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TRIM33 drives prostate tumor growth by stabilizing
androgen receptor from Skp2-mediated
degradation
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Abstract

Androgen receptor (AR) is a master transcription factor that drives
prostate cancer (PCa) development and progression. Alterations in
the expression or activity of AR coregulators significantly impact
the outcome of the disease. Using a proteomics approach, we iden-
tified the tripartite motif-containing 33 (TRIM33) as a novel tran-
scriptional coactivator of AR. We demonstrate that TRIM33
facilitates AR chromatin binding to directly regulate a transcrip-
tion program that promotes PCa progression. TRIM33 further stabi-
lizes AR by protecting it from Skp2-mediated ubiquitination and
proteasomal degradation. We also show that TRIM33 is essential
for PCa tumor growth by avoiding cell-cycle arrest and apoptosis,
and TRIM33 knockdown sensitizes PCa cells to AR antagonists. In
clinical analyses, we find TRIM33 upregulated in multiple PCa
patient cohorts. Finally, we uncover an AR-TRIM33-coactivated
gene signature highly expressed in PCa tumors and predict disease
recurrence. Overall, our results reveal that TRIM33 is an oncogenic
AR coactivator in PCa and a potential therapeutic target for PCa
treatment.
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Introduction

Prostate cancer (PCa) is the most common noncutaneous cancer

and is responsible for the second-highest cancer-related death

among men (Siegel et al, 2020). Androgen receptor (AR) occupies a

central position in the development and progression of PCa

(Heemers & Tindall, 2009; Massie et al, 2011). Thus, androgen

deprivation therapy (ADT) has been widely used as the primary

treatment for advanced PCa (Miller et al, 2019). While patients

demonstrate a favorable initial response to ADT, in most cases, the

disease will inevitably recur and progress to a fatal stage of PCa ter-

med castration-resistant prostate cancer (CRPC), which is also

driven by AR signaling (Feldman & Feldman, 2001; Decker

et al, 2012; Grasso et al, 2015).

After activation by androgen, AR translocates to the nucleus,

binds to specific AR binding sites (ARBSs), and recruits multiple

coregulators in a highly regulated manner (Bennett et al, 2010).

These coregulators then form a productive AR transcriptional com-

plex that ultimately determines the transcriptional outcome of AR.

Coregulators act at the promoter and enhancer regions of AR target

genes and display vital roles in controlling the AR-mediated tran-

scription process through specific and distinct ways (Heemers & Tin-

dall, 2007; Sung & Cheung, 2014). Androgen receptor coregulators

are divided into four main types based on their functional character-

istics: (i) pioneer factors (e.g., FOXA1) bind to chromatin before

androgen stimulation to modulate AR genome occupancy; (ii) col-

laborative factors (e.g., ERG) facilitate AR binding by recruiting

other cofactors to modify the epigenetic state of the surrounding

chromatin; (iii) coactivators (e.g., p160/SRC) enhance AR transcrip-

tional activity by acting as bridging factors or chromatin modifiers;
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and (iv) corepressors (e.g., NCoRs) suppress AR transcriptional

activity (Sung & Cheung, 2014).

The importance of coregulators in defining the AR transcription

output implies a critical role for these regulatory proteins in patholo-

gies linked to aberrant AR action, such as PCa. Indeed, accumulat-

ing evidence shows that aberrant expression or improper regulation

of these coregulators alter the AR transcriptional landscape, promot-

ing PCa tumorigenesis and progression (Wang et al, 2009; Sharma

et al, 2013; Mills, 2014; Pomerantz et al, 2015). Hence, identifying

all the essential components of the AR coregulator complex is neces-

sary for understanding the molecular mechanism of androgen-

regulated transcription and discovering new promising pharmaco-

logical targets in this pathway.

In this study, we utilized a proteomics approach called rapid

immunoprecipitation of endogenous proteins (RIME) to systemati-

cally identify all coregulator proteins of the AR interactome in PCa

cells. We functionally characterized one of these coregulators,

TRIM33. We demonstrate that TRIM33 is a potent coactivator of AR

transcriptional activity. Mechanistically, we show TRIM33 promotes

PCa growth by preventing AR from Skp2-mediated protein degrada-

tion. Finally, we identified an AR-TRIM33 coregulatory gene signa-

ture that is overexpressed in PCa, essential for disease progression,

and predicts recurrence-free survival.

Results

TRIM33 is a novel AR-interacting protein

To obtain an unbiased and comprehensive catalog of AR-interacting

proteins in PCa, we performed a series of RIME analyses

(Mohammed et al, 2016) with anti-AR antibody and IgG (control)

on dihydrotestosterone (DHT)-stimulated LNCaP and VCaP cells.

We determined high confident AR interactors by applying the fol-

lowing stringent criteria: (i) interacting proteins are present in three

biological replicates, (ii) for each interacting protein, the ratio of

normalized label-free quantification (LFQ) intensity between the AR

pull-down and the IgG pull-down > 5, and (iii) the number of

unique peptides representing each interacting protein in the AR

pull-down > 4. Based on these criteria, we identified 134 and 177

AR-interacting proteins in LNCaP and VCaP cells, respectively

(Dataset EV1). Overlapping the AR-interacting proteins from LNCaP

and VCaP cells revealed 91 common proteins between the two

cell lines (Fig EV1 and Dataset EV1). When we categorized the AR-

interacting proteins according to their biological processes, we

found they are enriched for functional roles such as DNA binding,

chromatin binding, RNA binding, and enzyme binding (Fig 1A).

Our AR-RIME on PCa cells captured many well-characterized AR

coactivators (e.g., EP300, NCOAs, and PARP1), corepressors (e.g.,

NCoRI, SMRT, and HDACs), and components of the large

chromatin-modifying complex SWI/SNF (e.g., SMCA5, SMARCB1,

SMARCD2, and SMARCC2; Sung & Cheung, 2014). We also found

numerous AR collaborative factors, including NKX3-1, HOXB13,

GRHL2, and pioneer factors FOXA1 and GATA2 (Sung & Che-

ung, 2014). While we were able to identify many known compo-

nents of the AR coregulatory complex, approximately 50% of the

hits from our RIME analysis are novel AR-interacting proteins.

Among the top-ranked hits that appear in both LNCaP and VCaP

cells is TRIM33 (Fig 1A and B), a member of the tripartite motif-

containing family of proteins involved in transcriptional regulation,

cell growth, and tumorigenesis (Hatakeyama, 2011). We validated

the association between AR and TRIM33 in coimmunoprecipitation

assays (Fig 1C). We also performed in vitro GST pull-down assays

with bacterially expressed and purified proteins, GST-AR immobi-

lized to GSH beads, and his-MBP-TRIM33. Our results show that

immobilized GST-AR could pull down his-MBP-TRIM33, suggesting

AR interacts with TRIM33 directly (Fig 1D).

An interplay between AR and TRIM33 cistromes in
androgen signaling

To begin determining whether TRIM33 is a coregulator of AR in

androgen-dependent transcription, we first asked whether TRIM33

is recruited to AR binding sites (ARBSs). To do this, we performed

ChIP-seq of TRIM33 in LNCaP cells. Overall, we identified 7,532 and

12,431 TRIM33 binding sites (T33BSs) before and after DHT treat-

ment, respectively (Fig 2A). Besides increasing the number of

T33BS, DHT also enhanced the average binding intensity of TRIM33

(Fig 2B). By overlapping the T33BSs with ARBSs from our previ-

ous AR ChIP-seq dataset (Tan et al, 2012), we identified 3,067 AR-

TRIM33 colocalized binding sites (Fig EV2A). TRIM33 binding

intensity at colocalized sites was also enhanced upon DHT stimula-

tion (Fig 2C). Similar to the genomic distribution profile of AR (Tan

et al, 2012), AR and TRIM33 are mainly co-occupied in distal inter-

genic and intronic regions (Fig 2D). Moreover, motif analysis of the

AR-TRIM33 shared cistrome revealed significant enrichment for the

AR binding motif (ARE; Fig 2E), suggesting TRIM33 is recruited to

these binding sites by AR. To determine whether TRIM33 potentially

plays a role in AR-dependent transcription, we searched for TRIM33

binding at ARBSs associated with model androgen-regulated genes.

As shown in Fig 2F and G, DHT strongly stimulated TRIM33 binding

at ARBSs of KLK2, KLK3, and FKBP5. Moreover, depleting AR abol-

ished TRIM33 binding at these ARBSs without affecting TRIM33 pro-

tein level (Figs 2G and EV2B), further supporting that AR recruits

TRIM33. Together, our results suggest an interplay between the AR

and TRIM33 cistromes in androgen-regulated transcription.

▸Figure 1. TRIM33 is a novel protein interactor of AR.

A MS-ARC graphs showing AR-associated proteins with DHT stimulation in LNCaP cells (left) and VCaP cells (right). The proteins were clustered according to their
molecular function. The length of each line represents the ratio of normalized LFQ intensity between the AR pull-down and the IgG pull-down.

B Peptide coverage of TRIM33 for the corresponding RIME experiment.
C Validation of the AR and TRIM33 interaction by coimmunoprecipitation assays. Endogenous AR protein in LNCaP cells (left) or VCaP cells (right) were

immunoprecipitated and detected for TRIM33 by immunoblotting. IgG served as a negative control.
D In vitro GST pull-down assays were performed with bacterially expressed and purified GST or GST-tagged AR immobilized onto GSH beads. Immobilized GST protein

beads were used to pull down purified his-MBP (left) or his-MBP-tagged TRIM33 (right).
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TRIM33 is a coactivator of the AR transcriptional program

Since TRIM33 interacts with AR and both factors are colocalized on

chromatin, we next examined whether TRIM33 acts as a positive or

negative coregulator of AR transcriptional activity. To do this, we per-

formed luciferase reporter assays on LNCaP cells in which we

depleted or overexpressed TRIM33 together with a luciferase reporter

construct containing AR responsive elements upstream of a minimal

TATA box. TRIM33 depletion significantly reduced AR transcriptional

activity (Fig 3A), while overexpression led to a concentration-

dependent increase in AR activity (Fig 3B). Moreover, depleting AR

abrogated the positive transcriptional effect of TRIM33 (Fig 3C). We

also assessed the effect of TRIM33 on endogenous androgen-

regulated genes. Consistent with the transient transfection results,

silencing TRIM33 reduced the expression of KLK2, KLK3, and FKBP5

in LNCaP and VCaP cells (Fig 3D), while overexpressing TRIM33 had

the opposite effect (Fig 3E). Together, these findings suggest TRIM33

is a coactivator of AR-dependent transcription in PCa cells.

To determine the extent of TRIM33 coactivator activity on

the global AR transcriptional program in PCa cells, we performed

RNA-seq analysis on DHT-stimulated LNCaP cells with or without

TRIM33 depletion. Overall, we identified 3,516 TRIM33 responsive

genes (1,623 up and 1,893 down; Dataset EV2). We found that

TRIM33-regulated genes are significantly associated with TRIM33

binding (Fig EV3A), suggesting TRIM33 can directly regulate tran-

scription in PCa cells. We also examined TRIM33-regulated genes

together with DHT-regulated genes (1,240 up and 1,249 down,

Dataset EV3). In gene set enrichment analyses (GSEA), androgen-

induced genes are significantly enriched in genes downregulated by

siTRIM33, while androgen-repressed genes are highly enriched in

genes de-repressed by siTRIM33 (Fig 3F). These results are consis-

tent with the above transient analyses and further support TRIM33

as an AR coactivator.

Next, we investigated the biological function of the AR-TRIM33

coregulated transcriptional program in PCa. Of the 1,240 DHT-

upregulated genes, 414 were suppressed by TRIM33 depletion,

including model AR-regulated genes, such as KLK2, KLK3, and

FKBP5 (Fig 3G and Dataset EV4). As for the 1,249 DHT-

downregulated genes, 536 were de-repressed by TRIM33 depletion

(Fig 3G and Dataset EV4). In addition, we found that AR-TRIM33-

coactivated but not corepressed genes are significantly associated

with AR and TRIM33 cobinding, suggesting that AR and TRIM33

collaboration preferentially activate transcription (Fig EV3B). Func-

tional enrichment analyses of the AR-TRIM33-coactivated genes

show significant enrichment for biological processes associated with

DNA metabolism, cell cycle, and cell mitosis, and pathways

involved in prostate tumorigenesis (e.g., PI3K-Akt, MAPK FoxO,

and ErbB signaling pathways; Fig 3H and Table EV1). In contrast,

corepressed genes are enriched for biological processes related to

cell proliferation and the native immune response (Appendix Fig S1

and Table EV1). Together, our results show that TRIM33 plays a

critical role in shaping the AR transcriptome and suggests it pro-

motes PCa growth by activating pro-mitotic genes.

TRIM33 facilitates AR binding to chromatin

To address the underlying mechanism of how TRIM33 upregulates

the AR transcription program, we asked whether TRIM33 behaves

as a coactivator by augmenting AR chromatin binding. To test this

possibility, we examined the effect of global AR binding to chro-

matin before and after TRIM33 depletion. Our findings show that

TRIM33 depletion significantly reduced the average binding inten-

sity of AR at the 3,067 shared binding sites (Fig 4A), including the

ARBSs associated with KLK2, KLK3, and FKBP5 (Fig 4B). We vali-

dated the effect of TRIM33 knockdown on ARBSs at these model

genes in LNCaP and VCaP cells by ChIP-qPCR (Fig 4C). Together,

these results indicate that TRIM33 is required for maximal AR chro-

matin binding.

TRIM33 stabilizes AR protein levels

TRIM proteins have multiple functions, including the ability to stabi-

lize their substrates (Wei et al, 2016; Fong et al, 2018). Thus, we

speculated that TRIM33 might be working as a coactivator of

androgen-dependent transcription by modulating AR protein levels.

We explored this hypothesis by first examining the effect of deplet-

ing or overexpressing TRIM33 on AR protein and transcript levels.

TRIM33 depletion decreased full-length AR protein expression

levels, while ectopic expression had the opposite effect (Figs 5A–D

and EV4A–D). Under both conditions, AR mRNA levels were mini-

mally affected (Fig 5A–D). Additionally, we found that depletion of

TRIM33 also decreased the protein level of AR variant 7 (AR-V7) in

VCaP cells (Fig EV4E). These results imply that TRIM33 regulates

AR transcriptional activity at the post-translational level, possibly

by stabilizing AR protein levels. To test whether this potential con-

trol mechanism occurs, we blocked protein translation in LNCaP

cells with cycloheximide (CHX) and then assessed AR protein levels

after TRIM33 depletion. Western blot analysis shows that depleting

◀ Figure 2. The interplay between TRIM33 and AR cistromes in PCa.

A Venn diagram overlapping EtOH- and DHT-treated TRIM33 cistromes in LNCaP cells.
B Comparison between tag densities of TRIM33-binding sites (T33BSs) from EtOH- and DHT-treated LNCaP cells. The tag density distribution is represented in the form

of a violin plot. The inner boxplot shows the first and third quartiles and is split by the medians, whiskers extending a 1.5-fold interquartile range beyond the box.
C Average tag densities of AR (left) and TRIM33 (right) binding at 3,067 shared binding sites from EtOH- and DHT-treated LNCaP cells (upper panel). Heatmaps show AR

(left) and TRIM33 (right) normalized binding intensity at shared binding sites (lower panel).
D Pie chart illustrating the genomic distribution of AR-TRIM33 shared binding sites on chromatin. The assessed binding distribution included intron, distal intergenic,

exon, 5’ and 3’ UTRs, and promoter regions.
E Top motifs enriched from DHT-treated AR-TRIM33 shared peaks. P-values for enrichment over genomic background are shown.
F Genomic snapshots of AR and TRIM33 ChIP-seq peaks surrounding FKBP5, KLK3, and KLK2.
G Bar graphs showing the ChIP-qPCR results of AR and TRIM33 binding at FKBP5, KLK3, and KLK2 in LNCaP (top) and VCaP (bottom) cells with or without transient AR

knockdown. The data are represented as a percentage of input chromatin immunoprecipitated.

Data information: In (G), data are presented as mean � SD (n = 3 independent experiments); *P < 0.05; **P < 0.01; ns = not significant (two-way ANOVA).
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TRIM33 significantly shortened AR protein half-life, from more than

12 h to approximately 8.5 h (Fig 5E and F). Together, these findings

suggest TRIM33 is a positive regulator of AR protein stability.

Next, we asked if TRIM33 stabilizes AR protein levels by regulat-

ing the proteasomal degradation pathway. To do this, we analyzed

AR protein levels on control and TRIM33 knockdown LNCaP cells
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that have been treated with the proteasome inhibitor MG132. Our

results show that MG132 abolished the repressive effect of TRIM33

depletion on AR protein levels (Fig 5G). Proteasomal degradation of

a protein follows a well-defined process, including ubiquitination

(Pickart, 2001). Thus, we determined whether TRIM33 stabilizes AR

by preventing its ubiquitination. For this, we performed an AR ubiq-

uitination assay on LNCaP cells depleted or overexpressed with

TRIM33. As shown in Fig 5H, TRIM33 depletion increased AR ubiq-

uitination. However, this effect on AR was overcome by the ectopic

expression of TRIM33 (Fig 5I). Together, our findings indicate that

TRIM33 functions as a coactivator of androgen-dependent transcrip-

tion in PCa by impeding the ubiquitin-proteasome-mediated degra-

dation of AR.

TRIM33 prevents Skp2-mediated degradation of AR

Androgen receptor is subject to ubiquitin-proteasome-mediated

degradation in PCa cells by several E3 ubiquitin ligases, including

SPOP and Skp2 (An et al, 2014; Li et al, 2014). Thus, we reasoned

that TRIM33 might disrupt SPOP- or Skp2-mediated ubiquitination

and degradation of AR. Consistent with previous observations, we

show that both SPOP and Skp2 significantly reduced AR protein

levels (Fig 5J and K). Notably, overexpressing TRIM33 rescued AR

protein levels in the presence of Skp2 but not SPOP (Fig 5J and K).

Moreover, loss of Skp2 restored AR protein levels in TRIM33-

depleted LNCaP cells (Fig 5L). Together, these results suggest that

TRIM33 stabilizes AR from Skp2-mediated degradation.

Distinct TRIM33 domains are required for blocking
Skp2-mediated degradation of AR

To determine whether the physical interaction between TRIM33 and

AR is required for protecting AR from degradation, we first mapped

the interaction domains between the two proteins. We performed

co-IP assays on 293T cells transfected with full-length or deletion

constructs for myc-tagged AR and flag-tagged TRIM33 (Fig EV4F).

Our results show that the AR N-terminal (N) and TRIM33 middle

(M) domains are required for mediating the interaction between the

two proteins (Fig 5M and N). We explored the functional require-

ment of the TRIM33 middle domain further by generating a TRIM33

mutant protein without this region (TRIM33-DM). As expected, the

TRIM33-DM protein failed to interact with AR (Fig 5O). More impor-

tantly, this mutant protein could not prevent the degradation of AR

by Skp2 (Fig 5P) and nor was it recruited to the binding sites of

model AR-regulated genes (Fig EV4G).

Next, we asked if the E3 ubiquitin ligase activity of TRIM33 is

required for protecting AR from Skp2-mediated degradation. To test

this, we overexpressed Skp2 in LNCaP cells along with TRIM33CA,

a TRIM33 mutant with point mutations in the RING domain that

lacks E3 ubiquitin ligase activity (Dupont et al, 2005). As shown in

Fig 5P, wild-type TRIM33, but not TRIM33CA, rescued AR protein

level in the presence of Skp2. Together, our results indicate that

TRIM33 stabilization of AR from Skp2-mediated degradation

requires an intact middle domain and a functional RING domain.

TRIM33 prevents Skp2-mediated ubiquitination of AR

Since our work thus far shows TRIM33 prevents AR from Skp2-

mediated degradation, we next determined whether TRIM33 affects

the ability of Skp2 to ubiquitinate AR. To test this, we performed a

ubiquitination assay on 293T cells overexpressing flag-tagged

TRIM33, myc-tagged AR, myc-tagged Skp2, and HA-tagged ubiqui-

tin. As expected, Skp2 overexpression significantly increased AR

ubiquitination (Fig 5Q). Moreover, overexpression of wild-type

TRIM33, but not TRIM33-DM or TRIM33CA, blocked Skp2-mediated

ubiquitination of AR (Fig 5Q), suggesting that TRIM33 stabilizes AR

through blocking Skp2-mediated ubiquitination of AR.

We also assessed whether androgen-dependent transcription

requires TRIM33-mediated stabilization of the AR protein. We tested

this by comparing the ability of wild-type TRIM33, TRIM33-DM, and

◀ Figure 3. TRIM33 enhances the AR transcriptional program.

A–C AR-dependent luciferase assays were performed on LNCaP cells transfected with siTRIM33 or negative control (NC) (A), increasing amounts of TRIM33 plasmid (B),
or TRIM33 plasmid and/or siAR (C). Western blot analysis shows the protein level of TRIM33 in LNCaP cells after TRIM33 knockdown (A) or overexpression (B).

D LNCaP cells (left) and VCaP cells (right) were transfected with the indicated siRNAs and treated with EtOH or 10 nM DHT for 12 h. Gene expression was measured
by RT-qPCR after 48 h. Data were normalized against GAPDH.

E LNCaP (left) or VCaP (right) cells were transfected with the indicated amount of TRIM33 plasmid and treated with EtOH or 0.1 nM DHT for 12 h. Gene expression
was measured by RT-qPCR after 48 h. Data were normalized against GAPDH.

F GSEA was performed to determine the enrichment of androgen-induced (upper panel) or -repressed gene set (lower panel) in siTRIM33-regulated gene set identified
by RNA-seq in LNCaP cells treated with DHT.

G Gene expression of LNCaP cells treated with siTRIM33 or NC were profiled by RNA-seq. A total of 414 coinduced genes (androgen-induced and siTRIM33 suppressed)
and 536 corepressed genes (androgen-suppressed and siTRIM33-induced) were identified and clustered across all samples.

H Functional enrichment analysis showing the main biological processes and pathways significantly enriched by AR-TRIM33-coactivated genes (P < 0.05, DAVID 6.8).

Data information: In (A–E), data are presented as mean � SD (n = 3 independent experiments); *P < 0.05; **P < 0.01; ns = not significant (two-way ANOVA).

▸Figure 4. TRIM33 regulates the binding of AR on chromatin.

A Line plot (upper panel) showing the average AR tag density of the 3,067 AR-TRIM33 shared binding sites in LNCaP cells treated with siTRIM33#1 (left) or siTRIM33#2
(right). Heatmap (lower panel) showing the normalized AR ChIP-seq binding intensities of the same AR-TRIM33 shared binding sites in the upper panel.

B Genomic snapshots of AR ChIP-seq peaks surrounding FKBP5, KLK3, and KLK2.
C ChIP-qPCR validation of AR binding sites after TRIM33 knockdown at FKBP5, KLK3, and KLK2 genes in LNCaP and VCaP cells.

Data are represented as a percentage of input chromatin immunoprecipitated. Data are presented as mean � SD (n = 3 independent experiments); **P < 0.01 (two-way
ANOVA).
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TRIM33CA to regulate chromatin binding and transcriptional activ-

ity of AR. Our results show that only wild-type TRIM33 could poten-

tiate AR chromatin binding (Fig 5R) and the transcription of model

AR target genes (Fig 5S). Taken together, the above findings suggest

that TRIM33 functions as an AR coactivator in PCa by protecting AR

from Skp2-mediated ubiquitination and proteasomal degradation.

TRIM33 is overexpressed in human PCa

To examine the clinical significance of TRIM33, we analyzed the

expression of TRIM33 in PCa patients (Singh et al, 2002; Wallace

et al, 2008; Taylor et al, 2010; Kuner et al, 2013; Cancer Genome

Atlas Research, 2015; Penney et al, 2015; Ding et al, 2016; Li

et al, 2020). Overall, TRIM33 mRNA levels are significantly higher

in tumor samples than in normal tissues (Fig 6A). The protein

expression of TRIM33 in PCa patient tissues exhibited intense

nuclear staining, consistent with its reported nuclear localization

(Ferri et al, 2015; Xue et al, 2015). In addition, the nuclear staining

intensity of TRIM33 increased from benign to low Gleason score

tumors and further increased in high Gleason score tumors (Fig 6B

and C). We also looked at the correlation between AR and TRIM33

expression in PCa patients. From our analysis of the TCGA PCa

dataset, we found a positive correlation between TRIM33 mRNA

and AR protein levels (Fig EV5). Together, these clinical data sug-

gest a pro-tumorigenesis function of TRIM33 by stabilizing AR pro-

tein levels in PCa.

An AR-TRIM33 coregulated gene signature is highly expressed in
PCa and predicts disease recurrence

To further evaluate the clinical significance of TRIM33 coregulation

of the AR transcription program in PCa, we associated the AR and

TRIM33 cistromes with transcriptome data from LNCaP cells and

defined an AR-TRIM33-coactivated gene signature consisting of 36

genes. This gene signature is positively correlated with previously

published AR-regulated gene signatures derived from PCa patients

(Nelson et al, 2002; Hieronymus et al, 2006) across multiple PCa

cohorts (Singh et al, 2002; Wallace et al, 2008; Taylor et al, 2010;

Kuner et al, 2013; Cancer Genome Atlas Research, 2015; Penney

et al, 2015; Ding et al, 2016; Li et al, 2020), suggesting our gene

signature is regulated by AR in PCa tumors (Fig 7A). The average

expression of our gene signature is also, in general, significantly

higher in tumor samples compared with normal tissues in the same

studies (Fig 7B). Moreover, we were able to stratify PCa patients

into two clusters based on whether they have “high” (orange) or

“low” (blue) expression of our gene signature (Fig 7C and D).

Notably, patients in the “high” cluster showed a significantly higher

chance of disease recurrence (Fig 7E). Together, our clinical analy-

ses highlight an oncogenic role for TRIM33 in PCa and provide a

gene signature with predictive value.

TRIM33 is required for prostate tumor growth

The above clinical findings and our functional enrichment analyses

(Fig 3H) of the AR-TRIM33 coregulated transcriptome indicate that

TRIM33 might coordinate with AR to promote PCa growth and sur-

vival. To test this possibility, we examined the effect of TRIM33

depletion on PCa cell growth. Our results show that TRIM33 knock-

down significantly reduced cell growth in LNCaP and VCaP cells

(Fig 8A and B). We explored the cause behind the reduction in cell

growth by examining whether TRIM33 has a role in the cell cycle

and apoptosis. In FACS analyses, the depletion of TRIM33 shifted

cells to the G1 phase of the cell cycle (Fig 8C and D) and increased

the number of apoptotic cells (Fig 8E and F). Together, these results

◀ Figure 5. TRIM33 prevents Skp2-mediated proteasomal degradation of AR.

A–D AR transcript levels were measured by RT-qPCR on LNCaP cells (A and C) or VCaP cells (B and D) transfected with siTRIM33 or the TRIM33 expression construct and
treated with EtOH or DHT. Protein lysates were harvested at 72 h after transfection and subjected to western blot analysis with the indicated antibodies.

E, F LNCaP cells transfected with siTRIM33 or NC were treated with cycloheximide (CHX). Protein lysates were harvested at the indicated time points for western blot
analysis. AR protein levels were quantified and normalized to b-actin and then plotted relative to 0 h.

G LNCaP cells transfected with siTRIM33 or NC were treated with DMSO or MG132 for 8 h. Protein lysates were extracted and subjected to western blot analysis with
the indicated antibodies.

H, I HA-Ub was expressed in LNCaP cells cotransfected with siTRIM33 (H) or the TRIM33 expression construct (I). The cells were treated with DMSO or MG132 for 4 h
before harvesting. Endogenous AR was immunoprecipitated from cell lysates, and interacting proteins were detected by immunoblotting with the indicated anti-
bodies.

J, K LNCaP cells transiently expressing either myc-tagged Skp2 or myc-tagged SPOP with Flag-TRIM33 were harvested and subject to immunoblot analysis with the
indicated antibodies.

L shTRIM33- or shCtrl-LNCaP cell lines transfected with NC or siSkp2 were harvested 72 h after transfection and subjected to immunoblot analysis with the indicated
antibodies.

M HEK293T cells were cotransfected with flag-TRIM33 and various myc-tagged AR constructs. AR-FL- and AR-truncated mutants were immunoprecipitated with an
anti-myc antibody and then subjected to western blot analysis with the indicated antibodies.

N HEK293T cells were cotransfected with myc-AR-N and various flag-tagged TRIM33 constructs. AR-N was immunoprecipitated with an anti-myc antibody and then
subjected to western blot analysis with the indicated antibodies.

O LNCaP cells were transfected with various flag-tagged TRIM33 constructs. AR-associated proteins were immunoprecipitated with an anti-AR antibody and then
subjected to western blot analysis with the indicated antibodies.

P LNCaP cells were cotransfected with myc-Skp2 and various flag-TRIM33 constructs. AR and other proteins were detected by western blot analysis with the indi-
cated antibodies.

Q AR pull-down was performed on protein extracts from MG132-treated HEK293T cells overexpressing myc-AR, HA-Ub, myc-Skp2, and various flag-tagged TRIM33
constructs. AR ubiquitination and specific protein levels were detected by western blot analysis with the indicated antibodies.

R, S LNCaP cells were transfected with various flag-TRIM33 constructs. AR binding was detected by ChIP-qPCR (R), while the expression of AR target genes was detected
by RT-qPCR (S).

Data information: In (A–D, F, R, and S), data are presented as mean � SD (n = 3 independent experiments); *P < 0.05, **P < 0.01, ns = not significant (two-way ANOVA).
Source data are available online for this figure.
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suggest that TRIM33 promotes cell proliferation by arresting the cell

cycle and inhibiting apoptosis.

To examine the tumorigenic role of TRIM33 in vivo, we estab-

lished stable TRIM33 knockdown (shTRIM33) and control (shCtrl)

LNCaP cell lines (Appendix Fig S2A and B). Similar to our in vitro

transient studies, shTRIM33 stable cells displayed a lower prolifera-

tion rate than control cells (Appendix Fig S2C). We analyzed the

in vivo role of TRIM33 by injecting the stable cell lines into male

nude mice and monitored their growth. shTRIM33 stable cells

showed statistically significant retarded tumor growth compared

shCtrl cells (Fig 8G and H). shTRIM33 tumors also exhibited signifi-

cantly reduced weight (Fig 8I). Western blot analysis confirmed that

AR protein levels are lower in shTRIM33 tumors than shCtrl tumors

(Fig 8J). Taken together, our in vivo results reveal a tumorigenic

role for TRIM33 in PCa.

TRIM33 sensitizes PCa cells to the anti-proliferative effects of AR
antagonists

Elevated AR protein stability is one of the underlying mechanisms

of antiandrogen therapy resistance (Gregory et al, 2001; Chen

et al, 2004). Given that our work shows TRIM33 stabilizes AR from

Skp2-mediated ubiquitination and degradation, we tested whether

reducing TRIM33 levels sensitizes PCa cells to clinically approved

AR antagonists, Bicalutamide (Casodex) and Enzalutamide

(MDV3100). A dose–response of the two drugs on shTRIM33 and

shCtrl-LNCaP cells shows that a combination of TRIM33 suppres-

sion and antagonist treatment resulted in a more potent anti-

proliferative effect on PCa cells compared with only AR antagonist

treatment (Appendix Fig S3A and B). Moreover, depletion of

TRIM33 significantly lowered the half-maximal inhibitory concen-

tration (IC50) of Casodex and MDV3100 (Fig 8K). Together, these

findings suggest that TRIM33 sensitizes PCa cells to Casodex and

MDV3100 and could be a promising therapeutic target for PCa treat-

ment.

Discussion

Androgen receptor-mediated transcriptional regulation remains a

primary driver throughout the different stages of PCa development

(Feldman & Feldman, 2001; Heemers & Tindall, 2009; Massie

et al, 2011; Decker et al, 2012; Grasso et al, 2015). Coregulatory

proteins work in conjunction with each other to tightly control the

A

B C

Figure 6. TRIM33 is overexpressed in PCa.

A TRIM33 mRNA expression levels were analyzed in normal and tumor samples from multiple publicly available patient cohorts. A two-sided Wilcoxon signed-rank
test was used for the TCGA Prostate, Ding et al (2016), and Li et al (2020) datasets, while a two-sided Wilcoxon rank-sum test was used for the other datasets. Mea-
surements shown in box plots are the first and third quartiles and are split by the medians, whiskers extending a 1.5-fold interquartile range beyond the box.

B, C A human PCa progression tissue microarray was used for immunohistochemistry staining. Representative staining images are shown in (B). TRIM33 staining by
Gleason Scores is summarized in the histogram. Scale bar: 100 lm.
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A

B

C D

E

Figure 7. AR-TRIM33 coregulated target genes define a signature that is highly expressed in PCa tumors and predicts disease recurrence.

A The AR-TRIM33-coactivated gene signature was compared with two PCa patient-derived AR gene signatures in multiple publicly available patient datasets.
B The expression of the gene signature in normal and tumor samples was examined in the same cohorts used in (A). A two-sided Wilcoxon signed-rank test was used

for the TCGA Prostate, Ding et al (2016), and Li et al (2020) datasets, while a two-sided Wilcoxon rank-sum test was used for the other datasets. Measurements
shown in box plots are the first and third quartiles and are split by the medians, whiskers extending a 1.5-fold interquartile range beyond the box.

C Hierarchical clustering of PCa patients from the TCGA Prostate dataset (n = 480) resulted in two distinct clusters indicated in orange (high) and blue (low) based on
the average expression of our 36-gene signature.

D Boxplot showing the average expression level of the 36 AR-TRIM33-coactivated genes for the low and high clusters in (D). Measurements shown in box plots are the
first and third quartiles and are split by the medians, whiskers extending 1.5-fold interquartile range beyond the box. Statistical analysis was performed using the Wil-
coxon rank-sum test.

E Kaplan–Meier analysis showing the recurrence-free survival of patients with low and high expression of the 36-gene signature (P-value, log-rank test).
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transcriptional activity of AR (Heinlein & Chang, 2002). Alterations

in the expression or activity of these coregulators will lead to an AR

transcriptional landscape that promotes PCa progression, highlight-

ing the critical function and therapeutic value of coregulators in PCa

(Wang et al, 2009; Sharma et al, 2013; Mills, 2014; Pomerantz

et al, 2015). Here, we used a highly robust proteomics approach to

discover all chromatin-bound AR-interacting proteins in PCa cells.

We also identified and functionally characterized TRIM33 as a novel

coregulator of AR and mediator of PCa carcinogenesis (Fig 8L).

Thus far, previous studies on TRIM33 have implicated it as a

tumor suppressor with transcriptional corepressor activity (Dupont

et al, 2005, 2009; He et al, 2006; Vincent et al, 2009; Agricola

et al, 2011; Aucagne et al, 2011; Herquel et al, 2011; Kulkarni et al,

2013; Ferri et al, 2015; Xue et al, 2015). In contrast, our study in

PCa demonstrates that TRIM33 can also act as an oncogene, indicat-

ing that TRIM33 functions in a context-dependent manner. Specifi-

cally, we show that TRIM33 acts as a transcriptional coactivator of

pro-mitotic genes, and the loss of TRIM33 significantly slows down

prostate tumor growth. In support of this finding, both TRIM33

mRNA and protein levels are significantly elevated in human PCa

tumor specimens compared with normal tissues. Our work also

revealed that TRIM33 is an integral component of the AR transcrip-

tional network, with alterations in TRIM33 levels resulting in a pro-

found impact on the global AR transcriptome. Overall, our findings

support TRIM33 as a coactivator of AR in PCa. We show that the

activation of AR upregulated genes is dependent on TRIM33, and

this regulation is due to the direct coordinated actions of TRIM33 on

AR chromatin binding, especially at the enhancer regions of genes

associated with PCa development. Moreover, we discovered

TRIM33-regulated AR target genes define an AR-TRIM33-coactivated

gene signature, which is highly expressed in PCa tumors, and

patients with high expression of this gene signature show a higher

risk of disease recurrence. While our current work implicates the

importance of TRIM33 on AR-regulated transcription in PCa, addi-

tional detailed dose–response experiments will be needed in the

future to determine the exact contribution of TRIM33 on AR protein

level and transcriptional activity.

The ubiquitin-mediated proteasome degradation pathway is one

of the primary mechanisms for modulating protein turnover, and

dysregulation of this process has been implicated in the develop-

ment and progression of many diseases, including cancer (Hoeller

et al, 2006; Morrow et al, 2015; Mansour, 2018). In this work, we

show that TRIM33 stabilizes AR protein levels in PCa cells by

preventing ubiquitin-mediated proteasomal degradation of AR.

Notably, we find TRIM33 preferentially inhibits Skp2- but not SPOP-

mediated AR degradation, suggesting precise control of AR protein

levels through specific pairs of degrader-protector proteins. How

does TRIM33 abolish Skp2-mediated ubiquitination and degradation

of AR? Our findings show that this process requires the direct physi-

cal interaction between TRIM33 and AR. Our preliminary studies

also suggest that TRIM33 does not disrupt the interaction between

AR and Skp2 (unpublished observation). However, we know the

RING domain of TRIM33 is required to prevent AR from Skp2-

mediated ubiquitination and degradation, indicating the necessity of

the E3 ligase activity of TRIM33. Thus, we speculate that TRIM33

may impede AR degradation by inhibiting Skp2 E3 ligase activity or

promoting the degradation of Skp2. It is also possible that TRIM33

may promote the function or recruitment of other coregulators

through its E3 ligase activity, which then subsequently interferes or

blocks Skp2-mediated ubiquitination of AR. These and other possi-

bilities will be tested in future work.

Current PCa therapies mainly target the androgen-dependent

activation of AR. However, patients frequently become resistant to

these therapies via multiple mechanisms, including increased AR

protein stability (Gregory et al, 2001; Chen et al, 2004). Our studies

show that TRIM33 stabilizes AR from Skp2-mediated ubiquitination

and degradation, which raises the possibility that inhibiting TRIM33

could potentially enhance the efficacy of clinically approved AR

antagonists. Indeed, our findings suggest that combining small

molecules targeting TRIM33, which would lower AR protein levels,

together with AR antagonists, could be used to achieve synergistic

effects in PCa treatment, including advanced stages of the disease.

Moreover, another mechanism underlying therapy resistance is the

expression of AR variants, such as AR-V7 (Hu et al, 2009). We find

that TRIM33 can also interact with AR-V7 and regulate AR-V7 pro-

tein expression similarly. Together, our work suggests TRIM33 is a

potential therapeutic target for both primary and therapy-resistant

PCa.

TRIM33 is closely related to TRIM24 and TRIM28, and these

three proteins belong to a subfamily of TRIMs (Hatakeyama, 2017).

TRIM24 and TRIM28 are also strong AR interactors from our RIME

assay (Dataset EV1) and were recently reported to function in AR-

dependent transcription in PCa (Kikuchi et al, 2009; Groner

et al, 2016). Our preliminary studies indicate that TRIM24, TRIM28,

and TRIM33 are co-occupied with the enhancers of model AR target

genes (unpublished observations). Furthermore, we found TRIM24

◀ Figure 8. TRIM33 is required for prostate tumor cell growth in vitro and in vivo.

A, B AlamarBlue assays were performed on LNCaP cells (A) and VCaP cells (B) treated with siTRIM33 or NC at the indicated times (n = 3 independent experiments).
C–F Flow cytometry analyses were performed on LNCaP cells transfected with siTRIM33 or NC for detecting cell cycle (C) and cell apoptosis (E). The bar charts show the

distribution of cells in each cell cycle phase from C (D) or the percentage of apoptotic cells from E (F) under indicated conditions (n = 3 independent experiments).
G–I TRIM33 depletion reduced prostate xenograft tumor growth. LNCaP cells stably expressing shCtrl or shTRIM33 were inoculated in the right flanks of male nude

mice. Tumor growth was measured twice per week, as shown in (G). Tumors were excised at the endpoint (H) and weighed (I) (n = 4 mice/group).
J Western blot analysis of AR and TRIM3 protein levels in tumor tissues from (H).
K AlamarBlue assay was used to measure the viability of shTRIM33- or shCtrl-LNCaP cell lines with 72 h of treatment of different amounts of Casodex (upper panel)

or MDV3100 (lower panel). Cell viability values of cells under specific conditions were normalized to the cell viability values of untreated cells. Cytotoxicity plots (left
panels) represent n = 3 independent experiments with six replicates per drug concentration for each experiment. Bar graphs (right panels) show the IC50 value.

L A model depicting the role of TRIM33 on AR signaling in PCa. TRIM33 is relatively lowly expressed in normal conditions, allowing Skp2 to ubiquitinate and degrade
AR. In PCa where TRIM33 is highly expressed, TRIM33 binds to AR and prevents AR from Skp2-mediated ubiquitination and subsequent proteasomal degradation,
thereby enhancing AR signaling and driving PC tumor growth. The model was created with BioRender.com.

Data information: In (A, B, E, F, G, I, and K), data represent the mean � SD;*P < 0.05; **P < 0.01 (two-way ANOVA).
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depletion inhibited while TRIM28 depletion activated AR-regulated

genes (unpublished observations). Together, these findings raise the

possibility that TRIM24, TRIM28, and TRIM33 might operate as a

trimeric complex to regulate AR transcriptional activity. In support-

ing this possibility, these three TRIMs physically and functionally

interact together to modulate hepatocellular carcinoma (HCC) for-

mation in mice (Herquel et al, 2011). Whether this cooperation also

occurs in PCa will require further investigation.

In summary, we describe a noncanonical role for TRIM33, serv-

ing as a coactivator of AR-dependent transcription in PCa. Our work

also provides detailed mechanistic insights on how AR coordinate

with coregulators in promoting PCa progression. More importantly,

the regulation of AR transcriptional activity by TRIM33 provides a

potentially important pathway that can be targeted for PCa therapy.

Material and Methods

Chemicals

Dihydrotestosterone (DHT) was purchased from Tokyo Chemical

Industry. Cycloheximide (CHX) was purchased from Sigma Aldrich.

MG132 was purchased from Selleck Chemicals. Bicalutamide

(Casodex) and Enzalutamide (MDV3100) were purchased from

Adooq Bioscience. The following antibodies were used for RIME,

ChIP, IHC, and western blot assays: anti-AR (H280 and N-20), rabbit

IgG, and anti-c-Myc (9E10) from Santa Cruz, anti-HA (6E2) from

CST, anti-TRIM33 (A301-059A and A301-060A) from Bethyl Labora-

tories, anti-b-actin (AC-15) and anti-FLAG from Sigma.

Cell culture

LNCaP and VCaP cells were purchased from ATCC, maintained in

RPMI (Gibco) and DMEM (Gibco), respectively, and supplemented

with 10% FBS (Gibco). Cells with passage < 30 were used for all

experiments. Before hormone treatment, LNCaP cells were main-

tained in a hormone-depleted condition in phenol red-free RPMI

supplemented with 5% charcoal-dextran-treated FBS (CDFBS;

Hyclone) for a minimum of 72 h. Similarly, VCaP cells were main-

tained in phenol red-free DMEM supplemented with 10% CDFBS for

a minimum of 72 h. Additionally, cells were regularly tested for

mycoplasma contamination using the MycoAlert mycoplasma detec-

tion kit (Lonza).

Plasmids and reporter assay

Full-length flag-tagged TRIM33 pCS2-FLAG-TRIM33 and the TRIM33

mutant pCS2-FLAG-TRIM33CAmut plasmids were purchased from

Addgene. The pCS2-FLAG-TRIM33-DM (deletion of 446–888aa) con-

struct was generated by PCR using the pCS2-FLAG-TRIM33 plasmid

as a template. FLAG-TRIM33-N (which includes the RING finger, 2

B-boxes, and a CC domain, 36–445aa), �M (446–888aa), and �C

(which includes the PHD/bromodomain, 889–1,127aa) were sub-

cloned into the p3 × FLAG-CMV26 vector (a generous gift from Dr.

Gang Li (University of Macau)). Myc-AR full length (FL), N (NTD,

1–559aa), D (DBD and hinge region, 555–672 bp), L (LBD, 673–

920aa), and DL (1–672aa) were subcloned into the pcDNA6-myc/

His A vector (a generous gift from Dr. Chuxia Deng (University of

Macau)). The pRK5-HA-Ubiquitin plasmid was a generous gift from

Dr. Gang Li (University of Macau). The AR reporter plasmid used in

this study has been described previously (Tan et al, 2012). The

pcDNA3-myc-Skp2 plasmid was a generous gift from Dr. Zhenbang

Chen (Meharry Medical College). The myc-SPOP plasmid was a gen-

erous gift from Dr. Jindan Yu (Ohio State University). For ectopic

expression, LNCaP cells were transfected with the indicated plas-

mids using Lipofectamine 3000 (Invitrogen) according to the manu-

facturer’s protocol. For the AR reporter assay, pGL4-ARE-TATA-LUC

and Renilla plasmids were cotransfected with pCS2-FLAG-TRIM33

using Lipofectamine 3,000 or siTRIM33 and/or siAR using Lipofec-

tamine RNAiMAX (Invitrogen) in LNCaP cells. Following transfec-

tion, the culture media was changed to phenol-free RPMI. 48 h post-

transfection, cells were treated with 10 nM of DHT or EtOH for

another 24 h before quantifying the luciferase activity using the

Dual-Glo luciferase kit (Promega).

RNAi studies

LNCaP or VCaP cells cultured for 24 h in phenol red-free medium

were transfected with 5 nM Dicer-substrate short interfering RNAs

(DsiRNAs) from IDT using Lipofectamine RNAiMAX according to

the manufacturer’s protocol. Forty-eight hours after transfection,

cells were treated with EtOH or 10 nM DHT for the specified time

before harvesting for RT-qPCR, RNA-seq, and western blot analyses.

For every target, two separate DsiRNAs were paired with the nega-

tive control nontargeting DsiRNA (NC). DsiRNA and real-time qPCR

primer sequences are listed in Table EV2 in the supplemental mate-

rial section. Gene expression profiles for knockdown studies were

obtained from at least three independent experiments.

Cell proliferation assay

LNCaP cells were transfected with siTRIM33 or NC in 6-well cell cul-

ture plates. After 24 h of transfection, the cells were trypsinized,

and 20,000 cells were seeded into each well of a 96-well cell culture

plate. Cell proliferation was quantified using the alamarBlue cell via-

bility reagent (Invitrogen) for 5 consecutive days at 24 h intervals

according to the manufacturer’s protocol.

Flow cytometry

LNCaP cells were seeded at 1.0 × 106 cells/well in 6-well cell cul-

ture plates and maintained in RPMI 1640 supplemented with 10%

FBS. The following day, cells were transfected with 5 nM of

siTRIM33 or NC using Lipofectamine RNAiMAX according to the

manufacturer’s protocol. Seventy-two hours after transfection, cells

were stained with Propidium Iodide (Sigma) for cell cycle detection

or Alexa FluorTM 488 Annexin V/Dead Cell Apoptosis Kit (Invitro-

gen) for cell apoptosis analysis. Cell cycle and apoptosis data were

acquired using the BD FACSCalibur and analyzed with the FlowJo

software.

Chromatin immunoprecipitation (ChIP) and ChIP-seq

ChIP assays were performed as previously described (Holmes

et al, 2016). Briefly, for TRIM33 ChIP, approximately 1 × 107

LNCaP cells cultured in hormone-starved conditions for 72 h were
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treated with 100 nM DHT or EtOH for 2 h. Similarly, for AR ChIP in

TRIM33 knockdown cells, approximately 5 × 106 cells were trans-

fected twice with 5 nM of siTRIM33 as described above, followed by

100 nM DHT or EtOH treatment for 2 h. Cells were then cross-

linked with 1% formaldehyde (Sigma), followed by immunoprecipi-

tation with the specific antibody-coated protein G Dynabeads (Invit-

rogen). The precipitated DNA was de-cross-linked at 65°C for 8–

18 h and subjected to either high-throughput sequencing or RT-

qPCR at specific genomic regions.

RIME

AR-RIME was performed as described (Mohammed et al, 2016).

Briefly, approximately 2 × 107 cells cultured in hormone-starved

conditions for 72 h were treated with 100 nM DHT for 2 h. The cells

were then cross-linked with 1% methanol-free formaldehyde

(Thermo Scientific) for 8 min at RT. Immunoprecipitation was car-

ried out using 100 ll protein G Dynabeads (Invitrogen) coated with

10 lg anti-AR or rabbit IgG antibody. The bound proteins were

extracted by heating in 20 ll of denaturing buffer (0.02 M Tris–HCl,

pH 6.9, 2% SDS, 0.1 M dithiothreitol) for 10 min. After spinning at

14,000 × g for 30 s, the supernatant containing the extracted pro-

teins was collected and stored at �80°C before proteomic analysis.

Label-free LC–MS/MS quantitative proteomic analysis

The extracted proteins were subjected to trypsin digestion using the

filter-aided sample preparation approach described previously (Wis-

niewski, 2018). The tryptic digest was cleaned up with a C18 ZipTip

(Millipore) according to the manufacturer’s instructions. After drying

down with a SpeedVac, the cleaned peptides were reconstituted in

5% acetonitrile (ACN) and water 95% with 0.1% formic acid. Pep-

tides were separated on an EASY-SprayTM LC column 75 lm ×

50 cm, 2-lm 100-�A pore size (Thermo Scientific) with an ACN gradi-

ent from 5 to 35% in 0.1% formic acid over 65 min. Peptides eluting

from the column were analyzed on a Q Exactive mass spectrometer

(Thermo Fisher Scientific) operated in a data-dependent mode. Sur-

vey full-scan MS spectra (400–2,500 m/z) were acquired at 70,000

FWHM resolution. The top 20 most intense ions were sequentially

isolated and fragmented in the orbitrap by higher-energy collisional

dissociation (HCD) with normalized collision energy (NCE) set to 25.

MS/MS spectra were acquired at 17,500 FWHM resolution. The LC-

MSMS data were searched against the UniProt human protein

sequence (reviewed) database using MaxQuant v1.5.3.17 (Cox &

Mann, 2008) to identify proteins with a minimum of two unique pep-

tides at PSM FDR of 0.01, dependent peptide FDR of 0.01, and protein

FDR of 0.01. For label-free quantification, the LFQ intensity of each

unique protein was calculated using the intensity data of the unmodi-

fied unique peptides and razor peptides.

ChIP-seq analysis

We performed single- and paired-end Illumina sequencing for ChIP-

seq. For paired-end sequencing, only R1 reads were used for analy-

ses. All ChIP-Seq reads were mapped on the human genome assem-

bly version hg19 using Bowtie v.0.12.9 (Langmead et al, 2009) with

default parameters. Potential PCR artifacts and read duplications

from alignments (BAM files) were marked using Picard

MarkDuplicates v.2.20 (https://broadinstitute.github.io/picard/)

and then processed with MACS v.1.4.2 (Zhang et al, 2008) for peak

calling (P-value ≤ 1e-04). The peak overlap between AR and

TRIM33 cistromes was calculated using the findOverlapsOfPeaks

function from the ChIPpeakAnno v.3.16.1 R package (Zhu

et al, 2010). ChIPseeker v.1.18 was used to annotate Chip-seq peaks

(Yu et al, 2015). The deepTools v.3.2.1 (Ramirez et al, 2016) pack-

age was used to generate tag density heatmaps around the ChIP-seq

peak center (�5 Kb). To determine the effect of TRIM33 knockdown

on AR binding, we sub-sampled an equal number of aligned reads

for all the samples to compensate for sequencing bias. The stan-

dalone version of the Integrative Genomics Viewer (IGV v.2.5.2)

was used for peak visualization of selected genes (Thorvaldsdottir

et al, 2013). HOMER v4.11.1 was used for motif enrichment analy-

sis (Heinz et al, 2010).

RNA-seq analysis

The total RNA of each sample was extracted using the RNeasy

Mini Kit (QIAGEN). Next-generation sequencing libraries were con-

structed using the NEBNext� UltraTM Directional RNA Library Prep

Kit for Illumina� according to the manufacturer’s protocol.

Sequencing was performed using 2 × 100 bp paired-end (PE) on the

HiSeq 2000 System with an average read length of around 85 base

pairs. The raw reads of every sample were first trimmed to 75 bp

and then mapped as paired-end sequencing reads against the UCSC

hg19 genome and the gene annotation reference GRCh37 using

HISAT2 (Kim et al, 2015). The FPKM (Fragments Per Kilobase of

exon model per Million mapped fragments) expression values were

calculated from the BAM file generated by HISAT2 and SAMtools

(Li et al, 2009) using the StringTie package (Pertea et al, 2015).

Genes with FPKM greater than zero in all samples and median

FPKM across all samples equal or greater than one was retained for

further analysis. The sequencing quality was evaluated using the

FastQC and RSeQC packages (Wang et al, 2012). GSEA was per-

formed using the standalone version of GSEA v4.1.0. Functional

enrichment analysis was performed using the DAVID v6.8 database

(Huang et al, 2007). Heatmaps of differentially expressed genes

were created with the R package pheatmap.

Clinical samples, tissue microarray assay (TMA), and
immunohistochemistry (IHC) analysis

For IHC analysis, 114 formalin-fixed paraffin-embedded prostate tis-

sue specimens from radical prostatectomy were selected from the

Department of Pathology, Queen Mary Hospital, The University of

Hong Kong. Ethics approval for the study was obtained at the Institu-

tional Review Board of the University of Hong Kong/Hospital

Authority Hong Kong West Cluster. The archival dates of the speci-

men were between 2005 and 2011. The age of patients at the time of

tissue procurement ranged from 48 to 76 years old (median age of

67 years). Median follow-up 119 months (ranging from 33 to

170 months). Sixty-seven patients (61.4%) had preoperative

prostate-specific antigen (PSA) level less than 10 ng/ml. The tissue

panel included 114 prostatic acinar adenocarcinomas and adjacent

paired normal prostate tissue. Tissue samples with prior hormonal or

radiation therapy treatment were excluded. Histological diagnoses

were reviewed and graded by pathologist Tang AHN using the
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updated Gleason grading system (2014 update; Epstein et al, 2016a)

and the WHO/ISUP Grade group (Epstein et al, 2016b). The distribu-

tion of Gleason score and grade group, and patients’ clinical informa-

tion are summarized in Table EV3.

All 114 prostate specimens were used to construct four tissue

microarrays (TMA). Representative areas (carcinoma and normal

tissue) of each specimen were marked. The carcinoma component

was sampled in triplicates to account for tumor heterogeneity. A

haematoxylin and eosin (H&E) stained section from each TMA block

was assessed by Tang AHN to ensure targeted tissues had been

accurately sampled.

For TRIM33 immunohistochemical staining, 4 lm paraffin sec-

tions from TMAs were obtained. They were deparaffinized in xylene

and rehydrated in graded alcohol and distilled water. Heat-induced

antigen retrieval was performed in Tris–EDTA buffer solution (pH

8.0). The sections were incubated with anti-TRIM33 overnight at

4°C. UltraVision Quanto Detection System HRP (Thermo Scientific)

was used for visualization according to the manufacturer’s protocol.

Staining was revealed by counter-staining with haematoxylin. Stain-

ing intensity was graded on a 0–3 scale (0: Negative, 1: weak, 2:

moderate, 3: strong).

Gene signature and survival analysis

The AR-TRIM33 coregulatory gene signature (n = 36) was defined

by genes associated with AR-TRIM33 cobinding within �/+75 Kb of

the TSS and downregulated by TRIM33 knockdown in both RNA-

seq replicates (androgen Foldchange ≥ 2 and siTRIM33 Fold-

change ≤ �1.2). The expression of the AR-TRIM33-coactivated gene

signature was used to stratify patients in the TCGA PCa clinical

cohort (n = 482) into high and low expression groups using hierar-

chical clustering on the scaled expression (z-score) of the AR-

TRIM33-coactivated gene signature. ComplexHeatmap v2.1.0 was

used to plot the heatmap (Gu et al, 2016). The average gene expres-

sion of the AR-TRIM33-coactivated gene signature was compared to

assess the difference between stratified groups, and the significance

was calculated using a two-sided Wilcoxon rank-sum test

(P < 0.001). The probability of recurrence-free survival was calcu-

lated based on the stratified group information. The Survival v3.1.8

R package was used to perform the statistical analysis, and the Surv-

miner v0.4.6 R package was used to draw the Kaplan–Meier plot.

Correlation analysis

The interplay between AR- and TRIM33-regulated genes in clinical

samples were analyzed using our defined gene signature (n = 36)

and two previously published AR gene signatures (Nelson

et al, 2002; Hieronymus et al, 2006). We calculated the activity

score for each of the signatures separately using the method

described previously (He et al, 2018). Briefly, log2 transformed

gene expression values were converted to z-scores for each sample

and then consolidated for all the genes. The consolidated z-score

was then normalized using percentile min-max normalization,

which then named the activity score for each gene signature into

values ranging from 0 (Minimum activity score) to 100 (Maximum

activity score). Finally, the correlation between our gene signature

and the AR activity score for each specimen was calculated using

the Pearson correlation coefficient method. The results were plotted

using the ggscatter function implemented in ggpubr v0.2.4 with R

and P-values (P < 0.001).

Coimmunoprecipitation (Co-IP)

Co-IP assays were performed as previously described (Paltoglou

et al, 2017). In brief, 8.0 × 106 LNCaP or 1.0 × 107 VCaP cells were

seeded in 15 cm dishes and grown in hormone-deprived media for

72 h. Nuclear lysates were extracted according to the RIME protocol

and immunoprecipitated overnight with 100 ll protein G Dynabeads

(Invitrogen) coated with 5 lg anti-AR antibody or rabbit IgG. Beads

were washed three times with PBS, boiled in 2 × SDS–PAGE sample

buffer at 95°C for 5 min, and analyzed by western blotting.

GST pull-down assay

GST and his-MBP recombinant proteins were expressed in BL21

Rosetta (DE3) cells (Novegen). GST proteins were purified using

Glutathione Sepharose 4B beads (GE Healthcare) according to the

manufacturer’s protocol. His-MBP proteins were purified using

HisPurTM Ni-NTA Superflow Agarose (Thermo Scientific) according

to the manufacturer’s protocol. GST proteins immobilized on Glu-

tathione Sepharose 4B beads were mixed with his-MBP proteins on

a rotator at 4°C for 4 h. The beads were then washed three times,

eluted with 30 ll of 1 × SDS–PAGE loading buffer, boiled at 99°C

for 10 min, and analyzed by western blotting.

Ubiquitination assay

For detecting endogenous AR ubiquitination in LNCaP cells,

5.0 × 106 cells were grown in a 10 cm dish. Cells were treated with

MG132 for 4 h before harvesting at 72 h. Cells were then lysed with

RIPA buffer, and whole-cell lysates were immunoprecipitated over-

night at 4°C with protein G Dynabeads (Invitrogen) coated with

anti-AR antibody or rabbit IgG. The following day, the beads were

washed three times with BC300 buffer, once with BC100 buffer,

boiled in 2 × SDS–PAGE sample buffer at 95°C for 5 min, and ana-

lyzed by western blotting.

Xenograft tumor growth

All mice procedures were approved by the Institutional Animal Care

and Use Committee at the University of Macau and complied with

all relevant ethical regulations. 3–5 week-old male nude mice were

used. To evaluate the role of TRIM33 in tumor formation, 3 × 106

LNCaP cells stably expressing shCtrl or shTRIM33 (purchased from

OriGene) were inoculated by subcutaneous injection into the dorsal

flank of the mice (the animals were randomly allocated as two

groups). Tumor size was measured twice a week, while tumor vol-

ume was estimated using the formula 1/2*(L*W2) (L = the length of

the tumor, W = the width). Once the endpoint was reached, mice

were euthanized, and tumors were excised and weighed.

Data availability

All the sequencing data from this work have been submitted to the

NCBI Gene Expression Omnibus (GEO) under accession number

� 2022 The Authors EMBO reports 23: e53468 | 2022 17 of 20

Mi Chen et al EMBO reports



GSE174590 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE174590).

The mass spectrometry proteomics data have been deposited to

the ProteomeXchange Consortium via the PRIDE partner repository

with the dataset identifier PXD031273 (http://www.ebi.ac.uk/pride/

archive/projects/PXD031273).

Expanded View for this article is available online.
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