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SUMMARY

The bromodomain and extra-terminal domain (BET) protein BRD4 is emerging as a promising 

anticancer therapeutic target. However, resistance to BET inhibitors often occurs and it has been 

linked to aberrant degradation of BRD4 protein in cancer. Here, we demonstrate that the 

deubiquitinase DUB3 binds to BRD4 and promotes its deubiquitination and stabilization. 

Expression of DUB3 is transcriptionally repressed by the NCOR2-HDAC10 complex. The 

NCOR2 gene is frequently deleted in castration-resistant prostate cancer patient specimens, and 

loss of NCOR2 induces elevation of DUB3 and BRD4 proteins in cancer cells. DUB3-proficient 

prostate cancer cells are resistant to BET inhibitor JQ1 in vitro and in mice, but this effect is 

diminished by the DUB3 inhibitory agents such as CDK4/6 inhibitor in a RB-independent manner. 

Our findings identify a previously unrecognized mechanism causing BRD4 upregulation and drug 
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resistance, suggesting DUB3 is a viable therapeutic target to overcome BET inhibitor resistance in 

cancer.

eTOC Blurb

Increased expression of BRD4 protein has been linked to BET inhibitor resistance. Jin et al. 

identify DUB3 as a deubiquitinase of BRD4 and demonstrate that aberrant expression of DUB3 

confers BET inhibitor resistance in cancer cells by promoting BRD4 protein deubiquitination and 

stabilization, which can be overcome by CDK4/6 inhibitor.

INTRODUCTION

BRD4 is a member of the bromodomain and extra terminal domain (BET) protein family. It 

plays a key role in gene transactivation by functioning as an epigenetic “reader” that 

facilitates recruitment of the positive transcription elongation factor P-TEFb through 

interaction with acetylated histones (Jang et al., 2005; Shi and Vakoc, 2014). Increasing 

evidence shows that BRD4 is involved in many biological processes, including cell cycle 

transition, cell proliferation, DNA damage response, autophagy, and memory formation 

(Floyd et al., 2013; Korb et al., 2015; Sakamaki et al., 2017; Wang and Filippakopoulos, 

2015).

In addition to interacting with acetylated histones, BRD4 has also been shown to promote 

cancer progression by physically and/or functionally interacting with transcription factors in 

a cancer type-specific manner, such as MYC in multiple myeloma, androgen receptor (AR) 

in castration-resistant prostate cancer (CRPC), TWIST in breast cancer, and ERG in acute 

myeloid leukemia and prostate cancer (Asangani et al., 2014; Blee et al., 2016; Delmore et 

al., 2011; Roe et al., 2015; Shi et al., 2014). These findings highlight that BRD4 is a 

promising therapeutic target of cancer (Asangani et al., 2014; Delmore et al., 2011). Indeed, 

several small-molecule inhibitors specifically targeting the bromodomains of BET proteins, 

such as JQ1 and I-BET762, have been developed, and many of them are currently in clinical 
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trials for treatment of various human cancers (Filippakopoulos et al., 2010; Nicodeme et al., 

2010). However, drug resistance often emerges and a number of underlying mechanisms 

have been identified in different cancer types (Fong et al., 2015; Rathert et al., 2015; Shu et 

al., 2016).

It has been shown recently that BRD4 is an ubiquitination and proteasome degradation target 

of the E3 ubiquitin ligase SPOP (Dai et al., 2017; Janouskova et al., 2017; Zhang et al., 

2017). Further studies show that prostate cancer-associated SPOP mutations result in 

impaired degradation and upregulation of BRD4 protein, thereby conferring intrinsic 

resistance to bromodomain inhibitors (Dai et al., 2017; Janouskova et al., 2017; Zhang et al., 

2017). Notably, endometrial cancer-associated SPOP mutations promote accelerated 

degradation and reduction of BRD4 proteins, thereby sensitizing cancer cells to BET 

inhibitors (Janouskova et al., 2017). These findings stress that aberrant elevation of BRD4 

protein is a key determinant in development of BET inhibitor resistance.

By antagonizing E3 ubiquitin ligase-mediated protein polyubiquitination and proteasome 

degradation, deubiquitinases (DUBs) promote protein stabilization by removing the 

ubiquitin modifications from target proteins. DUB3 is a member of DUBs which is known to 

promote cell transformation and metastasis in multiple cancer types by specifically 

interacting with and stabilizing a few oncogenic proteins such as CDC5A and SNAIL (Liu et 

al., 2017; Pereg et al., 2010; Wu et al., 2017). Importantly, it has been shown recently in 

breast cancer cells that DUB3 can be phosphorylated by CYCLIN-dependent kinases 4 and 

6 (CDK4/6) and this phosphorylation is essential for the deubiquitinase activity of DUB3 

(Liu et al., 2017), highlighting that DUB3 is a druggable target for cancer therapy.

In this present study, we showed that expression of DUB3 is transcriptionally repressed by 

the NCOR2/HDAC10 transcription repression complex. Deletion of the NCOR2 gene was 

detected in a subset of CRPC patients and loss of NCOR2 resulted in overexpression of 

DUB3 in prostate cancer cells. We identified BRD4 as bona fide substrate of DUB3 and 

showed that dysregulated DUB3 contributed to resistance to BET inhibitors by stabilizing 

BRD4 protein. Most importantly, we further demonstrated that DUB3 overexpression 

conferred resistance to BET inhibitor and this can be overcome by inhibition of DUB3 with 

the CDK4/6 inhibitor PD0332991 (palbociclib).

RESULTS

NCOR2 and HDAC10 transcriptionally repress expression of DUB3

It has been shown previously that treatment of pan class I/II HDAC inhibitors induces 

mRNA expression of USP17L2 (also known as DUB3 or USP17) in breast cancer cells 

(Borbely et al., 2015). Similarly, we found that treatment with the pan histone deacetylase 

inhibitor trichostatin A (TSA) increased DUB3 protein and mRNA expression in C4-2 

prostate cancer cells (Figures 1A and 1B). To determine which member(s) in the class I/II 

HDAC subfamilies mediates the transcriptional repression of DUB3 expression, we 

performed an unbiased screen by knocking down all eleven class I/II HDACs individually by 

using small hairpin RNAs (shRNAs). We demonstrated that only knockdown of HDAC10 

specifically resulted in a substantial increase in DUB3 mRNA expression in C4-2 cells 
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(Figure 1C). HDAC10 knockdown also markedly increased DUB3 protein in C4-2 cells, and 

similar results were obtained in another prostate cancer cell line PC-3 (Figures 1D and 1E).

HDAC10 is a class II deacetylase that promotes gene transcription repression by forming a 

protein complex with nuclear receptor co-repressor (NCOR) proteins (Fischer et al., 2002). 

A study analyzing the co-expression of HDAC and NCOR genes in human gliomas shows 

that NCOR2 expression is clustered with HDAC10 and HDAC4 whereas NCOR1 is 

clustered with HDAC8 (Dali-Youcef et al., 2015). We therefore examined whether NCOR2 

plays any role in regulating DUB3 expression. Reciprocal co-immunoprecipitation (co-IP) 

showed that endogenous HDAC10 and NCOR2 proteins interact with each other in C4-2 

cells (Figures 1F and 1G). Similar to the effect of HDAC10 depletion (Figures 1D and 1E), 

knockdown of NCOR2 by two independent shRNAs increased DUB3 expression at both 

mRNA and protein level in C4-2 and PC-3 cells (Figures 1H and 1I). Chromatin 

Immunoprecipitation (ChIP) analyses demonstrated that both NCOR2 and HDAC10 

occupied in the DUB3 gene promoter in both C4-2 and PC-3 cells (Figures 1J and 1K), and 

their co-occupation in the DUB3 gene promotor was further confirmed by ChIP-reChIP 

analyses (Figure 1L). Co-knockdown of NCOR2 and HDAC10 failed to further increase 

DUB3 expression at both protein and mRNA level in comparison to each knockdown alone 

(Figures 1M and 1N). These data suggest that NCOR2 and HDAC10 work in concert in the 

same complex to repress expression of DUB3 in prostate cancer cells (Figure 1O).

BRD4 represses DUB3 expression via transcriptional activation of NCOR2

It has been reported previously that treatment with the BRD4 inhibitor JQ1 induces rapid 

upregulation of DUB3 at the mRNA level (Borbely et al., 2015). We sought to determine 

how DUB3 expression is regulated by BRD4. We analyzed existing BRD4 ChIP-seq data in 

our laboratory (Zhang et al., 2017) and noticed that there is no obvious detectable BRD4 

binding peak in the promoter of DUB3 gene even in BRD4 overexpressing cells (Figure 

S1A). These data suggest that BRD4 inhibition-induced downregulation of DUB3 mRNA 

may be mediated through an indirect mechanism. Since we have identified NCOR2 and 

HDAC10 as upstream repressors of DUB mRNA expression (Figure 1), we asked whether 

BRD4 modulates DUB3 expression via regulating NCOR2 and/or HDAC10. Re-

examination of BRD4 ChIP-seq data revealed a sharp BRD4 binding peak in the promoter of 

NCOR2 but not HDAC10 gene in BRD4 overexpressing C4-2 cells (Figures 2A and S1B). 

This result was further confirmed by ChIP-qPCR in both C4-2 and PC-3 cells (Figures 2B 

and 2C). Using a gain-of-function approach, we demonstrated that overexpression of BRD4 

elevated NCOR2 expression but repressed DUB3 at both mRNA and protein levels in C4-2 

cells (Figures 2D and 2E). In contrast, knockdown of BRD4 by two independent shRNAs 

decreased NCOR2 but increased DUB3 mRNA and protein expression in both C4-2 and 

PC-3 cells (Figures 2F and 2G). Most importantly, we demonstrated that both BRD4 

knockdown and overexpression-induced upregulation and downregulation of DUB3, 

respectively were completely abolished by NCOR2 co-knockdown in C4-2 cells (Figures 2H 

and 2I). In a dose- and time-dependent manner the BRD4 inhibitor JQ1 decreased NCOR2 

protein and mRNA expression in C4-2 cells and the effect of JQ1 on DUB3 protein and 

mRNA expression was opposite (Figures 2J–2M). It is worth noting that JQ1 treatment only 

increased BRD4 protein level, but not mRNA level (Figures 2J–2M), which is consistent 
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with previous reports in various cell types (Asangani et al., 2014; Lu et al., 2015; Zhang et 

al., 2017). Taken together, these data indicate that BRD4 induces downregulation of DUB3 

through upregulation of NCOR2, which acts as a repressor of DUB3 transcription (Figure 

2N).

DUB3 promotes deubiquitination of BRD4 protein

Upon examining the effect of JQ1 on DUB3 expression, we found that JQ1 induced 

upregulation of DUB3 at both mRNA and protein levels, but only upregulated BRD4 protein 

level without affecting its mRNA expression (Figure 2J–2M). Based upon these data, we 

hypothesized that DUB3 functions as a DUB that stabilizes BRD4 protein via 

deubiquitinating BRD4. To test this hypothesis, we co-expressed DUB3 with BRD4 in 293T 

cells and found that DUB3 increased BRD4 protein expression in a dose-dependent manner 

(Figure 3A). In contrast, knockdown of DUB3 by two independent shRNAs decreased the 

level of endogenous BRD4 proteins, but had no overt effect on BRD4 mRNA expression in 

both PC-3 and DU145 cells (Figures 3B and S2A). Similar results were observed in broader 

cancer cell lines, including two more prostate cancer cell lines, two pancreatic cancer cell 

lines, and three breast cancer cell lines (Figures S2B–S2D). We further demonstrated that 

downregulation of BRD4 proteins caused by DUB3 knockdown was reversed by treatment 

of cells with the proteasome inhibitor MG132 (Figure 3C). Overexpression of HA-DUB3 

WT, but not the deubiquitinase activity-deficient mutant C89S (Wu et al., 2017) increased 

the level of ectopically expressed Flag-BRD4 protein in a dose-dependent manner in PC-3 

cells (Figure 3D). In agreement with these findings, knockdown of DUB3 shortened BRD4 

protein half-life and dramatically increased endogenous BRD4 ubiquitination in PC-3 cells 

(Figures 3E and 3F). In contrast, overexpression of HA-DUB3-WT prolonged the half-life 

of ectopically expressed Flag-BRD4 protein (Figure 3G). Forced expression of DUB3-WT, 

but not the catalytically inactive mutant C89S (CS) (Liu et al., 2017) diminished the 

ubiquitination level of BRD4 in PC-3 cells (Figure 3H). We also examined whether the 

BRD4 protein level is regulated by other DUBs such as a number of cancer-relevant DUBs 

including USP7, USP10, USP13, USP15, USP28, USP49 (Deng et al., 2016; Turnbull et al., 

2017; Wu et al., 2013; Zhang et al., 2013). We demonstrated that different from DUB3, none 

of these DUBs either interacted with BRD4 or affected BRD4 protein level in 293T and 

DU145 cells, respectively (Figures S3A and S3B). Thus, we identify DUB3 as a 

deubiquitinase that specifically promotes deubiquitination of BRD4 in prostate cancer cells. 

Our data suggest this regulatory mechanism may also exist in other cancer types such as 

breast and pancreatic cancer.

It has been reported recently that SPOP is an E3 ubiquitin ligase that promotes 

ubiquitination and proteasome degradation of BRD4 in prostate cancer cells (Dai et al., 

2017; Janouskova et al., 2017; Zhang et al., 2017). We were interested to determine whether 

DUB3 influences SPOP-mediated ubiquitination and degradation of BRD4. As expected, 

expression of SPOP markedly decreased the protein level of ectopically expressed BRD4 in 

PC-3 cells (Figure 3I). However, this effect of SPOP was largely abolished by expression of 

DUB3-WT, but not by the C89S mutant (Figure 3I). Conversely, knockdown of DUB3 

largely reduced the level of BRD4 protein in PC-3 cells (Figure 3J), although SPOP 

knockdown failed to completely reverse DUB3 knockdown-induced decrease of BRD4 
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protein levels (Figure 3J). Moreover, SPOP-mediated polyubiquitination of BRD4 was 

largely diminished by co-expression of DUB3 WT, but not the C89S mutant (Figure 3K). 

These data indicate that DUB3 stabilizes BRD4 by promoting BRD4 deubiquitination and 

SPOP-mediated ubiquitination of BRD4 can be offset by DUB3 (Figure 3L).

DUB3 specifically interacts with BRD4 in cells

To further investigate the relationship between DUB3 and BRD4, we performed reciprocal 

co-immunoprecipitation (co-IP) assays and demonstrated that ectopically expressed Flag-

BRD4 interacted with ectopically expressed HA-DUB3 in 293T cells (Figures 4A and 4B). 

Interaction between endogenous BRD4 and DUB3 proteins was detected in PC-3 cells 

(Figures 4C and 4D). To define which region(s) in DUB3 interact with BRD4, we generated 

GST-DUB3 recombinant proteins as reported previously (Wu et al., 2017) (Figure 4E). GST 

pull-down assays indicated that the N-terminal fragment (aa 1-398) of DUB3, but not the C-

terminal fragment or GST alone, bound specifically with BRD4 (Figure 4F). To determine 

which region(s) in BRD4 are involved in DUB3 binding, we constructed BRD4 deletion 

constructs as reported previously (Shi et al., 2014) (Figure 4G) and co-expressed them with 

DUB3 in 293T cells. Co-IP assays revealed that the C-terminal end of BRD4 containing 

amino acids (aa) 1047-1362 interacted with DUB3 (Figure 4H). Given that the C-terminal 

region in three ubiquitously expressed BET proteins including BRD2, BRD3, and BRD4 is 

very much diversified and only BRD4 contains the C-terminal motif (CTM) (Figure S4A), 

we sought to investigate whether the interaction between BRD4 and DUB3 is specific. Co-IP 

assays revealed that while DUB3 bound to BRD4, it did not bind to BRD2 and BRD3 in 

PC-3 cells (Figure 4D). We further demonstrated that BRD4-DUB3 interaction is mediated 

through the CTM motif in BRD4 (Figure 4I). Accordingly, we demonstrated that 

overexpression of DUB3 increased the level of ectopically expressed full-length BRD4 

protein in a dose-dependent manner, but has no effect on BRD4 CTM mutant, BRD2 or 

BRD3 in PC-3 cells (Figures 4J, S4B and S4C). Furthermore, knockdown of DUB3 also 

failed to affect the expression of endogenous BRD2 and BRD3 proteins in PC-3 cells 

(Figure S4D). These data indicate that DUB3 specifically interacts with and modulates 

BRD4 expression at the protein level.

NCOR2 regulates DUB3 and BRD4 expression and its expression inversely correlates with 
DUB3 and BRD4 protein levels in prostate cancer specimens

It has been reported previously that BRD4 protein is upregulated in CRPC patients 

(Urbanucci et al., 2017). NCOR2 was found genomically deleted in a subset of CRPC 

patients (Robinson et al., 2015) (Figure S5A) and NCOR2 was more frequently deleted or 

mutated in metastatic prostate cancers compared to primary lesions (Cancer Genome Atlas 

Research, 2015). Intriguingly, meta-analysis showed that DUB3 mRNA level was 

significantly upregulated in CRPC patient samples compared to normal and primary prostate 

cancer (Grasso et al., 2012) (Figure S5B). Based upon these genomic data and our finding 

that NCOR2 represses DUB3 expression in cultured cells (Figure 1), we hypothesized that 

loss of NCOR due to deletions or mutations results in DUB3 upregulation, which in turn 

causes BRD4 protein deubiquitination and elevation (Figure 5A). To test this hypothesis, we 

sought to determine the correlation among expression of NCOR2, DUB3 and BRD4 proteins 

in human prostate cancer specimens. We examined the expression of these three proteins by 
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performing immunohistochemistry (IHC) on a tissue microarray (TMA) containing a cohort 

of prostate cancer samples (n = 53). IHC staining index (SI) was calculated by measuring 

both percentage of positive staining cells and staining intensity. Representative images of 

low/no and high staining of NCOR2, DUB3 and BRD4 were shown in Figure 5B. We 

demonstrated that majority of tumors expressed NCOR2 protein at very low level and 

NCOR2 expression inversely correlated with the level of DUB3 (Pearson’s product-moment 

correlation co-efficiency r = −0.334, p = 0.0146) and BRD4 (Pearson’s product-moment 

correlation coefficiency r = −0.247, p = 0.0747) (Figures 5C–5E). In support of our 

hypothesis, DUB3 expression positively correlated with BRD4 protein level in this cohort 

(Pearson’s product-moment correlation co-efficiency r = 0.613, p = 1.09e-6) (Figure 5F). 

These data suggest that decreased expression of NCOR2 correlates with increased 

expression of DUB3 and BRD4 proteins in prostate cancer patient specimens.

We further tested our hypothesis by using cell culture models. We demonstrated that 

knockdown of NCOR2 by two independent shRNAs increased expression of DUB3 and 

BRD4, but not BRD2 and BRD3 proteins while NCOR2 knockdown only increased mRNA 

expression of DUB3, but not BRD4 (Figures 5G and 5H). Moreover, knockdown of 

endogenous NCOR2 prolonged BRD4 protein half-life and attenuated BRD4 

polyubiquitination (Figures 5I–5K). We also examined whether deletion of NCOR2 affects 

BRD4 protein level through upregulation of DUB3. Knockdown of DUB3 completely 

abolished NCOR2 depletion-induced elevation of BRD4 protein and BRD4 protein 

polyubiquitination, but had no effect on BRD4 mRNA expression (Figure 5L–5N and S5C). 

These data suggest that NCOR2 is a critical upstream regulator of BRD4 protein, effect of 

which is mediated through DUB3 (Figure 5A).

DUB3-mediated deubiquitination and stability of BRD4 is regulated by CDK4/6

A previous report shows that the catalytic activity of DUB3 relies on CDK4/6-mediated 

phosphorylation and DUB3-mediated protein deubiquitination is inhibited by CDK4/6 

inhibitors (Liu et al., 2017). We therefore examined whether CDK4/6 inhibition affects 

BRD4 stabilization. By knocking down CDK4 or CDK6 alone or in combination in DU145 

cells, we demonstrated that BRD4 protein level was largely reduced by CDK4 or CDK6 

knockdown and the effect was more robust in CDK4 and CDK6 co-knockdown cells (Figure 

6A). Since DU145 cells contain an abnormally small protein translated from an RB 
messenger RNA that lacks 105 nucleotides encoded by exon 21 (Bookstein et al., 1990), the 

effect of CDK4/6 depletion on BRD4 expression appears to be RB-independent. PD0332991 

is a new-generation selective CDK4/6 inhibitor (Beaver et al., 2015; Finn et al., 2016; 

O’Leary et al., 2016). Treatment of DU145 cells with PD0332991 decreased BRD4 protein 

in a time-dependent manner (Figure 6B) and the effect of PD0332991 was completely 

impeded by the proteasome inhibitor MG132 (Figure 6C), arguing that CDK4/6 inhibitor 

accelerates BRD4 degradation.

To investigate whether DUB3 regulation of BRD4 relies on CDK4/6 activity, we treated 

DU145 cells with PD0332991 and demonstrated that PD0332991 treatment completely 

blocked DUB3-induced upregulation of BRD4 protein (Figure 6D). Moreover, knockdown 

of DUB3 largely decreased BRD4 protein level, but little or no further reduction in BRD4 
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protein expression by co-treatment with PD0332991 (Figure 6E). Furthermore, PD0332991 

treatment also increased BRD4 polyubiquitination, shortened BRD4 protein half-life, and 

reversed DUB3-mediated deubiquitination of BRD4 in DU145 cells (Figure 6F–6H).

CDK4/6-mediated serine-41 phosphorylation of DUB3 has been shown to be essential for 

the catalytic activity of DUB3 (Liu et al., 2017). We demonstrated that knockdown of 

endogenous DUB3 by two independent shRNAs largely decreased BRD4 protein and these 

effects were reversed by restored expression of DUB3-WT and the phospho-mimicking 

mutant S41D, but not the phosphorylation-resistant mutant S41A (Figures 6I and S6A). 

Similarly, ectopic or restored expression of DUB3-WT and S41D mutant, but not S41A 

mutant decreased BRD4 polyubiquitination in PC-3 cells (Figures 6J and S6B). Moreover, 

different from DUB3-WT, overexpression of the S41A mutant failed to prolong the half-life 

of BRD4 protein in PC-3 cells (Figures 6K and 6L). These data suggest that CDK4/6 

phosphorylation of DUB3 is essential for DUB3-mediated deubiquitination and stabilization 

of BRD4 (Figure 6M).

DUB3 inhibition sensitizes prostate cancer cells to BET inhibitor in vitro and in mice

As described above, JQ1 treatment increased BRD4 expression at the protein, but not mRNA 

level in prostate cancer cells (Figures 2J–2M). Our data further showed that JQ1 treatment 

prolonged BRD4 protein half-life (Figure 7A). Given that JQ1 induces upregulation of 

DUB3 at both mRNA and protein levels in different cell types (Borbely et al., 2015) 

(Figures 2J–2M) and DUB3 binds to BRD4 and promotes its deubiquitination and protein 

stabilization (Figures 3 and 4), we sought to determine whether JQ1-induced stabilization of 

BRD4 is mediated through upregulation of active DUB3. We demonstrated that JQ1-induced 

upregulation of BRD4 protein was almost completely abolished by DUB3 knockdown or 

inhibition of DUB3 by CDK4/6 inhibitor PD0332991 (Figures 7B and 7C). Accordingly, 

JQ1 treatment markedly inhibited BRD4 polyubiquitination, but this effect was almost 

completely reversed by DUB3 knockdown or PD0332991 (Figures 7D and 7E). These data 

suggest that BET inhibitor-induced upregulation of DUB3 plays a key role in BET inhibitor-

induced stabilization and elevation of BRD4 proteins.

BRD4 stabilization confers resistance to BET inhibitor (Dai et al., 2017; Janouskova et al., 

2017; Zhang et al., 2017). We sought to determine whether DUB3 inhibition sensitizes 

prostate cancer cells to BET inhibitors. Co-treatment of DUB3-proficient, RB-deficient 

DU145 cells with JQ1 and PD0332991 resulted in much greater inhibitory effect on cell 

growth in vitro (Figure 7F). Similarly, DUB3-knockdown cells were much more sensitive to 

JQ1 than the control knockdown cells and most importantly, little or no additive effect of co-

treatment of JQ1 and PD0332991 on cell growth was detected in DUB3-knockdown cells 

(Figures 7F). We obtained similar results when DU145 cells were treated with another BET 

inhibitor I-BET762 (I-BET) in combination with or without PD0332991 (Figure S6C). 

Moreover, we performed DUB3 overexpression experiments and demonstrated that 

overexpression of DUB3 conferred resistance to both JQ1 and I-BET in DU145 cells and 

these effects were completely abolished by BRD4 knockdown (Figures S6D–S6G). These 

observations were consistent with the results from colony formation assays that IC50 of JQ1 

was substantially increased in DUB3 overexpressing cells compared to control cells (Figures 
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S6H and S6I). Furthermore, co-treatment with JQ1 and PD0332991 also resulted in much 

greater inhibition of growth of control DU145 xenograft tumors in mice than each single 

agent alone, but such effect was recapitulated by JQ1 treatment in combination with DUB3 

knockdown (Figures 7G and 7H). These data suggest DUB3 is a critical upstream regulator 

of BRD4 protein stability and inhibition of DUB3 by CDK4/6 inhibitor overcomes BET 

inhibitor-induced elevation of BRD4 protein and BET inhibitor resistance in a RB-

independent manner (Figure 7I).

We further examined the effect of DUB3 on BRD4 protein degradation and JQ1 sensitivity 

in SPOP mutated prostate cancer cells. Similar to the previous report (Zhang et al., 2017), 

expression of SPOP F133V, a hot spot mutant of SPOP largely increased BRD4 levels and 

caused JQ1 resistance in both DU145 and C4-2 cell lines (Figures S7A–S7D). 

Unexpectedly, knockdown of DUB3 not only decreased BRD4 protein level in SPOP 

F133V-expressing DU145 cells, but also sensitized SPOP-F133V cells to JQ1 treatment 

(Figures S7A-S7D), suggesting the presence of a SPOP-independent putative E3 ligase 

targeting BRD4 protein for degradation. To test this hypothesis, we examined the effect of 

DUB3 knockdown on BRD4 protein ubiquitination degradation in SPOP F133V-expressing 

DU145 and SPOP CRISPR knockout PC-3 cells. We demonstrated that knockdown of 

DUB3 still enabled to increase BRD4 polyubiquitination in F133V-expressing DU145 cells 

(Figure S7E). Accordingly, DUB3 knockdown decreased BRD4 protein levels in F133V-

expressing cells and this effect was blocked by MG132 (Figures S7F). Similar results were 

observed in SPOP CRISPR knockout PC-3 cells (Figures S7G and S7H). These data further 

suggest there exists a SPOP-independent undefined E3 ligase for BRD4 degradation, but 

also demonstrate that inhibition of DUB3 can overcome SPOP mutation-conferred BET 

inhibitor resistance (Figures S7A–S7D). Together, our data highlight that targeting DUB3 

represents a new strategy to overcome BET inhibitor resistance in SPOP-mutated prostate 

cancer.

DISSCUSSION

The ubiquitination proteasome system (UPS) plays a critical role in regulating protein 

stability (Skaar et al., 2014). It has been shown recently that BRD4 is a polyubiquitination 

target and its polyubiquitination can be mediated by its interaction with the E3 ubiquitin 

ligase adaptor SPOP (Dai et al., 2017; Janouskova et al., 2017; Zhang et al., 2017). BRD4 

protein stability is also regulated by its interaction with prolyl isomerase PIN1 (Hu et al., 

2017). However, which DUB(s) promotes BRD4 deubiquitination and stabilization remains 

unclear. In the present study we demonstrated that DUB3 specifically binds to BRD4 and 

promotes its deubiquitination. We further showed that forced expression of DUB3 induced 

upregulation of BRD4 proteins in cultured cells and elevation of DUB3 expression 

correlated with high level of BRD4 protein in a subset of CRPC patient samples. To our 

knowledge, DUB3 is the first identified DUB that promotes BRD4 deubiquitination and 

protein stabilization.

Several small-molecule inhibitors of BRD4 protein are currently in clinical trials for 

treatment of human cancers (Filippakopoulos et al., 2010; Nicodeme et al., 2010). However, 

BET inhibitor resistance often emerges in various cancer types (Fong et al., 2015; Rathert et 

Jin et al. Page 9

Mol Cell. Author manuscript; available in PMC 2019 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



al., 2015; Shu et al., 2016). Recent studies further show that increased level of BRD4 protein 

is a key factor that confers resistance to BET inhibitors (Dai et al., 2017; Janouskova et al., 

2017; Zhang et al., 2017). In an array of cancer cell lines, we demonstrated that knockdown 

of DUB3 by shRNAs largely decreased BRD4 protein levels, but not at mRNA level. 

Importantly, we further showed that DUB3 depletion markedly sensitized prostate cancer 

cells to BET inhibitors in vitro and in mice. In agreement with the recent report that the 

deubiquitination activity of DUB3 relies on CDK4/6-mediated phosphorylation of DUB3 

and this activity is inhibited by the CDK4/6 inhibitor (Liu et al., 2017), we demonstrated that 

treatment of mice with the CDK4/6 inhibitor palbociclib largely sensitized DUB3-proficient 

prostate tumors to JQ1, but the effect of palbociclib was almost completely abolished by 

DUB3 knockdown. It is worth noting that palbociclib belongs to the new-generation, highly 

selective CDK4/6 inhibitor and it has been approved for treatment of patients with hormone 

receptor-positive breast cancer (O’Leary et al., 2016). Palbociclib can also delay 

proliferation of prostate cancer cells in a RB-dependent manner (Comstock et al., 2013). 

Thus, our findings stress that increased expression of BRD4 due to DUB3-mediated 

deubiquitination and stabilization confers resistance to BET inhibitors. However, DUB3 

overexpression-mediated JQ1 resistance can be largely diminished by the CDK4/6 inhibitor 

palbociclib in a manner independent of RB function.

NCOR2 plays critical roles in gene transcription repression by forming a protein complex 

with class I/II HDAC proteins (Fischer et al., 2002). HDAC10 is a member of the class II 

HDACs. However, the role of HDAC10 in cancer is largely unclear. We demonstrated that 

NCOR2 represses DUB3 expression by specifically interacting with HDAC10. It has been 

shown that the NCOR2 gene was frequently deleted or mutated in a subset of metastatic 

prostate cancers and CRPC patients (Cancer Genome Atlas Research, 2015; Robinson et al., 

2015). We provided evidence that depletion of NCOR2 by shRNAs increased DUB3 and 

BRD4 in prostate cancer cells in culture. We further showed that expression of NCOR2 

protein was frequently downregulated in a cohort of prostate cancer patients. Most 

importantly, decreased expression of NCOR2 protein significantly correlated with elevated 

level of DUB3 and BRD4 in patient samples examined. Our findings predict that patients 

with tumors containing NCOR2 deletions or mutation may be resistant to BET inhibitors.

It has been well documented that BET inhibitor treatment invariably induces BRD4 protein 

accumulation in different cell types (Asangani et al., 2014; Lu et al., 2015). It has been 

shown recently that treatment of the BET inhibitor JQ1 attenuated the interaction of BRD4 

with the SPOP E3 ubiquitin ligase and partially impaired SPOP-mediated ubiquitination and 

degradation of BRD4, thereby providing a partial explanation of how BET inhibitor 

treatment causes elevation of BRD4 proteins (Zhang et al., 2017). However, the precise 

underlying mechanism remains elusive. Our findings in the current study show that 

functioning as a transcriptional repressor NCOR2 represses DUB3 expression. We further 

show that BRD4 binds to the NCOR2 gene promoter and induces NCOR2 mRNA 

expression. In support of these findings, we show that inhibition of BRD4 by JQ1 blocks 

NCOR2 mRNA expression, which in turn dismisses NCOR2-mediated repression of DUB3 

and DUB3-mediated deubiquitination of BRD4. Thus, our findings identify a new 

mechanism explaining how inhibition of BRD4 activity results in elevation of BRD4 at 

protein, but not mRNA level.

Jin et al. Page 10

Mol Cell. Author manuscript; available in PMC 2019 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In summary, we identify DUB3 as the first deubiquitinase that promotes BRD4 

deubiquitination and stabilization. We also show that expression of DUB3 is negatively 

regulated by the NCOR2-HDAC10 complex. Importantly, the NCOR2 gene is often deleted 

or mutated in a subset of metastatic CRPC patient specimens and expression of NCOR2 

protein inversely correlates with DUB3 and BRD4 protein levels. Furthermore, we 

demonstrate both in vitro and in mice that DUB3-proficient prostate cancer cells are 

resistant to JQ1 and the resistance is abolished by the DUB3 inhibitory agents such as 

CDK4/6 inhibitor in a manner independent of RB. Thus, our findings reveal a previously 

uncharacterized NCOR2/HDAC10-DUB3 signaling pathway that governs BRD4 protein 

levels and bromodomain inhibitor sensitivity (Figure 7I). Our data suggest that deregulation 

of this signaling axis, such as frequent deletions or mutations in the NCOR2 genes in human 

cancers including prostate cancer can cause resistance to BET inhibitors. Importantly, we 

also provide evidence that targeting DUB3 can offer a viable therapeutic option to overcome 

BET inhibitor resistance in tumors with deregulated NCOR2/HDAC10-DUB3-BRD4 

signaling axis or SPOP mutations.

STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-USP7 Santa Cruz Cat# sc-137008

Rabbit polyclonal anti-DUB3 Abcam Cat# ab129931

Mouse monoclonal anti-USP10 Santa Cruz Cat# sc-365828

Mouse monoclonal anti-USP13 Santa Cruz Cat# sc-514416

Mouse monoclonal anti-USP15 Santa Cruz Cat# sc-100629

Rabbit polyclonal anti-USP28 Cell Signaling Technology Cat# 4217S

Rabbit polyclonal anti-USP49 Abcam Cat# ab127547

Rabbit monoclonal anti-BRD4 Abcam Cat# ab128874

Rabbit monoclonal anti-BRD2 Abcam Cat# ab139690

Rabbit polyclonal anti-BRD3 Bethyl Laboratories Cat# A302-368A

Rabbit polyclonal anti-HDAC10 Abcam Cat# ab53096

Rabbit polyclonal anti-NCOR2 Abcam Cat# ab24551

Rabbit polyclonal anti-SPOP Proteintech Cat# 16750-1-AP

Mouse monoclonal anti-ERK2 Santa Cruz Cat# sc-135900

Mouse monoclonal anti-c-Myc Santa Cruz Cat# sc-40

Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat#F-3165

Mouse monoclonal anti-HA.11 Covance Cat#MMS-101R

Peroxidase IgG Fraction Monoclonal 
Mouse Anti-Rabbit IgG

Jackson ImmunoResearch Cat#211-032-171

Peroxidase AffiniPure Goat Anti-Mouse 
IgG

Jackson ImmunoResearch Cat#115-035-174

Bacterial and Virus Strains
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REAGENT or RESOURCE SOURCE IDENTIFIER

E. coli DH5α Thermo Fisher Cat#18258012

E. coli BL21 Thermo Fisher Cat#C600003

lentivirus-expressing HDAC10-shRNAs Sigma-Aldrich SHCLNG-NM_032019

lentivirus-expressing NCOR2-shRNAs Sigma-Aldrich SHCLNG-NM 006312

lentivirus-expressing BRD4-shRNAs Sigma-Aldrich SHCLNG-NM_058243

lentivirus-expressing SPOP-shRNAs Sigma-Aldrich SHCLNG-NM_025287

Chemicals, Peptides, and Recombinant Proteins

MG132 Sigma-Aldrich Cat#M8699

Cycloheximide Sigma-Aldrich Cat#01810

JQ1 Sigma-Aldrich Cat#SML1524

Lipofectamine 2000 reagent Thermo Fisher Cat#11668500

I-BET762 Selleckchem Cat# S7189

PD0332991 Selleckchem Cat# S1116

Critical Commercial Assays

KOD Plus Mutagenesis Kit Toyobo Cat# F0936K

Deposited Data

Raw data and images This paper and Mendeley 
Data

http://dx.doi.org/10.17632/s83f5y9ntt.1

Experimental Models: Cell Lines

Human: C4-2 Uro Corporation N/A

Human: PC-3 ATCC CRL-1435

Human: DU145 ATCC HTB-81

Human: HEK293T ATCC CRL-11268

Human: MIA PaCa-2 ATCC CRL-1420

Human: MCF7 ATCC HTB-22

Human: MDA-MB-231 ATCC HTB-26

Human: MDA-MB-436 ATCC HTB-130

Human: PANC-1 ATCC CRL-1469

Human: 22Rv1 ATCC CRL-2505

Oligonucleotides

See Table S1 for primer sequences

Recombinant DNA

Flag-DUB3 Dr. Zhenkun Lou (Liu et al., 2017)

HA-DUB3 Dr. Zhenkun Lou (Liu et al., 2017)

Flag-BRD3 Dr. S. Jane Flint (LeRoy et al., 2008)

Flag-BRD2 Dr. S. Jane Flint (LeRoy et al., 2008)

Flag-BRD4 Dr. Tasuku Honjo (Stanlie et al., 2014)

Flag-USP7 Dr. Zhenkun Lou (Yuan et al., 2010)

Flag-USP10 Dr. Zhenkun Lou (Yuan et al., 2010)

Flag-USP13 Dr. Zhenkun Lou (Yuan et al., 2010)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Flag-USP15 Dr. Zhenkun Lou (Yuan et al., 2010)

Flag-USP28 Dr. Zhenkun Lou (Yuan et al., 2010)

Flag-USP49 Addgene Cat##22586

Software and Algorithms

ImageJ NIH N/A

GraphPad Prism 5.0 Graphpad, Inc N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact Haojie Huang (huang.haojie@mayo.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfection—C4-2, PC-3 and DU145 cells were cultured in RPMI 

medium supplemented with 10% fetal bovine serum (FBS). 293T cells were cultured in 

DMEM medium supplementary with 10% FBS. All cell lines were kept in a 37°C incubator 

at 5% CO2. Transfections were performed by using Lipofectamine 2000 (Thermo Fisher 

Scientific).

RNA interference—Lentivirus-based control and gene-specific small hairpin RNAs 

(shRNAs) were purchased from Sigma-Aldrich. Viral packaging plasmids (pEXQV and 

pVSV-G) and shRNA plasmid were transfected to 293T cells by using Lipofectamine 2000. 

After 24 h, virus culture medium was replaced with DMEM containing 10% FBS with 1:100 

of sodium Pyruvate. 48 h post transfection, medium was collected and added to prostate 

cancer cells added with 12 μg/ml of polybrene. Prostate cancer cells were harvested 48 h 

after puromycin selection. shRNA sequence information is provided in Supplementary Table 

S1.

Tissue microarray and immunohistochemistry (IHC) scoring—The prostate 

cancer tissue microarray (TMA) slides including 53 cases of prostate cancer TMA 

specimens, were stained with NCOR2, BRD4 and DUB3 antibodies by standard 

immunohistochemistry procedures. The IHC staining was scored based on staining intensity 

and ratio of positive cells as described previously (Jin et al., 2017). A final IHC staining 

index (SI) score for each specimen was determined using the following formula: ratio of 

positive cells intensity.

Co-immunoprecipitation (co-IP)—Cells were harvested and lysed by IP buffer (50 mM 

Tris-HCl, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate and 1% 

protease inhibitor cocktails) on ice for more than 15 min. Cell lysate was centrifuged for 15 

min at 13,000 rpm at 4°C, and the supernatant was incubated with primary antibodies and 

protein A/G agarose beads (Thermo Fisher Scientific) with rotating at 4°C overnight. The 

next day, the pellet was washed at least six times with 1×IP buffer on ice, and then subjected 

to western blotting analysis.
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Western blotting—Cells were harvested and lysed by IP buffer (50 mM Tris-HCl, pH 7.4, 

150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate and 1% protease inhibitor 

cocktails) on ice for more than 15 min. Cell lysate was centrifuged for 15 min at 13,000 rpm 

at 4°C, and the supernatant was quantified by BCA protein quantification assay. Equal 

amounts of protein sample were added into 4× sample buffer and boiled for 5min. The 

sample was subjected to SDS-PAGE analysis and transferred to nitrocellulose membrane. 

The membrane was blocked by 5% milk for 1 h at room temperature and incubated with 

primary antibody at 4°C overnight. The next day, the membrane was washed three times 

with 1×TBST and incubated with horseradish peroxidase-conjugated secondary antibodies 

for 1 h at room temperature. The protein bands were visualized by SuperSignal West Pico 

Stable Peroxide Solution (Thermo Fisher Scientific).

Quantitative RT-PCR—Total RNA was isolated using TRIzol reagent (Thermo Fisher 

Scientific). The NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific) was used to 

assess RNA yield and quality. RNA was reversely transcribed using Superscript II reverse 

transcriptase (Thermo Fisher Scientific) following manufacturer’s instructions. Quantitative 

real-time PCR was performed by mixing cDNA, gene-specific primers and IQ SYRB Green 

Supermix and detected by iCycler QTX detection system (Bio-Rad). The 2-ΔCt method was 

used to quantitate fold changes by normalizing to GAPDH. Primer for RT-qPCR is provided 

in Supplementary Table S1.

Chromatin immunoprecipitation (ChIP) and ChIP-reChIP assay—ChIP was 

performed as described previously (Boyer et al., 2005). For ChIP-reChIP assay DNA, cell 

lysates were sonicated and subjected to immunoprecipitation using NCOR2 antibody. After 

washed by RIPA buffer (50 mM Hepes-KOH, pH 7.6, 500 mM LiCl, 1 mM EDTA, 1% 

NP-40, 0.7% Na-Deoxycholate), the protein-DNA complexes were eluted by elution buffer 

(10 mM Tris, 1 mM EDTA, 2% SDS, and 20 mM DTT, PH 7.5) for 30 min at 37°C. Then, 

the supernatant was diluted 20 times and subjected to the second ChIP using IgG or 

HDAC10 antibodies using the method described previously (Li et al., 2014). DNA pulled 

down by antibodies or nonspecific IgG was amplified by real-time PCR. The information for 

ChIP primers is provided in Supplementary Table S1.

Cell proliferation—Cell proliferation was measured by using the MTS assay (Promega). 

Prostate cancer cells (2,000 per well) were seeded in 96-well plates with 100 μl of culture 

medium. Each well was added with 20 μl of CellTiter 96R AQueous One Solution Reagent 

(Promega) and absorbance was measured in a microplate reader at 490 nm.

Colony formation assay—An appropriate number of cells for different dosages of JQ1 

were plated onto 6-well plate and treated with JQ1 for three days. After three-day treatment, 

the medium was changed with fresh medium without drugs for another 8 days. The colonies 

were fixed with acetic acid: methanol (1:7) for 30 mins and stained with crystal violet (0.5% 

w/v) for 1 h. Colonies with more than 50 cells were counted. The linear regression was 

applied to generate the survival curve.

Generation and treatment of prostate cancer xenografts in mice—6-week-old 

NOD-SCID IL-2-receptor gamma null (NSG) mice were generated in house and used for 
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animal experiments. The animal study was approved by the IACUC at Mayo Clinic. All 

mice were housed in standard conditions with a 12 h light/dark cycle and access to food and 

water ad libitum. For studies with tumors treated with JQ1 and the CDK4/6 inhibitor 

PD0332991, DU145 cells (5×106) infected with lentivirus expression shRNA control or 

DUB3-specific shRNA (in 50 μl 1×PBS plus 50 μl Matrigel (BD Biosciences)) were injected 

s.c. into the right flank of mice. After xenografts reached a size of approximately 100 mm3, 

vehicle (10% β-cyclodextrin (intraperitoneal injection) and saline (oral administration)), JQ1 

(50 mg per kg bodyweight (intraperitoneal injection)) and PD0332991 (150 mg per kg 

bodyweight (oral administration)) were administrated individually or in combination 5 days 

per week. The volume of xenografts was measured every other day for 21 days and 

estimated using the formula L×W2×0.5 (L: length, W: width). Upon the completion of 

measurement, tumor grafts were harvested.

QUANTIFICATION AND STATISTICAL ANALYSIS

All values were expressed as means±SD. Statistical analyses were performed with Student t 

test for single comparison and one way ANOVA and a post hoc test for multiple 

comparisons. P values < 0.05 are considered statistically significant. Pearson’s product-

moment correlation was used to calculate the correlation between NCOR2, BRD4 and 

DUB3 staining index in prostate cancer TMAs.

DATA AND SOFTWARE AVAILABILITY

Original images of western blot data are available at Mendeley Data under the following 

link: http://dx.doi.org/10.17632/s83f5y9ntt.1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• DUB3 functions as a bona fide deubiquitinase promoting BRD4 

deubiquitination

• DUB3 expression is transcriptionally repressed by the NCOR2-HDAC10 

complex

• NCOR2 loss correlates with elevated DUB3 and BRD4 protein in cancer 

specimens

• DUB3 overexpression confers BET inhibitor resistance in cancer cells in vivo
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Figure 1. NCOR2 and HDAC10 transcriptionally repress DUB3 expression
(A,B), C4-2 cells were treated with or without TSA (1 μM) for 24 h for Western blot (A) and 

RT-qPCR (B). ERK2, a loading control. * P < 0.05.

(C), C4-2 cells were infected with lentivirus expressing indicated shRNAs for 48 h for RT-

qPCR. Data are shown as mean ± SD (n=3). * P < 0.05, n.s., not significant comparing to 

shControl.

(D, E), C4-2 and PC-3 cells were infected with lentivirus expressing indicated shRNAs for 

48 h for Western blot (D) and RT-qPCR (E). Data are shown as mean ± SD (n=3). * P < 

0.05.

(F, G), Western blot analysis of reciprocal co-immunoprecipitation of endogenous proteins 

in C4-2 cells.

(H, I), C4-2 and PC-3 cells were infected with lentivirus expressing indicated shRNAs for 

48h for Western blot (H) and RT-qPCR (I). Data are shown as mean ± SD (n=3). * P < 0.05.

(J, K), ChIP-qPCR analysis of NCOR2 (J) and HDAC10 (K) binding at the DUB3 gene 

promotor in C4-2 and PC-3 cells. Data are shown as mean ± SD (n=3). * P < 0.05.

(L), ChIP-reChIP analysis examining the co-localization of HDAC10 and NCOR2 in the 

DUB3 gene promoters in C4-2 and PC-3 cells. Data are shown as mean ± SD (n=3). * P < 

0.05.

(M, N), C4-2 cells were infected with lentivirus expressing indicated shRNAs for 48 h for 

Western blot (M) and RT-qPCR (N). Data are shown as mean ± SD (n=3). n.s., not 

significant.

(O), a hypothetical model depicting transcription repression of DUB3 by NCOR2 and 

HDAC10.
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Figure 2. BRD4 represses DUB3 expression via transcriptionally activating NCOR2
(A), UCSC Genome Browser screenshots for BRD4 ChIP–seq profiles in the DUB3 gene 

locus in C4-2 cells reported previously (Zhang et al., 2017). H3K4me1, H3K4me2, 

H3K4me3 ChIP-seq data were reported previously (Wang et al., 2011).

(B, C), ChIP-qPCR analysis of BRD4 binding at the DUB3 gene promotor in C4-2 (B) and 

PC-3 cells (C). Data are shown as mean ± SD (n=3). * P < 0.001.

(D, E), C4-2 cells were transfected with indicated plasmids for 24 h for Western blot (D) and 

RT-qPCR (E). Data are shown as mean ± SD (n=3). * P < 0.05.

(F), Western blot analysis in C4-2 and PC-3 cells 48 h after infected with indicated shRNAs.

(G), RT-qPCR analysis in C4-2 cells 48 h post infected with indicated shRNAs. Data are 

shown as mean ± SD (n=3). * P < 0.05.

(H), Western blot analysis in C4-2 cells 48 h post infected with indicated shRNAs. DUB3 

proteins were quantified by ImageJ software.

(I), C4-2 cells were infected with indicated shRNAs for 24 h and further transfected with 

plasmids for another 24 h for Western blot.

(J, K), C4-2 cells were treated JQ1 for 24 h for Western blot (J) and RT-qPCR (K). Data are 

shown as mean ± SD (n=3). * P < 0.05. n.s., not significant.
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(L, M), C4-2 cells were treated with or without JQ1 for indicated periods for Western blot 

(J) and RT-qPCR (K). Data are shown as mean ± SD (n=3). * P < 0.05.

(N), a hypothetical model depicting that BRD4 represses DUB3 expression via 

transcriptionally activating NCOR2.

Jin et al. Page 22

Mol Cell. Author manuscript; available in PMC 2019 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. DUB3 deubiquitinates and antagonizes SPOP-mediated ubiquitination of BRD4
(A), Western blot analysis in PC-3 cells 24 h after transfected with indicated plasmids.

(B), Western blot analysis in PC-3 and DU145 cells 48 h after infected with indicated 

shRNAs.

(C), PC-3 cells were infected with indicated shRNAs for 48 h for Western blot. Cells were 

treated with MG132 for 8 h before harvested.

(D), Western blot analysis in PC-3 cells 24 h after transfected with indicated plasmids.

(E), PC-3 cells were infected with indicated shRNA for 48 h followed by treatment with 50 

μg/μl cycloheximide (CHX) for Western blot. At each time point, the intensity of BRD4 was 

normalized to the intensity of ERK2 (loading control) first and then to the value at the 0-h 

time point.

(F), Western blot analysis in PC-3 cells transfected with indicated shRNAs for 48 h for 

Western blot. Cells were treated with MG132 for 8 h before harvested.

(G), PC-3 cells were transfected with indicated plasmids for 24 h followed by treatment of 

50 μg/μl CHX for Western blot. Protein bands were quantified as in (E).

(H), Western blot analysis in PC-3 cells transfected with the indicated plasmids for 24 h. 

Cells were treated with MG132 for 8 h before harvested.

(I), Western blot analysis in PC-3 cells 24 h after transfected with the indicated plasmids.

(J), Western blot analysis in PC-3 cells 48 h post infected with indicated shRNAs.

(K), Western blot analysis in PC-3 cells transfected with the indicated plasmids for 24 h. 

Cells were treated with MG132 for 8 h before harvested.
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(L), a hypothetical model depicting that DUB3 deubiquitinates and antagonizes SPOP-

mediated ubiquitination of BRD4.
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Figure 4. DUB3 interacts with BRD4 in prostate cancer cells
(A, B), Western blot analysis of co-immunoprecipitated proteins from 293T cells transfected 

with Flag-BRD4 and HA-DUB3.

(C, D), Western blot analysis of co-immunoprecipitated endogenous BRD2/3/4 and DUB3 

proteins in PC-3 cells.

(E), schematic diagram depicting a set of GST-DUB3 recombinant protein constructs.

(F), Western blot analysis of Flag-BRD4 proteins in PC-3 cells pulled down by GST or GST-

DUB3 recombinant proteins. Arrows indicate the protein bands at the expected molecular 

weight.

(G), schematic diagram depicting a set of Flag-tagged BRD4 expression constructs.

(H), Western blot analysis of DUB3 proteins in PC-3 cells immunoprecipitated by Flag-

BRD4.

(I), Western blot analysis of proteins immunoprecipitated by ectopically expressed Flag-

BRD4 or Flag-BRD4 CTM in 293T cells.

(J), Western blot analysis in PC-3 cells transfected with indicated plasmids.
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Figure 5. Decreased NCOR2 expression correlates with increased expression of DUB3 and BRD4 
in prostate cancer cells and patient specimens
(A), a hypothetical model depicting that loss of NCOR2 correlates with increased expression 

of DUB3 and BRD4.

(B), representative images of IHC for NCOR2, DUB3, BRD4 proteins on TMA (n = 53) of 

prostate cancer specimens. Scale bars are indicated.

(C), heatmap showing the staining index (SI) of NCOR2, DUB3 and BRD4 proteins in 

TMA.

(D), correlation analysis of the SI of NCOR2 and DUB3 proteins in TMA.

(E), correlation analysis of the SI of NCOR2 and BRD4 proteins in TMA.

(F), correlation analysis of the SI of DUB3 and BRD4 proteins in TMA.

(G, H), PC-3 cells were infected with indicated shRNAs for48 h for Western blot (G) and 

RT-qPCR (H). * P < 0.05. n.s., not significant.

(I, J), PC-3 cells were infected with indicated shRNAs for 48 h followed by treatment of 50 

μg/μl CHX for Western blot. Protein bands were quantified as in Figure 3E.

Jin et al. Page 26

Mol Cell. Author manuscript; available in PMC 2019 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(K), PC-3 cells were infected with indicated shRNAs for 24 h followed by transfection with 

indicated plasmids for another 24 h. Cells were treated with MG132 for 8 h before 

immunoprecipitation and Western blot.

(L), PC-3 cells were infected with indicated shRNAs for 48 h for Western blot.

(M), PC-3 cells were infected with indicated shRNAs for 24 h followed by transfection with 

indicated plasmids for another 24 h. Cells were treated with MG132 for 8 h before 

immunoprecipitation and Western blot.

(N), PC-3 cells were infected as in (L) and harvested for RT-qPCR. Data are shown as mean 

± SD (n=3). n.s., not significant.
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Figure 6. CDK4/6 inhibitor suppresses the deubiquitinase activity of DUB3 and promotes BRD4 
degradation in prostate cancer cells
(A), DU145 cells were infected with indicated shRNA for 48 h for Western blot analysis.

(B), Western blot analysis in DU145 cells treated with 2 μM of PD0332991.

(C), Western blot analysis in DU145 cells treated with indicated inhibitors for 24 h.

(D), DU145 cells were transfected with indicated plasmids for 24 h followed by treatment 

with 2 μM of PD0332991 for another 24 h before Western blot.

(E), DU145 cells were infected with indicated shRNAs for 24 h and then treated with 2 μM 

of PD0332991 for another 24 h before Western blot.

(F), DU145 cells were transfected indicated plasmids and treated with 2 μM of PD0332991 

for 24 h. Cells were treated with MG132 for 8 h before analysis.

(G), DU145 cells were treated with 5 μM of PD0332991 for 24 h followed by treatment with 

50 μg/μl CHX. Protein bands were quantified as in Figure 3E.

(H), DU145 cells were transfected indicated plasmids and treated with 2 μM of PD0332991 

for 24 h. Cells were treated with MG132 for 8 h before analysis.

(I), DU145 cells were infected with indicated shRNAs for 24 h followed by transfection of 

indicated constructs for another 24 h before analysis.
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(J), DU145 cells were transfected indicated plasmids for 24 h and treated with MG132 for 8 

h before harvested for immunoprecipitation and western blot analysis.

(K, L), DU145 cells were transfected with indicated plasmids for 24 h followed by treatment 

of 50 μg/μl CHX for Western blot. Protein bands were quantified as in (G).

(M), a hypothetical model depicting that CDK4/6 inhibitor suppresses the deubiquitinase 

activity of DUB3 and enhances BRD4 degradation.
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Figure 7. DUB3 inhibition by CDK4/6 inhibitor sensitizes prostate cancer cells to BET-inhibitor 
in vitro and in vivo
(A), DU145 cells were treated with JQ1 for 24 h followed by treatment of 50 μg/μl CHX for 

Western blot. Protein bands were quantified as in Figure 3E.

(B), DU145 cells were infected with indicated shRNAs for 24 h and treated with 2 μM of 

JQ1 for another 24 h before Western blot.

(C), Western blot analysis in DU145 cells 24 h after treated with indicated chemicals.

(D), DU145 cells were transfected indicated plasmids for 48 h and treated with MG132 for 8 

h before analysis.

(E), DU145 cells were treated with indicated chemicals for 24 h and treated with MG132 for 

8 h before analysis.

(F), DU145 cells were infected with indicated shRNAs for 48 h and treated with JQ1 (2 

μM), PD0332991 (5 μM) or both before MTS assay. Data are shown as mean ± SD (n=6). 

*** P < 0.001, n.s., not significant.

(G, H), DU145 cells were infected with lentivirus as in (F) and injected s.c. into the right 

flank of NSG mice and treated with JQ1, PD0332991 or both. Tumor growth was measured 

every other day for 21 days. Tumors in each group at day 21 were harvested, photographed 

and shown in (G). Data in (H) are shown as mean ± SD (n = 6). * P < 0.05 comparing size of 

tumors in different groups at day 21.
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(I), a hypothetical model depicting that DUB3 inhibition by CDK4/6 inhibitor sensitizes 

prostate cancer cells to BET-inhibitor.
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