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ABSTRACT

Ets related gene (ERG) is a transcription factor that is overexpressed in 40%
of prostate tumors due to a gene fusion between ERG and TMPRSS2. Because ERG
functions as a driver of prostate carcinogenesis, understanding the mechanisms
that influence its turnover may provide new molecular handles to target the protein.
Previously, we found that ERG undergoes ubiquitination and then is deubiquitinated
by USP9X in prostate cancer cells to prevent its proteasomal degradation. Here, we
identify Tripartite motif-containing protein 25 (TRIM25) as the E3 ubiquitin ligase
that ubiquitinates the protein prior to its degradation. TRIM25 binds full-length ERG,
and it also binds the N-terminally truncated variants of ERG that are expressed in
tumors with TMPRSS2-ERG fusions. We demonstrate that TRIM25 polyubiquitinates
ERG in vitro and that inactivation of TRIM25 resulted in reduced polyubiquitination
and stabilization of ERG. TRIM25 mRNA and protein expression was increased in ERG
rearrangement-positive prostate cancer specimens, and we provide evidence that
ERG upregulates TRIM25 expression. Thus, overexpression of ERG in prostate cancer
may cause an increase in TRIM25 activity, which is mitigated by the expression of
the deubiquitinase USP9X, which is required to stabilize ERG.

INTRODUCTION of prostate tumors [2, 3]. Depletion of ERG by RNAi
decreases proliferation and/or invasiveness in prostate

Prostate cancer is the most common malignancy in cancer cell lines [4, 5], and ectopic expression of ERG in

men and the second leading cause of cancer-related death
among men in the United States [1]. Fusions of E-twenty-
six (Ets) transcription factor genes with androgen-
responsive genes [2], are present in 50-70% of prostate-
specific antigen (PSA) screened prostate cancers from
populations of predominantly European descent. The most
frequently rearranged member of this family is the E#s
Related Gene (ERG), which is overexpressed through gene
fusion with the 5’ untranslated region of the gene encoding
Transmembrane protease, serine 2 (TMPRSS2) in ~40%

aged mice [6] or in concert with loss of tumor suppressors
in younger mice promotes prostate carcinogenesis [7-9].
Moreover, ERG controls a gene regulatory network related
to the development of prostate cancer, and its progression
to metastatic disease [10, 11].

The potential role of ERG as a cancer driver and
the high incidence of the TMPRSS2-ERG gene fusion
in prostate cancer have catapulted this protein into the
forefront of new targets for therapeutic intervention.
Like most transcription factors, ERG is considered an
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unconventional drug target due to the absence of an
enzymatic activity or ligand-binding domain. Several
strategies have been proposed for therapeutic targeting
of ERG [12], such as by inhibiting its synthesis at the
transcriptional or post-transcriptional level, or by blocking
the interaction of ERG with its genomic targets, however,
these strategies have not yielded yet pharmacological
agents to test clinically in patients. We recently found
that the deubiquitinase USP9X interacts with ERG in
VCaP cells [13], which harbors the TMPRSS2-ERG
gene fusion. Using this cell line, as well as other model
systems in tissue culture and in vivo, we demonstrated
that RNAi knockdown or inhibition of USP9X with the
deubiquitinase inhibitor WP1130 efficiently ablates ERG,
thus providing a new pharmacological avenue for targeting
ERG by accelerating the turnover of the protein.

Our previous findings suggest that ERG stability
in prostate cancer is modulated by the interplay of
ubiquitination and deubiquitination. Importantly, two
recent studies reported that full-length ERG protein is
ubiquitinated in a Speckle-Type POZ Protein (SPOP)-
dependent manner. Thus, low levels of ERG are
maintained unless there are inactivating mutations in
the SPOP E3 ubiquitin ligase adaptor protein [14, 15].
According to these studies, loss of the N-terminus of ERG
when expressed from the TMPRSS2-ERG fusion gene
results in increased stability of the truncated ERG protein
due to loss of SPOP-dependent ubiquitination. Since we
had previously demonstrated that N-terminally truncated
ERG expressed from the TMPRSS2-ERG fusion gene is
ubiquitinated and degraded (albeit truncated ERG appears
to have a longer half-life than full-length ERG as reported
in the two recent studies above), it is likely that there
are SPOP-independent ubiquitin ligases that target ERG
in fusion-positive prostate tumors. In the present study,
we identified TRIM25 as an ubiquitin ligase that targets
N-terminally truncated ERG in fusion-positive VCaP
cells, and characterized its effects on ERG stability and its
expression in prostate cancer.

RESULTS

Identification of TRIM2S as an ERG-interacting
protein

Previously, we identified ERG interaction partners
by performing co-immunoprecipitation studies of
endogenous ERG in VCaP cells [13], but no ubiquitin
ligases were identified that reduced ERG stability. Possible
factors contributing to our inability to identify enzymes
with the targeted activity include the following: 1) the
interaction of such proteins with ERG may be transient
in nature;2), the binding site of the ubiquitin ligase may
be masked by the antibody used for immunoprecipitation;

3) the protein may be expressed at too low a level; 4) the
immunoprecipitation may be too inefficient to detect the
endogenous protein. To circumvent these issues we have
now purified epitope-tagged recombinant ERG (ERG-VY5)
from HEK293T cells. The purified protein was used as
bait for pulldown of ERG binding partners from whole
cell extracts of VCaP cells. After elution of ERG-V5 and
associated proteins, and separation by PAGE (Figure 1A),
we identified putative ERG interacting proteins by mass
spectrometry. Among these putative ERG-binding proteins
were 11 ubiquitin ligases (Figure 1A, Supplementary
Table 1). To determine which of these proteins were
interacting nonspecifically and which were associated
with regulation of ERG stability, we systematically
knocked down each ubiquitin ligase transcript in VCaP
cells using endoribonuclease-prepared siRNA (esiRNA)
[16-18] and assessed the level of ERG protein levels. Only
the knockdown of Tripartite motif-containing protein 25
(TRIM25) resulted in an increase in ERG protein levels
(Figure 1B) as expected from a ubiquitin ligase that targets
ERG for degradation.

We then examined the effect of inactivating TRIM25
using esiRNA, which efficiently reduced TRIM2S protein
levels in VCaP cells (Figure 1C). We validated the
specificity of the TRIM25 knockdown by testing two
siRNAs that target independent regions of the TRIM25
transcript. Treatment of cells with both siRNAs resulted
in efficient knockdown of TRIM2S5 and increase in levels
of ERG (Figure 1D). Furthermore, we demonstrate that
knockdown of TRIM25 with the same siRNAs causes
increased protein levels of ERG in 22Rv1 prostate cancer
cells (Supplementary Figure 1A) that express ERG-V5
from a stably integrated expression vector [13].

TRIM25 functions as an ubiquitin E3 ligase, and
has been implicated in the regulation of innate immunity
by mediating ubiquitination of RIG-I (Retinoic-acid-
inducible gene-I) [19], a protein involved in interferon
synthesis in response to viral infection. TRIM25 has
also been shown to be regulated by estrogen receptor
alpha in breast cancer and to mediate ubiquitination
and degradation of two transcription factors: KLF5 [20]
and ZFHX3 [21]. TRIM2S5 has not been implicated in
prostate cancer biology, and no gain- or loss-of-function
mutations for this gene have been reported for prostate
cancer. We found that TRIM25 knockdown significantly
increased migration of VCaP cells (Supplementary Figure
1B), which is inhibited by ERG knockdown [13]. Based
on the identification of TRIM25 as an ERG-binding
protein and on the observation that TRIM25 knockdown
causes an increase in ERG protein levels in VCaP cells,
we hypothesized that TRIM25 functions as an ERG
ubiquitin ligase, which initiates a pathway leading to ERG
degradation in fusion-positive prostate cancer.
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Figure 1: Identification of TRIM2S as a protein whose knockdown results in increased ERG protein levels. A.
Identification of proteins in VCaP whole cell extract that bind to ERG-V5. Eluted proteins were separated by SDS-PAGE and detected by
Coomassie blue staining (left panel). The asterisk indicates the bait (ERG-VS5). 11 putative ubiquitin ligases that were identified by mass
spectrometry are listed (right panel). B.-D. TRIM25 knockdown increases ERG protein levels in VCaP cells. The 11 putative ERG-binding
ubiquitin ligases were knocked down individually with endoribonuclease-prepared siRNAs (esiRNAs) in VCaP cells, and ERG protein
levels were assayed 72 hours after knockdown B. Only TRIM25 knockdown resulted in increased ERG protein level. esiFLUC targets
firefly luciferase and was used as negative control. We replicated the increased levels of ERG by TRIM25 knockdown with esiRNA C., and
validated this finding with two independent chemically synthesized siRNAs D.
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Mapping of interaction domains between ERG
and TRIM25

Next we validated the physical interaction between
ERG and TRIM2S5 by co-immunoprecipitating TRIM25
with endogenous ERG in VCaP cells (Supplementary
Figure 1C). TRIM25 was also pulled down with GST-
ERG from whole VCaP cell extract (Supplementary
Figure 1D). Epitope-tagged ERG (ERG-HA) also co-
immunoprecipitated with TRIM25-Flag (Supplementary
Figure 1E).

The common TMPRSS2-ERG fusion proteins
that lack 39 (AN39) or 99 (AN99) amino acids from the
N-terminus of ERG were interacting with TRIM25, as we
found that both truncated proteins co-immunoprecipitated
with TRIM2S (Figure 2A). To identify the domains of
ERG and TRIM2S5 that are required for their interaction,
we performed co-immunoprecipitation experiments with
deletion mutants expressed in HEK293T cells (Figure
2B). TRIM25 contains an N-terminal Really Interesting
New Gene (RING) finger domain, a coiled-coil domain
(CCD) and a C-terminal SPla and the RYanodine Receptor
(SPRY) domain. The RING domain is essential for
simultaneously recruiting ubiquitin-conjugating enzymes
and substrates [22], the CCD domain may be essential for
multimerization [23, 24], and the SPRY domain is required
for substrate recruitment [23].

Flag-tagged TRIM25 deletion mutants lacking the
RING domain did not co-immunoprecipitate HA-tagged
ERG (Figure 2C), suggesting that this domain is critical
for ERG recruitment. Deletion of the SPRY domain also
reduced the amount of immunoprecipitated ERG. We
validated these findings with a pulldown experiment,
for which we expressed recombinant GST-tagged
TRIM25 variants in E. coli for pulldown of ERG from
whole VCaP cell extract (Figure 2D). We also performed
co-immunoprecipitation experiments with V5-tagged
ERG deletion mutants to identify ERG domains that
are required for the interaction with TRIM25. Deletion
of the C-terminal activation domain (CAD) of ERG
(Figure 2E) nearly abolished co-immunoprecipitation
of TRIM2S5, suggesting that this domain is essential for
TRIM25 binding. Finally, we demonstrated in GST
pulldown experiments that both the CAD domain of ERG
and the RING domain of TRIM25 are sufficient to pull
down TRIM25 (Figure 2F) or ERG (Figure 2G) from
whole VCaP cell extract. These findings suggest that the
RING domain of TRIM25 and the CAD domain of ERG
are the most critical domains for mediating the physical
interaction between these proteins.

Analysis of TRIM25-mediated ubiquitination of
ERG

The physical interaction of ERG with TRIM25 and
the increased ERG protein levels after TRIM25 depletion
suggest that TRIM25 may be an ERG-specific ubiquitin
ligase and a major determinant of the rate of turnover
of ERG. To test this hypothesis, we first analyzed the
effect of TRIM25 inactivation on the stability of ERG
in VCaP cells. We performed a time-course experiment
examining the effect of knockdown of TRIM25 on ERG
protein levels in cycloheximide-treated cells. Cells were
transfected with siRNA against TRIM25 or a non-targeting
control siRNA 72 hours before initiating cycloheximide
treatment. TRIM25 depletion markedly increased the
stability of ERG (Figure 3A, 3B).

Next, we tested the role of TRIM25 as a putative
ERG-specific ubiquitin ligase using a cell-based
ubiquitination assay. Because of low plasmid transfection
efficiency and slow growth of VCaP cells, we analyzed the
impact of TRIM2S5 loss on ubiquitination of ERG in HeLa
cells (Figure 3C). We knocked out TRIM2S5 expression
using CRISPR-Cas9 mediated gene editing (Figure
3D) [25]. Recombinant HA-ubiquitin and ERG-V5
were expressed in two independent HeLa cell knockout
clones, as well as in parental HeLa cells and ERG-V5
was immunoprecipitated from cell lysates. The levels of
ubiquitinated ERG-VS was analyzed by immunoblotting
using an HA antibody. Levels of polyubiquitinated
ERG-VS5 were markedly decreased in TRIM25 knockout
cells. We verified the specificity of the ubiquitination
assay by comparing V5 immunoprecipitates from HelLa
cells expressing HA-ubiquitin only, or ERG-VS5 in the
presence or absence of HA-ubiquitin. In both cases, no
ubiquitination signal was present in the HA immunoblot
(Supplementary Figure 2A). Also, the V5 antibody
markedly enriched ubiquitinated ERG-V5 as compared to
IgG (Supplementary Figure 2B).

To further corroborate the role of TRIM25 as an
ERG ubiquitin ligase we tested if TRIM25 overexpression
increased ERG ubiquitination. For that purpose we
expressed TRIM25-Flag or an empty vector together
with full-length ERG-V5 and HA-ubiquitin in HEK293T
cells. TRIM25-Flag expression markedly increased the
ubiquitination of ERG-V5 (Figure 3E). We also examined
the effect of TRIM25 overexpression on the ubiquitination
of ERG-AN39-V5 and ERG-AN99-V5. We found that
TRIM25-Flag overexpression markedly increased
polyubiquitination of both N-terminally truncated
variants of ERG, suggesting that TRIM25 mediates
polyubiquitination of full-length, as well as truncated,
ERG variants.

The decreased levels of polyubiquitinated ERG upon
TRIM25 knockout and the increase in ERG ubiquitination
upon overexpression of TRIM25 suggest that TRIM25
is an E3 ubiquitin ligase that targets ERG. To directly
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Figure 2: Analysis of TRIM2S5 interaction with ERG. A. Co-immunoprecipitation of TRIM25 with full-length (ERG-FL) and
N-terminally truncated ERG variants (ERG-AN39 and ERG-AN99). B.-G. Mapping of domains that are required for TRIM25 and ERG
interaction. Epitope-tagged TRIM25 and ERG full-length and deletion mutants B. were used for co-immunoprecipitation and pulldown
experiments. To identify critical TRIM25 domains C., Flag-tagged TRIM25 variants and full-length HA-tagged ERG were ectopically
expressed in HEK293T cells, then co-immunoprecipitation of ERG-HA was performed with an antibody against V5. Pulldown of
endogenous ERG from VCaP cell extract with GST-TRIM2S variants (purified from E. coli) was used as an orthogonal method to validate
the RING domain of TRIM25 as essential for ERG interaction D.. To identify critical ERG domains E., V5-tagged ERG variants were
ectopically expressed in HEK293T cells, then co-immunoprecipitation of endogenous TRIM25 was performed with an antibody against
V5. Pulldown of endogenous TRIM25 or ERG from VCaP cell extract with the GST-tagged CAD-domain (*) of ERG F. or the RING
domain of TRIM25 G., respectively, was used to demonstrate that each of these domains is sufficient to mediate physical interaction
between ERG and TRIM2S. For all immunoprecipitation experiments the immunoblots shown for input represents 1% input.

www.impactjournals.com/oncotarget 64925 Oncotarget



A SiNT 1.2 o siNT
0 2 4 6 8 hrs CHX l .
u siTRIM25
[ - = " W TRIV2S 10

!--l-—-*"| ERG

l- — e — —| GAPDH

o
@
1
HH
——
HH
HH

o
D
1

siTRIM25

0 2 4 6 8 hrsCHX
= = ~= = | TRIM25

[ = o o o crG

Normalized ERG protein level ®
1o

o ©
N £
1 1
1ol
——

0 T 1 T 1
pr— 0 2 4 6 8
| -~ | GAPDH Hours of CHX treatment
C TRIM25 CRISPR D
IgG  par 1 2
10 kop—————
| & chr17: | 56,900,000 | 56,910,000 |
it . t f apne |
TRIM25 . i
IP:V5 o am BT !
IB:HA |
PESSRrINEphie i S SorCiRas S SSrr i =S 5
ichr17: 56,913,5501 56,913,5701 56,913,590 I
|GGOGCAACAGG TOROGAACGRECGACTGCAGOGGG TGRTCC TGAAAGGOGGGACTGTCGARGTACGECT!
IP/IB:V5 | TRIM25-CRISPR1 TRIM25-CRISPR2 1
TRIM25 . :
(input) : TRIM25 !
ERG-V5 e ___BOM1 ]
(input)
E F
ERG-FL ERG-AN39 ERG-AN99 + + + + + E1
" 0 o= B oa W + E2
g =2 &€ = g = + GST-Trim25
() [ () e () o .
> = > - > [ GST-Trim25-ARING
+ + + - - ERG-FL-V5

i _ - 5 - + - ERG-AN39-V5
| ; \ A Ipvs - - - - + ERG-AN99-V5
‘ IB:HA + + + + + 6xHis-Ubiquitin
‘ | :
"
3 3 ¥
rw - e ™R 1 -

H H H - ' H IP/IB:V5 ﬁ a-V5
----- ERG-V5 F-~-. 7

S @ | (input)

a-GST

L S s | TRIM25-Flag
—— —— s |(input)

Figure 3: TRIM2S is a negative regulator of ERG stability and functions as an E3 ubiquitin ligase of ERG. A., B.
TRIM25 knockdown in VCaP cells increases ERG stability in a cycloheximide (CHX) chase assay. Cells were treated over 8 hours with
CHX (20 pg/ml) 72 hours after transfection of a siRNA targeting TRIM25 (siTRIM25) or a non-targeting control siRNA (siNT) A.. For
densitometric analysis of immunoblots (n = 3, error bars represent s.e.m.) GAPDH was used for normalization B.. C., D. TRIM25 is
required for efficient ERG ubiquitination. ERG-V5 and HA-ubiquitin expression constructs were co-transfected into parental or TRIM25
knockout HeLa cells, and after 24 hours ERG-V5 was immunoprecipitated with a V5 antibody and polyubiquitinated ERG was detected
with an HA antibody C.. TRIM25 knockout Hela cells were generated by CRISPR-Cas9-mediated gene editing using two guide RNAs that
target independent sites (boxed, the PAM sequences are underlined) in the first exon of TRIM25 as shown in the UCSC Genome Browser
track D.. E. TRIM25 overexpression increases ubiquitination of full-length ERG as well as N-terminally truncated ERG-AN39 and ERG-
AN99. HEK293T cells were transfected with expression vectors that drive expression of V5-tagged full-length ERG (ERG-FL), or the
N-terminally truncated variants (ERG-AN39 and ERG-AN99), and expression vector for TRIM25-Flag (or empty vector as control) and
HA-ubiquitin. F. GST-TRIM25 ubiquitinates V5-tagged full-length ERG, ERG-AN39 and ERG-AN99 in vitro. ERG-V5 variants were
ectopically expressed in HEK293T cells, and immunoprecipitated for an in vitro ubiquitination assay using GST-TRIM25 (*) or GST-
TRIM25-ARING (*), 6xHis-Ubiquitin, E1 and E2 conjugating enzymes. Immunoblotting was performed with V5 and GST antibodies. For
all immunoprecipitation experiments the immunoblots shown for input represents 1% input.
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Figure 4: ERG is a positive transcriptional regulator of TRIM25 expression in prostate cancer. A., B. Analysis of TRIM25
and ERG protein expression by immunohistochemical (IHC) analysis in a tissue microarray of 209 prostate cancer specimens. Slides were
stained for TRIM25, ERG and hematoxylin, and representative images are shown for specimens with variable staining intensities for ERG
and TRIM25 A.. Scale bars are 100 um. TRIM25 protein levels are significantly higher in the 70 ERG-positive samples than in the 139
ERG-negative samples (p = 3.89¢-07, Student’s z-test) B.. C. Paired TRIM25 and ERG mRNA expression of 193 ERG-positive prostate
cancer samples from TCGA (p - Spearman’s correlation coefficient). D., E. ERG occupancy is markedly increased at the transcription start
site (and putative promoter region) of TRIM?25, as depicted in the UCSC Genome Browser for ERG ChIP-seq data D.. The y axis depicts
ChIP-seq read density, which reflects ERG occupancy. We validated the ChIP-seq data experimentally by ChIP-qPCR analysis of ERG
occupancy at the TRIM25 promoter in VCaP cells E. (n = 3, p value - # test, error bars represent s.d.). F. ERG knockdown in VCaP cells
results in reduced TRIM25 expression. Cells were transfected with siRNAs against ERG or a non-targeting control siRNA (siNT), and
immunoblotting for ERG, TRIM25, and GAPDH was performed 72 hours after transfection. G. Ectopic expression of ERG-V5 in 22Rv1
cells results in increased TRIM25 expression. 22Rv1 cells were transfected with an ERG-V5 expression vector or the empty vector, and
selected for stable expression with geneticin. Cells were analyzed by immunoblot analysis for TRIM25, ERG-VS5, and GAPDH expression.
For densitometric analysis of immunoblots GAPDH was used for normalization.
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demonstrate this activity for TRIM25, we tested if ERG
is ubiquitinated by TRIM25 in vitro. For this purpose,
we incubated E1 and E2 conjugating enzymes, 6xHis-
Ubiquitin and full length ERG-V5 (immunoprecipitated
from HEK293T) with purified GST-tagged (expressed in
E. coli) wildtype TRIM25 (GST-TRIM25) or a TRIM25
variant that lacked the RING domain. When incubated
with GST-TRIM25 we observed ERG polyubiquitination,
while no polyubiquitinated ERG-VS was observed in the
presence of the RING-domain deletion mutant of TRIM25
(Figure 3F). TRIM25 also polyubiquitinated ERG-
AN39-V5 and ERG-AN99-VS5. Collectively, these results
establish that TRIM2S is an ubiquitin ligase of full-length
ERG as well as the N-terminally truncated ERG variants
that originate from the TMPRSS2-ERG gene fusion in
prostate tumors.

Since TRIM25 was shown to mediate both K48-
[21] and K63-linked [19] ubiquitination we sought to
further characterize the mechanism of ERG ubiquitin
chain linkage mediated by TRIM25. For this purpose, we
used 6xHis-Ubiquitin K48 and 6xHis-Ubiquitin K63 (i.e.,
ubiquitin mutants where all lysine residues except K48 or
K63 are substituted for arginine). We found an increase
in polyubiquitinated ERG for both 6xHis-Ubiquitin
K48 and 6xHis-Ubiquitin K63 (Supplementary Figure
2C). Since K48 chain linking generally targets proteins
for proteasomal degradation, these results are consistent
with the premise that TRIM25 promotes proteasomal
degradation of ERG. In this experiment, we also found
that the C-terminal activation domain of ERG was critical
for ubiquitination in vitro.

Analysis of TRIM2S expression in prostate cancer

We examined the expression of TRIM25 protein
by immunohistochemical analysis (Figure 4A) in 209
prostate cancer tumor samples that were placed on a
tissue microarray generated at the University of Michigan.
Significantly higher levels of TRIM25 were present in the
tumors that expressed ERG (p = 3.89¢-07) than in the
ERG-negative tumors (Figure 4B). This observation may
appear to be counterintuitive because high TRIM25 protein
expression would be expected to result in lower ERG
protein levels. However, we note that the deubiquitinase
USP9X, which removes ubiquitin from ERG, is also
expressed at higher levels in ERG-positive tumors and
correlates with the levels of ERG protein in these tumors
[13]. Furthermore, we demonstrate here that catalytically
active USP9X (but not catalytically inactive USP9X in
which serine was substituted for cysteine at position 1566
[13]) reverts TRIM25-mediated ubiquitination of ERG in
vitro (Supplementary Figure 2D). Thus, the expression of
TRIM2S5 in prostate cancer cells may not result in reduced
ERG protein levels when USP9X is also expressed.

Surprisingly, we found a positive correlation
between the transcript levels of TRIM25 and ERG in

ERG-positive prostate tumors (Figure 4C) in the RNA-
seq data from The Cancer Genome Atlas (TCGA)
consortium. This positive correlation between ERG
and TRIM25 mRNA expression suggests that the
transcription factor ERG may regulate TRIM25 mRNA
expression. Several lines of evidence support this
hypothesis: First, we found high ERG occupancy in
the vicinity of the transcription start site of TRIM25
when we analyzed ChIP-seq data generated for ERG in
VCaP cells (Figure 4D). We validated the enrichment of
ERG at the TRIM25 gene promoter in VCaP cells with
a chromatin immunoprecipitation and quantitative PCR
assay, which demontrated 5.3-fold greater enrichment
for ERG occupancy (Figure 4E). Thus, ERG appears to
be bound to the TRIM25 gene promoter. We found that
ERG knockdown with two independent siRNAs resulted
in 42% or 58% reduction of TRIM2S expression in VCaP
cells (Figure 4F). And, when we analyzed the impact of
ectopic ERG expression in 22Rv1 cells that do not harbor
any Ets gene fusions we found that ERG-V5 expression
increased TRIM25 expression by 53% (Figure 4G). These
results suggest that ERG may positively regulate TRIM25
expression, which could present a negative feedback
mechanism to maintain physiological ERG protein levels.
Our previous discovery of USP9X as an ERG-stabilizing
deubiquitinase [13] suggests that reduction of ERG protein
levels by TRIM25-mediated proteasomal degradation is
prevented by expression of USP9X in fusion-positive
prostate cancer cells.

DISCUSSION

We have identified TRIM25 as an ERG-binding
ubiquitin ligase in prostate cancer cells. We demonstrated
that TRIM25 knockdown results in increased ERG
stability in TMPRSS2-ERG expressing prostate cancer
cells. Using several biochemical assays we show
that TRIM25 mediates the polyubiquitination of full-
length ERG as well as N-terminally truncated ERG. In
conclusion, our work provides novel insights in the
regulation of ERG protein stability in prostate cancer.

MATERIALS AND METHODS

Identification of ERG interacting proteins

ERG-VS5 was ectopically expressed in HEK293T
cells, immunoprecipitated with a V5 antibody, and used as
bait for pulldown of ERG-binding proteins from VCaP cell
lysates. Eluted proteins were separated by SDS-PAGE. For
Mass spectrometry, PAGE gel slices were digested with
trypsin, and high performance liquid chromatography
tandem mass spectrometry (HPLC/MS/MS) analysis of
tryptic peptides was performed with a Thermo Fusion
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Lumos mass spectrometer (Thermo) coupled to an
Ultimate 3000 RSLC-Nano liquid chromatography
systems (Dionex).

Co-immunoprecipitation

Full-length TRIM25-FLAG, ERG-V5, ERG-HA,
deletion variants of ERG-V5 and TRIM25-Flag, and/or
HA-ubiquitin expression plasmids were transfected into
HEK?293T or Hela cells, and immunoprecipitation was
performed with V5, FLAG or HA antibodies.

Protein purification and GST Pulldown

GST-TRIM25 and GST-TRIM25-ARING were
expressed in E. coli BL21(DE3), and purified with
glutathione sepharose beads and glutathione elution. For
GST pulldown, whole VCaP cell extracts were incubated
with GST or GST-TRIM2S5 variants, and eluted proteins
were detected by immunoblot analysis.

Analysis of ERG protein stability in VCaP cells

VCaP cells transfected with siRNA against
TRIM25 or a non-targeting control were treated with
cycloheximide, or DMSO. Immunoblot analysis of
TRIM25, ERG, and GAPDH expression was performed
for several time points over 8 hours.

Generation of TRIM?25-knockout HeL a cells

We used the GeneArt® CRISPR Nuclease (OFP
Reporter) Vector Kit (Thermo Fisher Scientific) according
to the manufacturer’s instructions to generate 7RIM25
CRISPR nuclease constructs, which were transfected into
HeLa cells with Effectene transfection reagent (Qiagen).
TRIM?25-knockout HeLa cells clones were identified by
immunoblot analysis.

Analysis of ERG ubiquitination in TRIM25-
knockout HeLa cells

TRIM?25-knockout HeLa cells grown in DMEM
with 10% FBS were co-transfected with ERG-V5 and
HA-ubiquitin expression plasmids. Immunoprecipitation
with a V5 antibody was performed as described above. For
Western blot analysis antibodies against TRIM25, HA, V5,
and GAPDH were used.

In vitro ubiquitination assay

ERG-V35, ERG-AN39-V5 and ERG-AN99-V5, was
overexpressed in HEK293T cells and immunoprecipitated.
These purified proteins were incubated with recombinant
GST-TRIM25 variants purified from E. coli, human
recombinant UBE1, UbcH5a and 6xHis-Ubiquitin (all
three proteins were purchased from Boston Biochem).

Immunohistochemical staining

Immunohistochemical staining was performed as
previously described (Strand, 2012; Ma, 2010) for ERG
(1:100, Biocare Medical) and TRIM25 (1:100, Abcam).
ERG and TRIM25 expression were evaluated on a
previously described tissue microarray containing 209
cases of localized prostate cancer arrayed in triplicate
[26]. All patients underwent radical prostatectomy at
the University of Michigan Health System as primary
monotherapy without neoadjuvant hormonal or radiation
therapy. This radical prostatectomy series is part of the
University of Michigan Prostate Cancer Specialized
Program of Research Excellence Tissue Core. Tumor cells
with ERG and/or TRIM2S5 staining were scored manually
per tissue core by a reviewer who was blinded to the
clinical data.

ACKNOWLEDGMENTS

We are grateful to the McDermott sequencing and
mass spectrometry cores at UT Southwestern for technical
assistance. We thank Helen Hobbs for critical reading of
the manuscript.

CONFLICTS OF INTEREST

The authors have no conflicts to disclose.

GRANT SUPPORT

This study was supported by a grant of the National
Institutes of Health (RO1CA200787), the CPRIT Scholar
in Cancer Research Award (R1002) of the Cancer
Prevention and Research Institute of Texas and the John
L. Roach Endowment in Biomedical Research to R.K.

Editorial note

This paper has been accepted based in part on peer-
review conducted by another journal and the authors’
response and revisions as well as expedited peer-review
in Oncotarget.

www.impactjournals.com/oncotarget

64929

Oncotarget



REFERENCES

1. Siegel RL, Miller KD and Jemal A. Cancer statistics, 2016.
CA Cancer J Clin. 2016; 66:7-30.

2. Tomlins SA, Rhodes DR, Perner S, Dhanasekaran SM,
Mehra R, Sun XW, Varambally S, Cao X, Tchinda J,
Kuefer R, Lee C, Montie JE, Shah RB, Pienta KJ, Rubin
MA and Chinnaiyan AM. Recurrent fusion of TMPRSS2
and ETS transcription factor genes in prostate cancer.
Science. 2005; 310:644-648.

3.  Perner S, Demichelis F, Beroukhim R, Schmidt FH,
Mosquera JM, Setlur S, Tchinda J, Tomlins SA, Hofer MD,
Pienta KG, Kuefer R, Vessella R, Sun XW, Meyerson M,
Lee C, Sellers WR, et al. TMPRSS2:ERG fusion-associated
deletions provide insight into the heterogeneity of prostate
cancer. Cancer Res. 2006; 66:8337-8341.

4. Tomlins SA, Laxman B, Dhanasekaran SM, Helgeson BE,
Cao X, Morris DS, Menon A, Jing X, Cao Q, Han B, Yu J,
Wang L, Montie JE, Rubin MA, Pienta KJ, Roulston D, et
al. Distinct classes of chromosomal rearrangements create
oncogenic ETS gene fusions in prostate cancer. Nature.
2007; 448:595-599.

5. Mounir Z, Lin F, Lin VG, Korn JM, Yu Y, Valdez R, Aina
OH, Buchwalter G, Jaffe AB, Korpal M, Zhu P, Brown
M, Cardiff RD, Rocnik JL, Yang Y and Pagliarini R.
TMPRSS2:ERG blocks neuroendocrine and luminal cell
differentiation to maintain prostate cancer proliferation.
Oncogene. 2015; 34:3815-3825.

6. Nguyen LT, Tretiakova MS, Silvis MR, Lucas J, Klezovitch
O, Coleman I, Bolouri H, Kutyavin VI, Morrissey C, True
LD, Nelson PS and Vasioukhin V. ERG Activates the YAP1
Transcriptional Program and Induces the Development of
Age-Related Prostate Tumors. Cancer Cell. 2015; 27:797-
808.

7. Tomlins SA, Laxman B, Varambally S, Cao X, Yu J,
Helgeson BE, Cao Q, Prensner JR, Rubin MA, Shah RB,
Mehra R and Chinnaiyan AM. Role of the TMPRSS2-ERG
gene fusion in prostate cancer. Neoplasia. 2008; 10:177-
188.

8. King JC, Xu J, Wongvipat J, Hieronymus H, Carver BS,
Leung DH, Taylor BS, Sander C, Cardiff RD, Couto SS,
Gerald WL and Sawyers CL. Cooperativity of TMPRSS2-
ERG with PI3-kinase pathway activation in prostate
oncogenesis. Nat Genet. 2009; 41:524-526.

9. Klezovitch O, Risk M, Coleman I, Lucas JM, Null M, True
LD, Nelson PS and Vasioukhin V. A causal role for ERG in
neoplastic transformation of prostate epithelium. Proc Natl
Acad Sci U S A. 2008; 105:2105-2110.

10. Chng KR, Chang CW, Tan SK, Yang C, Hong SZ, Sng
NY and Cheung E. A transcriptional repressor co-regulatory
network governing androgen response in prostate cancers.
EMBO J. 2012.

11. YulJ, Mani RS, Cao Q, Brenner CJ, Cao X, Wang X, Wu
L, LiJ, Hu M, Gong Y, Cheng H, Laxman B, Vellaichamy

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

A, Shankar S, Li Y, Dhanasekaran SM, et al. An integrated
network of androgen receptor, polycomb, and TMPRSS2-
ERG gene fusions in prostate cancer progression. Cancer
Cell. 2010; 17:443-454.

Tomlins SA, Bjartell A, Chinnaiyan AM, Jenster G, Nam
RK, Rubin MA and Schalken JA. ETS gene fusions in
prostate cancer: from discovery to daily clinical practice.
Eur Urol. 2009; 56:275-286.

Wang S, Kollipara RK, Srivastava N, Li R, Ravindranathan
P, Hernandez E, Freeman E, Humphries CG, Kapur P,
Lotan Y, Fazli L, Gleave ME, Plymate SR, Raj GV, Hsich
JT and Kittler R. Ablation of the oncogenic transcription
factor ERG by deubiquitinase inhibition in prostate cancer.
Proc Natl Acad Sci U S A. 2014; 111:4251-4256.

An J, Ren S, Murphy SJ, Dalangood S, Chang C, Pang X,
Cui Y, Wang L, Pan Y, Zhang X, Zhu Y, Wang C, Halling
GC, Cheng L, Sukov WR, Karnes RJ, et al. Truncated ERG
Oncoproteins from TMPRSS2-ERG Fusions Are Resistant
to SPOP-Mediated Proteasome Degradation. Mol Cell.
2015; 59:904-916.

Gan W, Dai X, Lunardi A, Li Z, Inuzuka H, Liu P, Varmeh
S, Zhang J, Cheng L, Sun Y, Asara JM, Beck AH, Huang J,
Pandolfi PP and Wei W. SPOP Promotes Ubiquitination and
Degradation of the ERG Oncoprotein to Suppress Prostate
Cancer Progression. Mol Cell. 2015; 59:917-930.

Kittler R, Putz G, Pelletier L, Poser I, Heninger AK,
Drechsel D, Fischer S, Konstantinova I, Habermann
B, Grabner H, Yaspo ML, Himmelbauer H, Korn B,
Neugebauer K, Pisabarro MT and Buchholz F. An
endoribonuclease-prepared siRNA screen in human cells
identifies genes essential for cell division. Nature. 2004;
432:1036-1040.

Kittler R, Heninger AK, Franke K, Habermann B and
Buchholz F. Production of endoribonuclease-prepared short
interfering RNAs for gene silencing in mammalian cells.
Nat Methods. 2005; 2:779-784.

Kittler R, Surendranath V, Heninger AK, Slabicki M, Theis
M, Putz G, Franke K, Caldarelli A, Grabner H, Kozak K,
Wagner J, Rees E, Korn B, Frenzel C, Sachse C, Sonnichsen
B, et al. Genome-wide resources of endoribonuclease-
prepared short interfering RNAs for specific loss-of-
function studies. Nat Methods. 2007; 4:337-344.

Gack MU, Shin YC, Joo CH, Urano T, Liang C, Sun L,
Takeuchi O, Akira S, Chen Z, Inoue S and Jung JU.
TRIM25 RING-finger E3 ubiquitin ligase is essential for
RIG-I-mediated antiviral activity. Nature. 2007; 446:916-
920.

Zhao KW, Sikriwal D, Dong X, Guo P, Sun X and Dong
JT. Oestrogen causes degradation of KLFS5 by inducing the
E3 ubiquitin ligase EFP in ER-positive breast cancer cells.
Biochem J. 2011; 437:323-333.

Dong XY, Fu X, Fan S, Guo P, Su D and Dong JT.
Oestrogen causes ATBF1 protein degradation through the

oestrogen-responsive E3 ubiquitin ligase EFP. Biochem J.
2012; 444:581-590.

www.impactjournals.com/oncotarget

64930

Oncotarget



22.

23.

24.

Lorick KL, Jensen JP, Fang S, Ong AM, Hatakeyama S
and Weissman AM. RING fingers mediate ubiquitin-
conjugating enzyme (E2)-dependent ubiquitination. Proc
Natl Acad Sci U S A. 1999; 96:11364-11369.

LiY, Wu H, Wu W, Zhuo W, Liu W, Zhang Y, Cheng
M, Chen YG, Gao N, Yu H, Wang L, Li W and Yang M.
Structural insights into the TRIM family of ubiquitin E3
ligases. Cell Res. 2014; 24:762-765.

Sanchez JG, Okreglicka K, Chandrasekaran V, Welker JM,
Sundquist WI and Pornillos O. The tripartite motif coiled-
coil is an elongated antiparallel hairpin dimer. Proc Natl
Acad Sci U S A. 2014; 111:2494-2499.

25.

26.

Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, Hsu
PD, Wu X, Jiang W, Marraffini LA and Zhang F. Multiplex
genome engineering using CRISPR/Cas systems. Science.
2013; 339:819-823.

Mehra R, Shi Y, Udager AM, Prensner JR, Sahu A, Iyer
MK, Siddiqui J, Cao X, Wei J, Jiang H, Feng FY and
Chinnaiyan AM. A novel RNA in situ hybridization assay
for the long noncoding RNA SChLAPI1 predicts poor
clinical outcome after radical prostatectomy in clinically
localized prostate cancer. Neoplasia. 2014; 16:1121-1127.

www.impactjournals.com/oncotarget

64931

Oncotarget



