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SPOP-mediated degradation of BRD4 dictates cellular sensitivity to BET inhibitors
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ABSTRACT

Bromodomain and extra-terminal (BET) proteins are frequently overexpressed in various human cancers,
therefore have been clinically pursed as attractive therapeutic anti-cancer targets. However, relatively little
is known about the mechanism(s) underlying aberrant BET overexpression in human cancers. Recently, we
reported that prostate cancer-derived SPOP mutants fail to interact with and promote BRD4 degradation,
leading to accumulation of BRD4 in prostate cancer cells. As a result, prostate cancer cells harboring SPOP
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mutations are more resistant to BET inhibitors. Therefore, our results help to elucidate the tumor
suppressor role of SPOP in the prostate cancer setting by negatively controlling BET proteins stability.
More importantly, our results also provide a molecular basis for using combination with BET inhibitors and
other inhibitors to treat prostate cancer patients with SPOP mutations.

Acetylation of Lysine is one of key regulatory post-translational
modification (PTM) of proteins, which is critical for regulation
of transcription and cell signaling in a plethora of cellular
processes." For example, acetylation of histones in chromatin is
important for euchromatin establishment, resulting in transcrip-
tion activations and subsequent gene expressions. Mechanisti-
cally, histone acetyltransferases (HATSs) can add acetyl groups to
histone Lys residues as writers, while histone deacetylases
(HDAC:S) and Sirtuins (SIRTs) can remove acetyl groups as eras-
ers.” On the other hand, Bromodomain (BRD) proteins bind to
acetylated lysine (Kac) and function as readers of lysine acetyla-
tion state to direct the downstream biological outputs.” As such,
the bromodomain and extra-terminal domain-containing (BET)
proteins, which belongs to BRD protein family, have been
characterized to play a pivotal role in regulation of cell cycle,
apoptosis, cell motility, and metastasis in a broad range of
human cancers.*

BET proteins share common structural features with two
conserved acetyl-histone reading bromodomains (BD1 and
BD2) in the N-terminus and an extra-terminal domain (ET
domain) in the C-terminus.® It is known that BET proteins
include four mammalian members, namely the ubiquitously
expressed BRD containing 2 (BRD2), BRD3, BRD4, and the
germ-cell specific BRDT.”” The bromodomains as an epige-
netic reader interact with not only lysine-acetylated histones,
but also other non-histone proteins, whereas the ET domain
largely mediates the interactions with various transcription
regulators.*® Therefore, BET proteins largely function as
transcriptional co-activators to recruit transcription modula-
tors to specific acetylated chromatin site(s), such as the super-
enhancer region enriched with H3K18ac and H3K27ac
markers.'®"" Biologically, BET proteins exhibit the oncogenic

function in part via upregulation of c-Myc or enhancing tran-
scriptional activities of androgen receptor (AR) and ERG in
cancer.'>'?> BRD4, the most studied protein of the BET family,
is associated with the P-TEFb (Positive transcription elongation
factor) and involved in regulation of transcription by the RNA
polymerase IL.'*"

Deregulation of BET proteins is frequently observed and
clinically associated with various types of human cancers,
including NUT midline carcinoma, breast cancer and prostate
cancer.>'®"” Higher expression of BRD2 and BRD4 was also
observed in human primary and metastatic melanoma. More-
over, inhibition of BRD2 and BRD4 led to downregulation of
cytokines such as IL-6 and IL-8.'® BRD2 and BRD4 mRNA
levels were significantly overexpressed in glioblastoma,'®
whereas inhibition of BRD4 in glioblastoma cells reduced cell
cycle progression and cell proliferation.'” These reports indi-
cate that targeting BET proteins could be a potential thera-
peutic approach for treating human cancers with relatively
high level of BET proteins. To this end, although BRD4 func-
tions have been identified, the mechanism of how BRD4 was
physiologically regulated is largely unclear. One study showed
that BRD4 could be phosphorylated by casein kinase II (CK2)
in its N-terminal phosphorylation sites, leading to its binding
to acetylated chromatin and several transcription factors
including p53, p50 and p65.2° This BRD4 phosphorylation
event appears to be critical for tumor progression in triple-
negative breast cancer, a process that could be antagon-
ized via dephosphorylation by the protein phosphatase 2A
(PP2A).*' Without a doubt, understanding modulation
mechanism of the switch between dephosphorylation and
phosphorylation of BRD4 is important to assess how BRD4
exerts their functions in cells to influence tumorigenesis.
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In keeping with BETs as attractive therapeutic targets, two
bromodomain inhibitors, JQ1 (a thieno-triazolo-diazepine)
and iBET (a benzodiazepine), which compete with acetylated
histones for binding to the bromodomain of BET proteins have
been recently shown to antagonize tumor growth in part
through selective repression of MYC and its downstream tran-
scriptional targets in various types of cancers.'>*>* It is noted
that both JQ1 and iBET are pan-BET bromodomain inhibitors.
Notably, JQ1 possesses cell growth inhibition and induces apo-
ptosis in leukemia, medulloblastoma cells, and AR-positive
prostate cancer cells.'>**** Similarly, JQ1 suppressed the estro-
gen receptor-o signaling pathway, leading to growth inhibition
of tamoxifen resistant breast cancer cells.”' To this end, a recent
study showed that JQI induced growth inhibition and resulted
in G1 arrest and apoptosis in TNBC (triple-negative breast can-
cer) cells in both in vitro cell culture and in vivo murine TNBC
xenograft models.**

However, there are emerging evidences of observed resis-
tance to BET inhibitors that are partially attributed to hyper-
phosphorylation status of BRD4 that affects its association with
MEDI1 to dictates the downstream transcription events in
TNBC setting.24 Furthermore, JQ1 has been reported to
downregulate anti-apoptotic genes and JAK/STAT signaling
pathways. JQ1 efficiently displaced BRD4 from MED1 in sensi-
tive cells, but not in resistant cells, suggesting that increased
recruitment of BRD4 to chromatin by MED1 underlies cellular
resistance to JQ1.>* In another elegant study, Polycomb repres-
sive complex 2 (PRC2) loss was found to amplify Ras-driven
transcription and confer cellular sensitivity to BRD4 inhibitor-
based combination therapies in high-grade gliomas and mela-
nomas.”> On the other hand, in other cellular context such as
acute myeloid leukaemia (AML), suppression of the PRC2
complex was found to promote JQI resistance.”® In this
circumstance, PRC2 suppression failed to directly regulate
Brd4-dependent transcript, but remodel regulatory pathways
and restore Myc transcription that recruits WNT machinery to
confer resistance to BET inhibition.* In keeping with this find-
ing, another independent study demonstrated that resistance to
BET inhibitors such as JQ1 in human leukaemia cells is partly
due to increased Wnt/beta-catenin signaling.”” Consistently,
inhibition of this pathway leads to restoration of sensitivity to
JQ1 in vitro and in vivo.”” Interestingly, in castration-resistant
prostate cancer (CRPC), BET inhibitors exert anti-tumor func-
tion largely through attenuating the BRD4/AR/ERG signaling
pathway. Although BET inhibitors have been shown promising
outcomes in early clinical trials, recent studies indicate that cells
may develop resistance to BET inhibitors during the treatment
course.

However, detailed molecular mechanisms underlying the
acquired BET inhibitor resistance are largely unknown. To this
end, previous studies demonstrated that in most cases, accumu-
lation of the target protein mediates the observed resistance to
targeted therapies. Therefore, it will benefit clinic application of
BET inhibitors for us to determine how BET protein stability is
governed and whether deregulation of BET protein leads to
resistance to BET inhibitors currently in clinical trials. To this
end, our group and others have recently demonstrated that
BRD4 is a target of Speckle-type POZ protein (SPOP) and
deregulation of BRD4 contributes to resistance to BET
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inhibitors.”>*” SPOP is an E3 ubiquitin ligase adaptor protein,
including an N-terminal MATH domain and a C-terminal
BTB domain, which is often mutated in prostate and endome-
trial cancers. The MATH domain is involved in substrate rec-
ognition and interaction, while the BTB domain is essential for
binding Cullin 3. SPOP regulates cellular function via target-
ing its substrates including death-associated protein 6, Marco
H2A, AR, steroid receptor coactivator-3 (SRC-3), DEK, ERG,
and SENP7.”'*® SPOP mutations were identified in about 10-
15% prostate tumor samples and were early events in prostate
tumorigenesis. Multiple studies indicate that SPOP plays a
tumor suppressive role in several cancers including prostate
cancer, endometrial cancer and breast cancer.’”*® In contrast,
SPOP was identified to play a tumor promoting role in kidney
cancer. Higher expression of SPOP was occurred in 99% of
clear cell renal cell carcinoma and it controlled the ubiquitina-
tion and degradation of PTEN, ERK phosphatases, Daxx, and
Gli2.>* In addition, one study demonstrated that SPOP
mediated ubiquitination and destabilization of breast cancer
metastasis suppressor 1 (BRMS1) in breast cancer, leading to
de-repressing metastasis-associated genes.*' Therefore, SPOP
likely elicits its biological functions in a tissue or cellular con-
text-dependent manner.

The study from our group and others identified that
prostate cancer-derived SPOP mutants fail to interact with
and promote BRD4 degradation, leading to accumulation of
BRD4 and subsequent resistance to BET bromodomain
inhibitors in prostate cancer cells.”**® Firstly, we found that
the Cul3-SPOP E3 ubiquitin ligase negatively regulates the
stability of BET protein. Depletion of endogenous Cul-3
increased BRD4 protein level, whereas ectopic expression of
Cul-3 decreased the abundance of BRD4. Consistently,
SPOP knockdown led to an increase in BRD4 expression,
while overexpression of SPOP promoted BRD4 degradation.
Secondly,  Prostate  cancer-associated =~ SPOP-mutants
enhanced prostate tumorigenesis through elevated BET pro-
teins. Depletion of the MATH or BTB domains failed to
degrade BRD4. Prostate cancer-associated SPOP mutations
also affected BRD4 stability. Functionally, cells with these
mutants exhibited enhanced growth and colony-formation
ability. Clinically, SPOP mutations were closely associated
with high expression of BRD4 in prostate cancer tumor tis-
sues. Thirdly, wild-type SPOP promotes ubiquitination and
destruction of BET proteins in a degron-dependent manner.
Depletion of the identified degron disrupted the interaction
between BRD4 and SPOP in cells and subsequent abolished
SPOP-mediated degradation of BRD4, leading to promotion
of cell growth and migration. Fourthly, BRD4 protein abun-
dance triggers BET inhibitors resistance in SPOP-mutant
prostate cancer cells.

In summary, SPOP mutations prevent SPOP-mediated
BRD4 degradation in part due to disruption of the SPOP/BRD4
interaction, resulting in an elevated level of BRD4 and coopera-
tion with other oncogenic proteins, most of which are transcrip-
tion factors, such as AR and ERG to promote prostate cancer
progression. This study therefore reveals a potential molecular
basis into BET inhibitor resistance in prostate cancer cells
largely through stabilizing BRD4 oncoprotein by escaping
SPOP-mediated BRD4 degradation pathway. Given the critical
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inhibitors in combination with other targeted inhibitors such
as Akt inhibitor may also offer clinic benefits by overcoming
resistance to BET inhibitors.”” However, further in-depth
studies are required to assess their in vivo pre-clinical or clini-
cal outputs.
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oncogenic role of BRD4 and high frequency of SPOP mutation
in prostate cancer, this study provides the molecular mechanism
for further clinical investigation of a novel strategy to combat
prostate cancer based on SPOP genetic status, which guides the
future usage of BET inhibitors to treat SPOP-deficient cancer
patients.

A study conducted by Zhang et al. has also shown that wild-
type SPOP, but not mutant SPOP, binds to and induces ubiqui-
tination and degradation of BET proteins.”” SPOP mutants
lead to elevated BET expression and subsequent resistance to
BET inhibitors. Moreover, this group found that GTPase RAC1
and cholesterol synthesis pathways are essential for SPOP-
mutation-induced Akt-mTORCI activation and BET inhibitor
resistance.”” This finding suggests that Akt inhibitors combina-
tion with BET inhibitors could offer benefit for patients with
SPOP-mutant prostate cancer. Interestingly, another indepen-
dent study published in the same issue of Nature Medicine
revealed that in endometrial cancer setting, the degradation of
BRD2, BRD3 and BRD4 proteins was promoted by endometrial
cancer-associated SPOP mutants, leading to sensitization to
BET inhibitors.*” This concept is different from the conclusion
of SPOP mutant-mediated BET degradation in prostate cancer
cells, suggesting that SPOP mutants could have oppose drug
susceptibilities in various types of human cancers (Fig. 1).

It is important to mention that there is no specific inhibitor
for various BET family members. It could have various adverse
effects due to that these BET inhibitors are not specific for each
of the BET protein. Another challenge is to develop BET inhibi-
tors that specifically target the cancer cells, but not normal cell
types with basal expression of BET proteins. It is also important
to identify biomarkers that could predict hypersensitivity to
BET inhibitors. We believe that it is required to develop novel
BET inhibitors with less toxicity and more sensitivity. JQ1-
resistant cells retain sensitivity to other compounds such as
CXCR2 and JAK2 inhibitors.”* Moreover, a significant synergy
between JQ1 and CK2 inhibitor CX-4945, or BCL-xL inhibitor
(ABT737) or the PP2A activator perphenazine (PPZ) has been
observed, that offers potential therapeutic combination options
to combat emerging JQI resistance.”* Along the same line, BET
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