteins like NFxB p65/RelA [3,4],
Cyclin T1 [5], Twist [6] and GATAL [7], and a structurally defined ET domain [8] that
interacts with specific chromatin regulators, including NSD3, JMJD6, CHD4, GLTSCR1,
and ATAD?5 [9,10]. The C-terminal motif (CTM) is uniquely found in the long but not short
isoform of BRD4 and BRDT, nor in BRD2 and BRD3 [1,11,12]. Both positive transcription
elongation factor b (P-TEFb) and human papillomavirus (HPV) E2 protein target primarily
the CTM of BRD4 to regulate human immunodeficiency virus (HIV) and HPV transcription
[13-17].

Besides BD1, BD2 and CTM, BET proteins also contain two clusters of casein kinase 11
(CK2) phosphorylation sites and a basic residue-enriched interaction domain (BID) [18]. In
human BRD4, the N-terminal phosphorylation sites (NPS, amino acids 484-506) situated at
the 3" side of BD2 contain seven CK2 phosphorylation sequences (S/TxxD/E), and the C-
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terminal phosphorylation sites (CPS, amino acids 699—-720) located downstream of the ET
domain have six putative CK2 sites [Figure 1]. Phosphorylation of NPS by CK2 is crucial
for BRD4 binding to acetylated chromatin and facilitating sequence-specific transcription
factors, such as p53 tumor suppressor protein [18], high-risk HPV-encoded E2 protein, the
FosB member of AP-1, and the p50 and p65 subunits of NFxB [19], in regulating specific
sets of gene transcription. The extent of BRD4 phosphorylation has been shown to be
important for learning and memory [20] and for triple-negative breast cancer progression
[21].

Phospho-switch mechanism

In addition to the putative CK2 phosphorylation sites in NPS and CPS [Figure 1], global
phosphopeptide mapping in HeLa cells has identified phosphorylation of BRDA4 at serine
470 (S470), BRD3 at S263 and S563, and BRD2 at S298 and S301 [22]. S470 in human
BRDA4 is situated between BD2 and NPS in a regulatory region defined as the
phosphorylation-dependent interaction domain (PDID) spanning amino acids 287-530 [18].
The PDID has kinase-undefined S470, a putative CK2 phosphorylation site in BD2 at S405
(consensus: SKLE) and seven CK2 sites in NPS, and is highly phosphorylated by multiple
kinases including CK2, PKA, and IKKe [18]. Hyper-phosphorylation of BRD4 NPS by
decreased protein phosphatase 2A (PP2A) activity correlates with bromodomain-
independent BRD4 association with the MED1 component of the human Mediator
coactivator complex and drug resistance in triple-negative breast cancer [21]. When
dephosphorylated, BD2 is masked by NPS that also functionally impairs the chromatin-
binding activity of BD1 via allosteric regulation of NPS-modulated BD2-BD1 interaction
[18], thereby preventing BRD4 from binding to acetylated nucleosomes and presumably
acetylated transcription factors as well [Figure 2]. CK2-mediated phosphorylation of NPS
switches its intramolecular contact from upstream BD2 to downstream BID and,
concurrently, generates a new contact surface for recruitment of sequence-specific
transcription factors [18,19], leading to two active configurations of BRD4 (i.e., unmasking
of bromodomains and factor recruitment) allowing for site-specific regulation of target gene
transcription [Figure 2]. Conceivably, modulation of the switch between dephosphorylated
and phosphorylated states of BRD4 is an effective way to control the function of BRD4 in
gene targeting and disease progression, recruitment of NFxB to its chromatin target site, and
HPV origin replication [19].

Pharmacological inhibitors of BRD4 and BET proteins

The identification of acetyl-lysine-mimicking compounds, such as JQ1 [23], I-BET [24] and
MS417 [4], with high affinity (in nM range) and specificity towards BET bromodomains
[Figure 3] that show promising effects as anticancer and anti-inflammatory agents has raised
significant interest and enthusiasm for developing pharmacological inhibitors against BET
family proteins. A number of BET bromodomain inhibitors with distinct chemical scaffolds
and selectivity for individual or both bromodomains [12,25], of which some are in clinical
trials, have been recently reviewed [26]. These inhibitors generally work by blocking BET
proteins, particularly BRD4 that exhibits highest affinity, from binding acetylated chromatin
in “super-enhancers”, consisting of clusters of enhancer elements [27]. Super-enhancers,
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unlike classical enhancers, are frequently activated in cancer-associated oncogenes [27] or
cell fate-determining genes [28] that are driven by an ensemble of transcription factors
working in a combinatorial and cell type-specific manner [29,30]. Since the action of DNA-
binding transcription factors and chromatin regulators is typically enhanced by BRD4
[1,31], this mutual dependency among components in a BRD4-mediated enhanceosome
complex assembled on a super-enhancer is far more sensitive to disruption by BET
bromodomain inhibitors compared to that formed on a regular enhancer [27]. This
differential sensitivity to compound disruption between super-enhancers and enhancers
partly explains why treatment of cancer cells with low concentrations of JQ1 or I-BET could
reverse cancer phenotypes without globally impairing normal gene activity. Although MYC
is often the oncogenic driver in many cancer cells, overexpression of other transcription
factors, such as the FOSL1/FRA-1 component of AP-1 [32,33], could also lead to cancer
phenotypes via MY C-independent pathways. Accordingly, identifying the transcription
factors and pathways specifically regulated by BRD4 and/or other BET family proteins is
critical for developing appropriate regimens for effective cancer therapy.

Other than these well-known BET bromodomain inhibitors, a different class of small
compounds targeting the phospho region of BRD4 has been described [34]. Two hits, DC-1
(Nlys-Nlys-Nmea-NIlys-Ntyr-Nleu) and DC-2 (Nlys-Nlys-Nffa-Nlys-Nleu-Napp), were
isolated from a combinatorial library of ~38,500 peptoids (i.e., N-substituted oligoglycines)
and showed specific binding to phosphorylated PDID/NPS of human BRD4 [Figure 3].
Peptoids are protein-binding ligands similar to peptides but are protease/peptidase-resistant
and more cell-permeable compared to peptides alone [35]. The affinity of peptoids to the
protein target, however, is usually low (in uM range), which may somewhat limit their
applications. Nevertheless, the isolation of DC-1 and DC-2 indicates that targeting a
phosphorylated protein is conceptually and technically feasible. Given the importance of
phospho-NPS in contacting BID and recruiting transcriptional regulators such as p53 and
high-risk HPV E2, targeting this regulatory region [Figure 1] offers a unique strategy to
inhibit the gene-specific function of BRD4 and factor-regulated transcriptional programs and
pathways without non-selectively shutting down the universal chromatin-binding activity of
BRD4 as seen with the BET bromodomain inhibitors.

Therapeutic window for drug targeting on phospho-BRD4

Effective blocking of a specific transcription pathway requires a careful titration of
compound concentrations that elicit minimal off-target effects. Since phosphorylation of
NPS is necessary for intra-molecular contact with BID and also for inter-molecular
interaction of BRD4 with certain transcription factors, it is conceivable to find a therapeutic
window in which low concentrations of DC-1 and DC-2 block phospho-NPS interaction
with transcription factors without perturbing phosphorylation-mediated NPS-BID contact
[Figure 4]. Within this therapeutic window, phospho-NPS-targeting compounds would only
inhibit specific pathways regulated by the transcription factor. Since the BID-anchored NPS
is not free to mask the bromodomain, binding of BRD4 to acetylated chromatin remains
unperturbed. Hence, the untargeted BRD4 function in mediating other chromatin dynamics
and transcriptional programs would not be affected. At high concentrations of DC-1 and
DC-2, the intra-molecular contact between phospho-NPS and BID would also be disrupted,
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leading to NPS masking of BD2 that is incapable of binding to acetylated chromatin thus
mimicking the action of BET bromodomain inhibitors [Figure 4]. Conceivably, properly
titrated DC-1 and DC-2 are able to inhibit the action of specific transcription factors without
stripping BRD4 off its chromatin target sites. Indeed, DC-1 proves to be effective in
inhibiting high-risk HPV E2-enhanced MMP-9 gene transcription upon keratinocyte
differentiation by preventing NFxB from binding to its cognate site in the MMP-9 promoter-
proximal region without affecting non-phospho-BRD4-mediated recruitment of other
transcription factors [19], highlighting a more selective inhibition of BRD4-regulated
transcription programs via targeting phospho-NPS contacting surfaces with specific
transcription factors. In the case of p53, phospho-NPS-mediated p53 recruitment might
provide cytoprotection to normal cells/tissues surrounding radiotherapy-targeted tumor sites
by transiently inducing cell cycle arrest. It is also likely that phospho-BRD4 could potentiate
p53 mutant gain-of-function in certain cancer cells, which remains an interesting hypothesis
to be experimentally tested. This new class of compounds targeting phospho-BET proteins
will be of great value for future development of therapeutic agents.

Transcription plasticity and drug resistance

An important issue in cancer therapy is the development of drug resistance and cancer
relapse in patients undergoing prolonged treatment. While genetic heterogeneity and gene
mutation may partly or frequently contribute to the outcomes of drug treatment and disease
progression, an emerging view and understanding of the plasticity (or flexibility) in
transcription programming point to remarkable cellular adaptations to highly fluctuated
environments. Inhibition of a primary oncogenic driver, e.g., MYC, by BET inhibitors
(BETI) in a specific cell type or cancer is often rescued by activation of alternative
transcriptional programs or signaling pathways. This compensatory mechanism has recently
been described in acute myeloid leukemia where suppression of MYC oncogene expression
by JQ1 or I-BET can be overcome by triggering the activation of alternative enhancers (or a
super-enhancer) driving the same MYC gene expression or by the Wnt/p-catenin pathway,
along with additional mechanisms such as inhibition of polycomb repressor complex 2 or
stimulation of the TGF-p pathway [36,37]. In breast cancer, depending on genetic and
phenotypic subtypes, BETi resistance could be attributed to factors (e.g., PP2A) modulating
BRD4 phosphorylation [21] or PIK3CA mutation [38]. In four subgroups of pediatric
medulloblastoma brain tumors, distinct classes of enhancers and super-enhancers that recruit
different sets of transcription factors have been identified via genomic profiling of 28
primary medulloblastoma specimens [30].

Clearly, oncogenic drivers are potentially variable among diverse cancer types/subtypes and
are often the familiar factors controlling our normal physiology, as seen with BRD4-
potentiated estrogen receptor (ER) function in ER-positive breast cancer [39] and androgen
receptor/BRD4-linked prostate cancer [40]. An important note to mention is that even
though BET inhibitors may not work effectively upon prolonged treatment, BRD4 is
persistently required for oncogenic phenotypes in many BETi-resistent cells, which may also
be caused by switching BRD4 chromatin association from bromodomain-dependent acetyl-
lysine recognition to bromodomain-independent factor recruitment, e.g., via interaction with
Mediator [21] or sequence-specific DNA-binding factors [29]. Indeed, BRD4 association
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with transcription factors, Mediator, and P-TEFb represent three major steps of
transcriptional regulation targeting, respectively, template/gene commitment, initiation, and
elongation steps [31], which are crucial for RNA polymerase I1-driven transcription [41].

Concluding remarks

The identification of BRD4 as the primary target for BET inhibitors in cancer therapy and
the discovery of CK2/PP2A-regulated BRD4 phosphorylation as the critical entity linked to
gene regulation, drug resistance, and cancer progression highlight the importance of
developing new BET inhibitors targeting the phospho region and other domains of BRD4
mediating protein-protein interaction. Since phosphorylation at NPS regulates adjacent
bromodomain binding to acetylated chromatin, it is possible that phosphorylation at CPS
likewise controls ET domain-mediated interaction with NSD3 or other ET-associated
factors, which will need further investigation. In addition, understanding alternative and
compensatory transcriptional programs and signaling pathways activated or suppressed in
BETi-resistant cells and patient populations should be of high priority in designing effective
combination therapy for cancer treatment.
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Figure 1.
BRD4 domain features and select interacting factors. Conserved domains shown include

bromodomain I (BD1), bromodomain Il (BD2), N-terminal cluster of CK2 phosphorylation
sites (NPS), basic residue-enriched interaction domain (BID), extraterminal (ET) domain, C-
terminal cluster of CK2 phosphorylation sites (CPS), and C-terminal motif (CTM). P
indicates phosphorylation, whereas + and — depict positive and negative charge distributions
surrounding NPS and BID, respectively. Arrows show factors interacting with individual
domains that can be selectively blocked by BET inhibitors (BETi) or DC-1 and DC-2
peptoids. The amino acid sequences of NPS, CPS, and the CK2 consensus phosphorylation
site are also listed with potential CK2-phosphorylated serine residues indicated in red.
Numbers correspond to the residue positions in the full-length BRD4 protein. hrHPV is an
abbreviation for high-risk human papillomavirus.
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Figure 2.
Phosphorylation-induced contact switch in BRD4 regulated by CK2 and PP2A. PDID

represents a phosphorylation-dependent interaction domain that encompasses BD2 and NPS
as bracketed in dashed lines. Nuc and TF are abbreviations for nucleosome and transcription
factors, respectively, and asterisks indicate the acetyl-lysine (Ac) in nucleosome or
transcription factors. Dashed lines connecting BD2 and NPS in the dephosphorylation state
as well as circled P between NPS and BID in the phosphorylation state show intra-molecular
contacts within BRD4 dictated by the extent of phosphorylation.

Drug Discov Today Technol. Author manuscript; available in PMC 2017 July 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chiang Page 11

287 PDID 530
1 58 169 349 461 NPS 524 579‘ 600 678 1325 1362
BRD4 | [ BDI [ BD2 I- BID ET_ICPS
699-720 CT™™
% / 484 506 \
Bromodomain inhibitor Phospho-BRD4 inhibitors
[ I | [ |
MS417 I-BET151 JQ1(+) DC-1 DC-2
NH2 NH2 Ob
S o e E I ”
/’ - NN Y o o o /
AN QL PN ~ /|LN>—\4(,N/£ HZN\H/\NJ\/N\I(\NJJ\’NTI/\NJ\’NH HZNI)(\NJJ\/N\'C]/\NJ\JN\Q)/\N)J\/NH
s /N‘Mo e N sm /o H\ KE/)
/Q\N)N o “ NH2 T NH2
tetramer peptoid I tetramer peptoid I

Figure 3.
Chemical structures of BD1/BD2-targeting bromodomain inhibitors (JQ1, I-BET151, and

MS417) and phospho-NPS/BRDA4-targeting inhibitors (DC-1 and DC-2). Numbers indicate
the boundaries of individual domains in BRDA4.
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Figure 4.

Concentration-dependent DC-1 and DC-2 inhibition of BRD4-mediated transcription factor
recruitment (at low concentrations) and chromatin binding (at high concentrations). The
concentration of DC-1 and DC-2 is indicated by green triangle.
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