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SUMMARY
TMPRSS2-ERG gene fusion occurs in approximately 50% of cases of prostate cancer (PCa), and the fusion
product is a key driver of prostate oncogenesis. However, how to leverage cellular signaling to ablate
TMPRSS2-ERG oncoprotein for PCa treatment remains elusive. Here, we demonstrate that DNA damage
induces proteasomal degradation of wild-type ERG and TMPRSS2-ERG oncoprotein through ERG threo-
nine-187 and tyrosine-190 phosphorylationmediated byGSK3b andWEE1, respectively. The dual phosphor-
ylation triggers ERG recognition and degradation by the E3 ubiquitin ligase FBW7 in amanner independent of
a canonical degron. DNAdamage-induced TMPRSS2-ERGdegradationwas abolished by cancer-associated
PTEN deletion orGSK3b inactivation. Blockade of DNAdamage-induced TMPRSS2-ERGoncoprotein degra-
dation causes chemotherapy-resistant growth of fusion-positive PCa cells in culture and inmice. Our findings
uncover a previously unrecognized TMPRSS2-ERG protein destruction mechanism and demonstrate that
intact PTEN and GSK3b signaling are essential for effective targeting of ERG protein by genotoxic therapeu-
tics in fusion-positive PCa.
INTRODUCTION

Prostate cancer (PCa) is the most commonly diagnosed cancer

among men and is the second leading cause of cancer-related

death among men in Western countries (Siegel et al., 2016).

There are a few options for treatment of localized PCa, such as

surgery and radiation therapy. Androgen deprivation therapy

(ADT) is the mainstay of treatment for advanced PCa. However,

disease in the majority of patients relapses into castration-resis-

tant PCa (CRPC) 18–24months after initial ADT treatment (Attard

et al., 2009). Currently, there is no effective treatment available

for PCa patients when the next-generation androgen signaling

inhibitors such as enzalutamide (Enza) and abiraterone are

unsuccessful.

Although significant progress has been made, knowledge

regarding the etiology and molecular signaling driving PCa pro-

gression and therapy resistance remains very limited, imposing

a tremendous challenge on curing this malignancy in the clinical

setting. It has been well documented that approximately 50% of

patients with PCa harbor recurrent TMPRSS2-ERG gene rear-
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rangements, in which the 50 untranslated region (50 UTR) of the
androgen receptor (AR)-regulated TMPRSS2 gene is fused to

the coding region of the ETS-related gene (ERG) (Kumar-Sinha

et al., 2008; Cancer Genome Atlas Research Network, 2015;

Tomlins et al., 2005). Fusion of the TMPRSS2 gene to other

members of the ETS family, such as ETV1, ETV4, and ETV5,

has also been detected in PCa (Clark et al., 2007). However,

ERG fusion is far more common than other ETS gene arrange-

ments, accounting for up to 80% of the TMPRSS2-ETS gene fu-

sions in PCa (Clark et al., 2007).

Among TMPRSS2-ERG rearrangements, TMPRSS2 exon 1

fused to ERG exon 4 (termed T1-E4 or E4) and to ERG exon 5

(termed T1-E5 or E5) are the two most commonly occurring

gene fusions. Although both fusion genes give rise to truncated

forms of ERG protein, they keep the same key functional do-

mains as the wild-type (WT) counterpart, including the ETS

DNA binding domain and the transactivation domain (TAD) (An

et al., 2015). Increasing evidence suggests that TMPRSS2-

ERG truncated protein (e.g., ERG-E4) plays a significant role in

promoting prostate oncogenesis and progression (Brandi
vier Inc.
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et al., 2018; Cai et al., 2009; Delliaux et al., 2018; Tomlins et al.,

2008). Knockdown (KD) of endogenously expressed TMPRSS2-

ERG inhibits the growth of prostate tumors in vitro and in vivo

(Tomlins et al., 2008; Wang et al., 2008). Although transgenic

expression of ERG-E4 alone induces only precursor-like lesions,

its overexpression is able to drive tumorigenesis in the mouse

prostate harboring other genetic lesions, such as Pten or

Foxo1 gene deletion (Carver et al., 2009; King et al., 2009; Klezo-

vitch et al., 2008; Yang et al., 2017). These findings indicate that

TMPRSS2-ERG not only is a key driver of prostate oncogenesis

but also is a viable therapeutic target in PCa.

The F box andWD40 repeat domain-containing 7 (FBW7; also

termed CDC4) protein is a tumor suppressor that inhibits cell di-

vision and proliferation (Akhoondi et al., 2007). FBW7 is inacti-

vated by genemutation or loss of expression in numerous human

malignances, such as breast cancer (Akhoondi et al., 2007; Ye

et al., 2004). FBW7 is the substrate-binding subunit of the

SKP1-CULLIN1-F box (SCFFBW7) E3 ubiquitin ligase complex.

It promotes polyubiquitination and proteasomal degradation of

a large spectrum of oncogenic proteins, including CYCLIN E

(Ye et al., 2004), c-MYC (Welcker et al., 2005; Yada et al.,

2004), NOTCH (Gupta-Rossi et al., 2001), and c-JUN (Nateri

et al., 2004). Most important, the substrates of FBW7 often

contain a consensus FBW7-binding degron (also termed CDC4

phospho-degron [CPD]) I/P/L-T-P-X-X-S/E (where X denotes

any amino acid), in which T residue is phosphorylated simulta-

neously with either a phosphorylated S or E, a phospho-

mimicking amino acid (Aifantis et al., 2008; Welcker and Clur-

man, 2008).

In the present study, we demonstrate that genotoxic agents

such as ionizing radiation (IR) and camptothecin (CPT) induce

proteasomal degradation of TMPRSS2-ERG gene fusion prod-

uct, but this effect is abrogated by loss of PTEN or inactivation

of GSK3b. We also show that both GSK3b and WEE1 kinases

are required for DNA damage-induced TMPRSS2-ERG protein

destruction. We identify a CPD (T-P-X-X-S/E)-like motif T-P-X-

Y (187TPSY190) in ERG and demonstrate that mutation of threo-

nine-187 (T187) and tyrosine-190 (Y190) to alanine abolishes

DNA damage-induced degradation of TMPRSS2-ERG. Finally,

we show that expression of degradation-resistant TMPRSS2-

ERG promotes genotoxic therapy-resistant growth of PCa cells

in culture and in mice.

RESULTS

Genotoxic Therapeutic Agents Induce Proteasomal
Degradation of TMRPSS2-ERG Protein
Given the critical role of TMPRSS2-ERG truncated protein in

prostate tumorigenesis and progression, we sought to deter-

mine how to ablate TMPRSS2-ERG protein in ERG gene

fusion-positive PCa. To this end, we used the VCaP cell line as

a working model because it expresses both endogenous WT

full-length ERG (ERG-FL) and truncated TMPRSS2-ERG protein

(ERG-E4) (An et al., 2015). We first performed short-term treat-

ment (8 h) of VCaP cells with therapeutic agents that are in clin-

ical use, including Enza, docetaxel (DTX), CPT, and IR. We

demonstrated that although Enza and DTX failed to affect

ERG-FL protein expression, both CPT and IR treatment drasti-
cally decreased ERG-FL expression in VCaP cells (Figure 1A).

Most important, whereas Enza and DTX treatment had little or

no effect on ERG-E4 expression at protein and mRNA levels,

both CPT and IR treatment markedly decreased its expression

at protein level, but not the mRNA level (Figures 1A and 1B), sug-

gesting that DNA damaging agents regulate ERG truncated pro-

tein expression at the posttranscriptional level. Expression of

TMPRSS2-ERG fusion gene mRNA is known to be regulated

by the AR. We found that at 8 h post-treatment, neither IR nor

CPT treatment altered expression of AR protein and its target

gene KLK3 mRNA expression (Figures 1A and 1B), arguing that

the effect of IR and CPT on ERG-E4 expression is independent

of AR expression and its transcriptional activity in VCaP cells.

Similar results were obtained in VCaP cells at a longer time point

(24 h) after IR and CPT treatment in VCaP cells (Figures S1A and

S1B). As expected, the longer time treatment of the AR inhibitor

Enza not only decreasedKLK3mRNA expression but also down-

regulated ERG-E4 expression at both mRNA and protein levels

(Figures S1A and S1B). We further showed that both IR and

CPT treatment decreased ERG-E4 protein expression in a

dose-dependent manner (Figures 1C and 1D). These data sug-

gest that DNA damaging agents decrease ERG expression at

the posttranscriptional level.

Next, we sought to determine how DNA damage regulates

ERG-E4 expression at the posttranscriptional level. 22Rv1 PCa

cells were transfected with hemagglutinin (HA)-tagged ERG-FL

(WT), ERG-E4, or ERG-E5 and treated with CPT and/or the pro-

teasome inhibitor MG132. The levels of different forms of ERG

protein were invariably decreased upon DNA damage, but

such effect was blocked by MG132 (Figures 1E and 1F). By per-

forming in vivo ubiquitination assay, we showed that CPT treat-

ment induced polyubiquitination of WT and cancer-derived

ERG proteins (Figure 1G). Moreover, CPT treatment significantly

shortened the half-life of both endogenousWT ERG and ERG-E4

in VCaP cells (Figures 1H–1J). These data indicate that DNA

damage induces ubiquitination and proteasomal degradation

of both WT and TMPRSS2-ERG truncated proteins in PCa cells.

It has been reported that SPOP and TRIM25 E3 ubiquitin ligases

target ERG protein for ubiquitination and proteasomal degrada-

tion in the conditions without DNA damage (An et al., 2015; Gan

et al., 2015; Wang et al., 2016). As expected, KD of SPOP and

TRIM25 increased the level of both endogenous WT and ERG-

E4 in mock-treated VCaP cells (Figure S1C). However, SPOP

and TRIM25 co-KD failed to block ERG protein degradation in

CPT-treated VCaP cells (Figure S1C). These data suggest that

DNA damage induces ERG degradation through a mechanism

independent of SPOP and TRIM25.

Functional GSK3b Is Required for DNADamage-Induced
Degradation of ERG
To define the molecular mechanism underlying DNA damage-

induced ERGdegradation, we surveyedCPT’s effect on ERGpro-

tein expression in a panel of PCa cell lines including both PTEN-

positive (22Rv1 andDU145) and PTEN-negative cell lines (LNCaP,

C4-2, and PC-3), all of which do not harbor the TMPRSS2-ERG

rearrangement. We first transfected HA-tagged FL, E4, and E5

ERG into these cell lines and then treated them with CPT. Similar

to the finding in VCaP cells, we found that CPT treatment
Molecular Cell 79, 1008–1023, September 17, 2020 1009



Figure 1. Genotoxic Therapeutic Agents Induce Proteasomal Degradation of TMRPSS2-ERG Proteins

(A and B) VCaP cells were treated as indicated for 8 h, and cells were harvested for western blot (WB) (A) and qRT-PCR (B). ERK2 serves as a loading control. FL,

full-length ERG; E4, ERG-E4 protein. Data are shown as mean value ± SD. n.s., not significant compared with mock (DMSO) treatment (unpaired two-tailed

Student’s t test).

(C) VCaP cells were irradiated with indicated dosages and cultured for indicated time periods. Cells were harvested for WB. g-H2AX was included as an indicator

of DNA damage.

(D) VCaP cells were treated with CPT at indicated concentrations for 8 h and harvested for WB.

(E) Schematic diagram of FL ERG and TMPRSS2-ERG fusion products E4 and E5. Different exons and the coding region (yellow) of the ERG gene are also

indicated. The regions in blue, orange, green, purple, and dark blue colors represent NTD, PNT, CAR, ETS (DNA binding), and TAD (transactivation) domains of

ERG protein, respectively.

(F and G) Plasmids for HA-tagged FL, E4, and E5 were transfected into 22Rv1 cells and treated with or without CPT (0.5 mM) andMG132 (20 mM) for 8 h, followed

by WB (F) or IP with anti-HA antibody and WB with indicated antibodies (G).

(H) VCaP cells were treated with or without CPT (0.5 mM) for 6 h and then treated in combination with cycloheximide (CHX) (50 mg/mL). Cells were harvested at the

indicated time points for WB.

(I and J) Western blots in (H) were quantified and normalized with the value of the 0 min time point and are shown as line graphs for ERG-FL (I) and ERG-E4 (J).
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decreased expression of both FL and truncated ERG proteins in

22Rv1 cell line, but not in the other four cell lines (Figure 2A). As

expected, AKT was readily phosphorylated (e.g., at serine-473

[S473]) in PC-3, LNCaP, and C4-2 PTEN-negative cell lines, but

not in 22Rv1, DU145, and VCaP PTEN-positive cell lines (Fig-

ure 2B). GSK3b is a downstreamkinase of AKT, andGSK3b phos-

phorylation at serine-9 (S9) byAKTand othermembers of the AGC

kinase family results in the loss of function of GSK3b (van Weeren
1010 Molecular Cell 79, 1008–1023, September 17, 2020
et al., 1998).We found that GSK3b S9 phosphorylation was corre-

lated with AKT phosphorylation among these cell lines except the

PTEN-positive cell line DU145, where GSK3b S9 phosphorylation

level was comparable with that in three PTEN-negative cell lines

(Figure 2B). Because DNA damage decreases ERG protein

expression only in GSK3b-unphosphorylated PCa cell lines (Fig-

ures 1, 2A, and 2B), our data suggest that active GSK3b is critical

for ERG protein destruction induced by DNA damage.



Figure 2. Functional GSK3b Is Required for DNA Damage-Induced Degradation of ERG

(A) Plasmids for HA-tagged FL, E4, and E5 ERG were transfected into 22Rv1, DU145, LNCaP, C4-2, and PC-3 cell lines and treated with or without CPT (0.5 mM)

for 8 h. Cells were harvested for western blot (WB). ERK2 serves as a loading control.

(B) Indicated PCa cell lines were cultured and harvested for WB with indicated antibodies.

(legend continued on next page)
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To determine the precise role of GSK3b in ERG protein degra-

dation, we performed coIP assay to explore whether GSK3b

interacts with ERG in degradation-responsive VCaP cells. Recip-

rocal coIP assays showed that GSK3b interacts with ERG at the

endogenous level (Figure 2C). The importance of GSK3b in ERG

degradation is further manifested by our observation that the

treatment of the GSK3b inhibitor lithium chloride (LiCl) blocked

CPT-induced ERG protein destruction in VCaP cells (Figure 2D).

KD of endogenous GSK3b by two independent small hairpin

RNAs (shRNAs) also abrogated CPT-induced ERG degradation

(Figure 2E). Moreover, both GSK3b KD and LiCl treatment

invariably inhibited CPT-induced polyubiquitination of ERG-E4

(Figures 2F and 2G) and prolonged the half-life of this protein

(Figures 2H–2L). These data indicate that active GSK3b is

essential for DNA damage-induced proteasomal degradation

of ERG in PCa cells, but this role of GSK3b is surrendered

because of genetic alterations (e.g., S9 phosphorylation-medi-

ated inactivation of GSK3b due to PTEN loss (AKT activation)

or pharmacological inhibition (Figure 2M).

AKT Inhibition Restores DNA Damage-Induced ERG
Degradation in PTEN-Null Cells In Vitro and In Vivo

To further investigate the importance of an active GSK3b in DNA

damage-induced ERG degradation, we first assessed whether

endogenous ERG is a phosphorylation target of GSK3b in PCa

cells. To this end, we transfected WT and the constitutively

active (AKT/AGC kinase phosphorylation-resistant) GSK3b

mutant S9A (GSK3b-S9A) into VCaP cells. We demonstrated

that GSK3b-S9A expression increased endogenous ERG phos-

phorylation in VCaP cells, and ERG phosphorylation inversely

correlated with total ERG level (Figures S1D and S1E). We further

examined the effect of GSK3b-S9A in PTEN-negative LNCaP

cells in which endogenous GSK3b is inactive because of S9

phosphorylation (Figure 2B). GSK3b-S9A expression restored

DNA damage-induced polyubiquitination and degradation of

the cancer-derived ERG-E4 oncoprotein in this cell line (Figures

3A and 3B). As AKT activation suppresses GSK3b activity (Her-

mida et al., 2017), we examined the impact of AKT inhibition on

DNA damage-induced ERG degradation in PTEN-negative cells.

The treatment of PTEN-null C4-2 cells with the AKT inhibitor

MK2206 resumedCPT-induced polyubiquitination and degrada-

tion of ERG-E4 protein (Figures 3C and 3D). Although as ex-

pected, serum starvation decreased AKT and GSK3b phosphor-
(C) VCaP cells were treated with CPT (0.5 mM) and MG132 (20 mM) for 8 h. Cells

antibody followed by WB.

(D) VCaP cells were treated with or without LiCl (2 mM) and CPT at different dos

(E) Control or GSK3b-specific knockdown 22Rv1 cells were transfected with HA

harvested for WB.

(F) Control or GSK3b-specific knockdown 22Rv1 cells were transfected with indic

were harvested for IP and WB.

(G) 22Rv1 cells were transfected with the indicated plasmids and treated with CPT

Cells were harvested for IP and WB.

(H and I) Control (H) or GSK3b-specific knockdown (I) 22Rv1 cells were transfecte

(CHX) (50 mg/mL). Cells were harvested at the indicated time points for WB.

(J and K) 22Rv1 cells were transfected with the indicated plasmids and treatedwith

(K). Cells were harvested for WB at the indicated time points.

(L) Western blots in (H)–(K) were quantified and normalized with the value of the

(M) A schematic diagram shows the role of GSK3b in ERG protein degradation in

1012 Molecular Cell 79, 1008–1023, September 17, 2020
ylation in VCaP cells, it also enhanced ERG degradation caused

by DNA damage (Figure 3E). However, these processes were

completely reversed by IGF-1 treatment (Figure 3E).

Next, we examined whether inactivation of AKT enables resto-

ration of CPT-induced ERG protein degradation and PCa growth

inhibition in vivo. To this end, we used a novel Pb-Cre;ERG-

E4Rosa26-loxp-stop-loxp;Ptenloxp/loxp;Trp53loxp/R172H (termed Rosa-

EPT) genetically engineered mouse (GEM) model generated by

crossbreeding Probasin-Cre (Pb-Cre4) mice with conditional

Rosa26 locus-specific ERG-E4 transgenic mice, conditional

Ptenloxp/loxp mice, and Trp53-knockout/R172H-knockin mice.

Similar to our previous findings in the Probasin-driven ERG-

E4;Pten knockout;Trp53-knockout/R172H-knockin (Pb-EPT)

model (Blee et al., 2018), Rosa-EPT mice developed AR-positive

prostate adenocarcinoma at 6 months of age (Z. Huang and H.

Huang, unpublished data), indicating that the Rosa-EPT model

is suitable for further studies of the effect of PTEN loss on ERG

degradation in vivo. We transplanted Rosa-EPT tumors into

SCID mice and treated mice with vehicle, CPT-11 (irinotecan, a

CPT derivative in clinical use), GDC0068 (an AKT inhibitor in a

clinical trial; Saura et al., 2017), or both. Although treatment of tu-

mors with either CPT-11 or GDC0068 alone had limited inhibitory

effect on growth of Rosa-EPT tumors, combined treatment of

CPT-11 and GDC0068 largely blocked tumor growth (Figures

3F–3H). In concordance with the findings, co-treatment of

CPT-11 and GDC0068 completely abolished ERG-E4 expres-

sion in tumors, although each treatment alone failed to decrease

ERG-E4 protein level (Figure 3I). The growth-inhibitory effect of

the co-treatment with CPT-11 and GDC0068 was corroborated

with downregulation of Ki67 and upregulation of cleaved cas-

pase-3 (Figures 3I–3K). Together, we provide both in vitro and

in vivo evidence that pharmacological inhibition of AKT can

restore genotoxic agent-induced TMPRSS2-ERG oncoprotein

destruction and growth inhibition of PTEN-deficient PCa

(Figure 3L).

Activation of CHK1 and WEE1 Promotes ERG
Degradation in Response to DNA Damage
Our finding that constitutively active GSK3b-S9A induces ERG

protein degradation only under DNA damage conditions (Fig-

ure 3A) prompted us to determine which DNA damage signaling

pathway protein(s) are required for ERG protein destruction.

Components of DNA damage response (DDR) pathways, which
were harvested for reciprocal co-IP assays using GSK3b antibody and ERG

es for 8 h followed by WB.

-ERG-E4 plasmid and treated with or without CPT (0.5 mM) for 8 h. Cells were

ated plasmids and treated with CPT (0.5 mM) and MG132 (20 mM) for 8 h. Cells

(0.5 mM) andMG132 (20 mM) in combination with or without LiCl (2 mM) for 8 h.

d with the indicated plasmids and treated with CPT (0.5 mM) and cycloheximide

CPT (0.5 mM) andCHX (50 mg/mL) in combination with DMSO (J) or LiCl (2mM)

0 h time point and are shown as a line graph.

response to DNA damage.



Figure 3. AKT Inhibition Restores DNA Damage-Induced ERG Degradation in PTEN-Null Cells in Culture and in Mice

(A) PTEN-null LNCaP cells were transfected with the indicated plasmids and treated with or without CPT (0.5 mM) for 8 h followed by western blot (WB). ERK2

serves as a loading control.

(B) LNCaP cells were transfected with the indicated plasmids and treated with MG132 (20 mM) and CPT (0.5 mM) for 8 h. Cells were harvested for immuno-

precipitation (IP) and WB.

(C) PTEN-null C4-2 cells were transfected with the indicated plasmids and treated with or without CPT (0.5 mM) and MK2206 (0.5 mM) for 8 h followed by WB.

(legend continued on next page)
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include ATM, ATR, CHK1, CHK2, and WEE1, play important

roles in initiating, transducing, and executing cellular responses

to DNA damage (Carrassa and Damia, 2017; Grabocka et al.,

2015; Lee et al., 2001; Lin et al., 2017; Maréchal and Zou,

2013; Smith et al., 2010). We treated 22Rv1 cells with CPT in

combination with the inhibitor for ATM, ATR, CHK1/CHK2, or

WEE1. We demonstrated that except the ATM inhibitor Ku-

55933, the ATR inhibitor VE-822, the CHK1 and CHK2 dual

inhibitor AZD7762, or the WEE1 inhibitor MK1775 abrogated

CPT-induced ERG degradation (Figure 4A), suggesting that

these kinases might take part in ERG degradation. In agreement

with these observations, CHK1 KD by two independent shRNAs

partially but ATR or WEE1 KD almost completely abolished ERG

destruction under DNA damage conditions (Figures 4B–4F).

Accordingly, both CPT and radiation treatment induced CHK1

phosphorylation and activation (Figures 4G and 4H). Further-

more, CHK1 or WEE1 KD diminished ERG polyubiquitination in

CPT-treated 22Rv1 cells (Figures 4I and 4J). CHK1 or WEE1

KD also prolonged ERG protein half-life in 22Rv1 cells, and

similar results were obtained in cells treated with the inhibitor

of these proteins (Figures 4K–4R). Collectively, our data suggest

that WEE1 and its upstream activator CHK1 are crucial for ERG

protein degradation in response to DNA damage.

FBW7 Mediates ERG Degradation in Response to DNA
Damage
After demonstrating the role of GSK3b and the CHK1-WEE1 axis

in DNA damage-induced destruction of ERG protein, we sought

to identify the E3 ubiquitin ligase responsible for this process.

Proteins phosphorylated by GSK3b are often the ubiquitination

substrates of b-TrCP1 and FBW7 E3 ligases (Minella and Clur-

man, 2005; Robertson et al., 2018; Shimizu et al., 2018). The

b-TrCP1 degradation substrates usually harbor a consensus

phosphodegron DpSGXXpS (the lowercase p indicates phos-

phorylated S, and X represents any amino acid) (Fuchs et al.,

2004). Protein sequence analysis revealed that ERG protein

does not contain any consensus b-TrCP1 degron motif

DSGXXS. Next, we analyzed ERG protein sequence by search-

ing for a canonical phosphodegron (L/I/PpTPXXpS/T or L/I/

PpTPXXE) of FBW7 (the lowercase p indicates phosphorylated

T/S, and X represents any amino acid except K or R) (Hong

et al., 2016). Although we could not find any consensus FBW7

phosphodegron motif in ERG, we did notice a variant motif,
186LTPSY190, which is similar to an atypical FBW7 degron impli-

cated in Polo-like kinase 1 (PLK1) (Giráldez et al., 2014) (Fig-

ure 5A). This motif is evolutionally conserved among different
(D) C4-2 cells were transfected with the indicated plasmids and treated with or wit

harvested for IP and WB.

(E) VCaP cells cultured in regular medium or serum-starved VCaP cells were pre-t

CPT (0.5 mM) for 8 h. Cells were harvested for WB.

(F–H) Allografts generated from Rosa-EPT mice were treated with CPT-11 (10 mg

and tumor growth was measured (F). Tumors were harvested at day 17 and pho

value ± SD. *p < 0.05, ***p < 0.001, and n.s., not significant (unpaired two-tailed

(I) H&E staining and IHC staining for ERG, Ki67, and cleaved caspase-3 were perf

are indicated in the images. Scale bar: 50 mm.

(J and K) Ki67 (J) and cleaved caspase-3 (K) positive cells in tissues obtained from

counted and analyzed. Data are shown as mean value ± SD. ***p < 0.001 and n.

(L) Schematic diagram showing the effect of the AKT inhibitor (AKTi) in restoring
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species (Figure 5B), suggesting that it might be a functionally

important motif targeted by FBW7.

To define the role of FBW7 in ERGprotein degradation, we first

examined whether FBW7 binds to ERG by performing reciprocal

coIP assays. We found that FBW7 interacted with both WT and

E4 ERG at the endogenous level in VCaP cells (Figure 5C). We

also showed that FBW7 bound with ectopically expressed HA-

tagged WT, E4, and E5 ERG in 22Rv1 cells (Figure S1F). Impor-

tantly, DNA damage-induced ERG protein degradation was

completely abolished by FBW7 KD (Figure 5D). In contrast,

FBW7 overexpression induced ERG protein degradation in a

dose-dependent manner in CPT-treated 22Rv1 cells (Figure 5E).

A similar dose effect of FBW7 on ERG protein destruction was

observed in VCaP cells, and such effect was DNA damage

dependent (Figure 5F), further underscoring the importance of

DNAdamage signaling in ERGdegradation. In vivo ubiquitination

assay showed that FBW7 KD by two independent shRNAs abol-

ished ERG protein ubiquitination in both VCaP and 22Rv1 cells

(Figures 5G and S1G). In contrast, FBW7 overexpression

substantially increased ERG polyubiquitination (Figure 5H).

Furthermore, FBW7 KD prolonged, but FBW7 overexpression

shortened, ERG protein half-life (Figures 5I–5L). Taken together,

these data suggest that the E3 ubiquitin ligase FBW7 plays an

important role in DNA damage-induced degradation of ERG pro-

tein in PCa cells.

T187 and Y190 Phosphorylation Is Crucial for ERG
Degradation
Thus far, our data indicate that GSK3b and WEE1 kinases and

FBW7 ligase are required for DNA damage-induced degradation

of ERG protein (Figures 4 and 5). FBW7 normally binds to two

phosphorylation sites within the degron motif of its substrates

(Figure 5A). GSK3b belongs to the family of proline-directed pro-

tein kinases that phosphorylate serine or threonine residues pre-

ceding proline (S/TP) (Lu et al., 2002). HumanWEE1 is a tyrosine

(Y)-specific protein kinase (Parker and Piwnica-Worms, 1992).

On the basis of our data and findings in the literature, we hypoth-

esized that T187 and Y190 in the FBW7 phosphodegron variant

motif 186LTPSY190 are putative GSK3b and WEE1 phosphoryla-

tion sites, respectively (Figure 5A).

To test this hypothesis, we first examined whether DNA dam-

age induces FBW7-ERG interaction in a phosphorylation-depen-

dent manner. We demonstrated that FBW7 only interacted with

ERG-E4 in CPT-treated 22Rv1 cells (Figure 6A), and such inter-

action was phosphorylation dependent, as l phosphatase treat-

ment of cell lysate completely abrogated their binding
hout CPT (0.5 mM), MK2206 (0.5 mM), and/or MG132 (20 mM) for 8 h. Cells were

reated with or without IGF-1 (100 ng/mL), followed by treatment with or without

/kg, every 2 days) or GDC0068 (50 mg/kg, 5 days a week) or their combination,

tographed (G), and tumor weight (H) was measured. Data are shown as mean

Student’s t test).

ormed. Representative images were taken from each group (n = 5). Scale bars

(G) were quantified. The number of positive cells from at least five fields was

s., not significant (unpaired two-tailed Student’s t test).

DNA damage-induced ERG degradation in PTEN-null cells.



Figure 4. Activation of CHK1 and WEE1 Promote ERG Degradation in Response to DNA Damage

(A) 22Rv1 cells transfected with HA-ERG-E4 were pre-treated with indicated inhibitors of components of the DNA damage response pathway, including Ku-

55933 (1 mM), VE-822 (3 mM), AZD7762 (1.5 mM), andMK1775 (1 mM), for 12 h followed by treatment with CPT (0.5 mM) for 8 h. Cells were harvested for WB. ERK2

serves as a loading control.

(legend continued on next page)
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(Figure 6B). These data support the notion that ERG phosphory-

lation is required for DNA damage-induced interaction between

ERG and FBW7. Moreover, we performed an in vitro kinase

assay using ERG-E4 glutathione-S-transferase (GST) recombi-

nant protein as the substrate.We demonstrated thatWEE1 alone

was sufficient to phosphorylate ERG and the phosphorylation

was abolished by Y190A mutation (Figures 6C and 6D), indi-

cating that WEE1 phosphorylates ERG at Y190 in vitro. In

contrast, we found that GSK3b alone was insufficient to phos-

phorylate ERG and that GSK3b was able to phosphorylate

ERG in the presence of WEE1, but this effect was abrogated

by T187A mutation (Figures 6C and 6D). These results are not

only consistent with the finding that GSK3b can phosphorylate

ERG at the endogenous level in cells (Figures S1D and S1E),

but also indicate that T187 phosphorylation of ERG by GSK3b

is primed by WEE1 phosphorylation on Y190, and this observa-

tion is consistent with findings in the literature that GSK3b is a ki-

nase requiring priming phosphorylation.

To determine the role of T187 and Y190 phosphorylation in

DNA damage-induced ERG protein destruction, we generated

phosphorylation-resistant or phosphorylation-mimicking mu-

tants for both T187 (T187A and T187D) and Y190 (Y190A and

Y190D) (Figure 6E). We demonstrated that T187A abolished

FBW7 interaction with ERG-E4 in 22Rv1 cells, while T187D

enhanced FBW7-ERG interaction (Figure 6F). Similar results

were observed for the Y190A and Y190D mutants (Figure 6G).

In agreement with these observations, both GSK3b KD and

WEE1 KD abolished FBW7 interaction with unmutated ERG-

E4, but the interaction of FBW7with T187D and Y190D ERGmu-

tants was unaffected (Figures 6H and 6I). Collectively, these data

indicate that phosphorylation of T187 and Y190 is a prerequisite

for DNA damage-induced degradation of ERG. They also sug-

gest that GSK3b and WEE1 are the two major kinases respon-

sible for T187 and Y190 phosphorylation, respectively.

Both DNA Damage and FBW7 Expression Can Inhibit
ERG Target Gene Transcription
ERG is a transcription factor that exerts the oncogenic function

primarily through transactivating the downstream target genes

(Adamo and Ladomery, 2016; Brenner et al., 2011). MMP9 is a

well-studied ERG transcriptional target (Tian et al., 2014). We

first performed an MMP9 promoter-based luciferase reporter

assay to determine whether DNA damage and FBW7 could influ-

ence theMMP9 transcription. CPT treatment decreased the ac-

tivity of the MMP9 reporter gene, and the repression effect was

further enhanced by ectopic expression of FBW7 (Figure S2A).
(B–F) 22Rv1 cells stably expressing control shRNA or gene-specific shRNA for ATM

E4. Cells were treated with or without CPT (0.5 mM) for 8 h followed by WB.

(G and H) VCaP cells were treated with CPT for 8 h (G) or IR (H) and harvested fo

(I and J) 22Rv1 cells stably expressing control shRNA or gene-specific shRNA fo

treated with CPT (0.5 mM) and MG132 (20 mM) for 8 h followed by IP and WB.

(K–M) Control, CHK1, orWEE1 knockdown 22Rv1 cells were transfected with HA-

harvested at the indicated time points for WB.

(N) Western blots in (K)–(M) were quantified and normalized with the value of the

(O–Q) 22Rv1 cells transfected with HA-ERG-E4 were treated with vehicle (O), CHK

followed by treatment with CHX (50 mg/mL) and CPT (0.5 mM). Cells were harves

(R) Western blots in (O)–(Q) were quantified and normalized with the value of the
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We next examined how CPT treatment and FBW7 overexpres-

sion affect expression of ERG target genes, including PLAU,

PLAT, MMP3, and MMP9 (Tomlins et al., 2008). CPT treatment

decreased the expression of these genes at the mRNA level in

22Rv1 cells (Figures S2B–S2E). Chromatin immunoprecipita-

tion-coupled quantitative PCR (ChIP-qPCR) assays showed

that CPT treatment, in combination with or without FBW7

expression, reduced ERG binding at the promoters of PLAU,

PLAT,MMP3, andMMP9 genes, and these results were consis-

tent with the level of ERG-E4 protein (Figures S2F–S2J). Thus,

DNA damage and FBW7 expression act in concert to inhibit

the transcriptional activity of ERG in PCa cells.

Degradation-Resistant ERG Confers Resistance to
Genotoxic Treatment of PCa Cells in Culture and inMice
To determine how ERG degradation affects PCa cell growth in

response to DNA damage, we depleted endogenous ERG in

VCaP cells using ERG-specific shRNAs and restored with

shRNA-resistant unmutated ERG-E4, ERG-E4-T187A, or ERG-

E4-Y190Amutant (Figure 7A). TheMTS assays showed that con-

trol and ERG-E4 re-expressing cells were very sensitive to CPT

treatment; however, ERG-E4-T187A- and ERG-E4-Y190A-ex-

pressing cells were largely resistant (Figures 7B–7E). Similar re-

sults were obtained from colony formation assays (Figures 7A,

7F, and 7G). Importantly, depletion of endogenous ERG-E4 in

VCaP cells impaired the sensitivity to CPT treatment, as demon-

strated in MTS and colony formation assays (Figures 7F, 7G, and

S3A), and this effect seems CPT specific, as no such effect was

observed for other anti-cancer agents, such as DTX and Enza, in

both VCaP and 22Rv1 cells (Figures S3A–S3F). Consistent with

the results obtained from in vitro assays, we found that CPT-11

treatment markedly inhibited the growth ERG-E4-positive

VCaP tumors in mice, but a further additive effect was observed

after concomitant KD of ERG-E4 (Figures 7H–7J). However, the

inhibitory effect of CPT-11 was largely abolished by restored

expression of degradation-resistant ERG-E4-Y190A, but not un-

mutated ERG-E4 (Figures 7H–7J). These results are consistent

with the expression of Ki67 and cleaved caspase-3 in the tumors

of different groups (Figures 7K–7M). Furthermore, we repeated

these experiments in ERG-E4-negative 22Rv1 cells by intro-

ducing unmutated ERG-E4 or degradation-resistant ERG-E4-

T187A or ERG-E4-Y190A, and we obtained similar in vitro and

in vivo results (Figures S4A–S4M). Together, our data indicate

that blocking GSK3b and/or WEE1-mediated ERG protein

degradation confers resistance to DNA targeted genotoxic treat-

ment of PCa cells in vitro and in vivo.
(B), ATR (C), CHK1 (D), CHK2 (E), orWEE1 (F) were transfectedwith HA-ERG-

r WB.

r CHK1 (I) and WEE1 (J) were transfected with HA-ERG-E4 and FLAG-Ub and

ERG-E4 and treated the cells with CHX (50 mg/mL) and CPT (0.5 mM). Cells were

0-h time point and are shown as a line graph.

1 inhibitor MK1775 (1 mM) (P), or WEE1 inhibitor AZD7762 (1.5 mM) (Q) for 12 h,

ted for WB at the indicated time points.

0 h time point and are shown as a line graph.



(legend on next page)
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DISCUSSION

Increasing evidence indicates that TMPRSS2-ERG plays a pivotal

role in prostate oncogenesis and progression (Brandi et al., 2018;

Cai et al., 2009; Carver et al., 2009; Delliaux et al., 2018; King et al.,

2009; Klezovitch et al., 2008; Tomlins et al., 2008), stressing that

TMPRSS2-ERG could be a viable therapeutic target in PCa.

This notion is supported by a recent study showing that

TMPRSS2-ERG fusion-positive PCa can be effectively targeted

by peptidomimetic inhibitors of TMPRSS2-ERG (Wang et al.,

2017). In the present study we reveal that DNA damage-based

therapies including IR and CPT induce proteasomal degradation

of TMPRSS2-ERGoncoprotein, and such effect is fully dependent

on the intact PTENandGSK3b signaling (FigureS5, left). Thus, our

findings suggest that in a cellular context-dependent manner,

TMRSS2-ERG can be targeted by genotoxic therapies such as

radiotherapy for effective treatment of fusion-positive PCa.

A previous study performed in two cohorts of PCa patients

showed that TMPRSS2-ERG status is not prognostic following

radiotherapy (Dal Pra et al., 2013), suggesting that TMPRSS2-

ERG fusion-positive PCa is not clinically more sensitive to radio-

therapy. In the present study, we provide evidence that although

genotoxic therapies induce proteasomal degradation of

TMPRSS2-ERG protein, such effect is abolished in PCa cells

with PTEN mutation or deletion, phosphorylated or inactivated

GSK3b, or FBW7 depletion. These findings are highly relevant

because the PTEN gene is frequently mutated and/or deletion in

PCa, especially at the advanced stage. GSK3b is also often inac-

tivated because of S9 phosphorylation mediated by activated

AKT in PTEN-null PCa cells. FBW7 is a known tumor suppressor

that is frequently mutated or downregulated in many types of hu-

man cancers (Akhoondi et al., 2007). Thus, our findings support

the notion that it may be worthwhile to revisit the prognostic value

of TMPRSS2-ERG in clinical settings by re-assessing how PCa

patients respond differently to radiotherapy according to the sta-

tus of PTEN gene mutation or deletion, GSK3b phosphorylation,

and/or FBW7 mutation or downregulation (Figure S5, right).

Increasing evidence indicates that protein stability is critical for

the oncogenic activity of ERG, and targeting ERG protein degra-
Figure 5. FBW7 Mediates ERG Degradation in Response to DNA Dama

(A) Protein sequence alignment of the region (amino acids 185–193) in ERGwith th

lowercase p with a circle refers to the phosphorylation site.

(B) Protein sequence comparison of the CPD-like motif (red) in ERG protein from

(C) VCaP cells were treated with CPT (0.5 mM) and MG132 (20 mM) for 8 h follow

(D) Control or FBW7-specific knockdown 22Rv1 cells were transfected with HA-E

coIP and WB. ERK2 serves as a loading control.

(E) 22Rv1 cells were transfected with the indicated plasmids and treated with CP

(F) VCaP cells were transfected with FLAG-FBW7 and treated with or without CP

(G) Control or FBW7-specific knockdown VCaP cells were treated with CPT (0.5

loading control.

(H) Control or FBW7-specific knockdown 22Rv1 cells were transfectedwith HA-ER

MG132 (20 mM) for 8 h followed by coIP and WB.

(I) Control or FBW7 knockdown 22Rv1 cells were transfected with HA-ERG-E4 a

indicated time points for WB.

(J) Western blots in (I) were quantified and normalized with the value of the 0 h ti

(K) 22Rv1 cells were transfected with HA-ERG-E4 in combination with or without F

followed by WB.

(L) Western blots in (K) were quantified and normalized with the value of the 0 h
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dation appears to be a promising strategy for PCa therapy (An

et al., 2015; Duan and Pagano, 2015; Gan et al., 2015; Wang

et al., 2014, 2017). The CULLIN3-based E3 ubiquitin ligase

adaptor protein SPOP binds to and promotes proteasomal

degradation of WT ERG, but not the truncated oncogenic

TMPRSS2-ERG in cells without DNA damage (An et al., 2015;

Gan et al., 2015). Through unbiased phage library screen, a

few ERG-inhibitory peptides (EIPs) have been identified (Wang

et al., 2017). Notably, EIPs preferentially bind to the truncated

TMPRSS2-ERG and achieve therapeutic effect in PCa cells by

inducing proteasomal degradation of TMPRSS2-ERG proteins

(Wang et al., 2017). Thus, EIP-induced TMPRSS2-ERGdegrada-

tion unlikely mediated by SPOP, but it remains to be determined

which E3 ubiquitin ligase(s) are responsible for this process.

Additionally, it has been shown that the deubiquitinase enzyme

USP9X can stabilize both WT and oncogenic ERG, and the

USP9X inhibitor inhibits TMPRSS2-ERG-posive PCa cell growth

in vitro and in vivo by inducing ERG protein degradation (Wang

et al., 2014), highlighting that targeting ERG degradation via inhi-

bition of deubiquitinases represents another viable option for

treatment of ERG fusion-positive PCa. Further studies have

shown that the E3 ubiquitin ligase TRIM25 constitutively binds

to and induces proteasomal degradation of both WT and onco-

genic ERG in PCa cells (Wang et al., 2016). Intriguingly,

increased expression of ERG causes elevation in TRIM25

expression and activity, which is mitigated by USP9X (Wang

et al., 2016). Different from SPOP and TRIM25, FBW7 is a

signaling-dependent E3 ligase (Welcker and Clurman, 2008).

We provide evidence that FBW7-mediated degradation of ERG

(both WT and TMPRSS2-ERG) must be primed by ERG protein

phosphorylation triggered by DNA damage signaling. Thus, in

addition to DNA damage, FBW7 may also play an important

role in destruction of oncogenic ERG proteins induced by other

signaling pathways, such as those triggered by EIP treatment.

To date, several oncoproteins have been identified as degra-

dation substrates of FBW7, including MYC, c-JUN, CYCLIN E,

and NOTCH1. Notably, these proteins invariably contain a

consensus FBW7-binding degron (or CPD) I/P/L-pT-P-X-X-

pS/E (Aifantis et al., 2008; Welcker and Clurman, 2008)
ge

e FBW7-bindingmotif (degron) identified in the known substrates of FBW7. The

different species.

ed by reciprocal coIP and WB.

RG-E4 and treated with CPT (0.5 mM) and MG132 (20 mM) for 8 h followed by

T (0.5 mM) for 8 h followed by WB.

T (0.5 mM) for 8 h followed by WB.

mM) and MG132 (20 mM) for 8 h followed by coIP and WB. ERK2 serves as a

G-E4 andwith or withoutMyc-FBW7. Cells were treatedwith CPT (0.5 mM) and

nd treated with CHX (50 mg/mL) and CPT (0.5 mM). Cells were harvested at the

me point and are shown as a line graph.

LAG-FBW7. Cells were treated the cells with CHX (50 mg/mL) and CPT (0.5 mM)

time point and are shown as a line graph.



Figure 6. T187 and Y190 Are Two Phosphorylation Sites Crucial for ERG Degradation in Response to DNA Damage

(A) 22Rv1 cells transfected with HA-ERG-E4 were treated with or without CPT (0.5 mM) and MG132 (20 mM) for 8 h followed by coIP and WB.

(B) 22Rv1 cells were transfected and treated as in (A). Harvested cells were lysed and treated with l protein phosphatase followed by coIP and WB.

(C and D) GST recombinant ERG-E4 and ERG-E4-T187A (C) or ERG-E4-Y190A (D) proteins were inoculated with in vitro transcribed and translated GSK3b and

WEE1 proteins for in vitro kinase assay, followed byWB analysis of the serine/threonine and tyrosine phosphorylation on ERG protein. Asterisks indicate proteins

at the expected molecular weights.

(E) Schematic diagram showing A or D mutation at T187 and Y190 sites in ERG protein.

(F and G) 22Rv1 cells were transfected with the indicated plasmids of T187 (F) or Y190 mutants (G) and treated with CPT (0.5 mM) and MG132 (20 mM) for 8 h

followed by coIP and WB.

(H and I) Control, GSK3b (H), or WEE1 (I) knockdown 22Rv1 cells were transfected with the indicated plasmids and treated with CPT (0.5 mM) andMG132 (20 mM)

for 8 h. Cells were harvested for coIP and WB.
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(Figure 5A). It has been shown previously that upon DNA dam-

age, PLK1 can be targeted by FBW7 for degradation, although

PLK1 does not contain any canonical CPD (Giráldez et al.,

2014). Similar to PLK1, although ERG does not contain a

consensus CPD, it has a CPD-like motif variant, 186LTPSY190
(Figure 5A). It is noteworthy that like many typical substrates

of FBW7, ERG does have a motif, 186L-T-P188, that contains

the proline (P)-directed GSK3b phosphorylatable threonine

(T). Although ERG does not have the second phosphorylatable

S or phospho-mimicking E within the CPD motif, it does harbor
Molecular Cell 79, 1008–1023, September 17, 2020 1019



Figure 7. Degradation-Resistant ERG Confers Resistance to Genotoxic Treatment of PCa Cells in Culture and in Mice

(A–E) VCaPcells were infected lentivirus expressing the indicated plasmids and treatedwith orwithout CPT (0.5mM)andwereharvested for eitherWBat 8 h post-CPT

treatment (A, B, and D) or MTS assay (C and E). Data are shown as mean value ± SD. ***p < 0.001 and n.s., not significant (unpaired two-tailed Student’s t test).

(F and G) Cells as generated in (A) were treated with or without CPT (0.5 mM) for colony formation assay for 2 weeks (F), and colony numbers were quantified (G).

Three independent experiments were conducted. Data are shown as mean value ± SD. **p < 0.01 and ***p < 0.001 (unpaired two-tailed Student’s t test).

(H–J) Stable cell lines as generated in (A) were mixed with Matrigel and injected subcutaneously into the left and right dorsal flanks of NOD-SCID mice. When the

average size of tumors reached 100 mm3, mice were treated intraperitoneally (i.p.) with CPT-11 (10 mg/kg) every 2 days, and tumor growth was measured (H).

Tumors were harvested at day 21 and photographed (I), and tumor weight (J) was measured. Data are shown as mean value ± SD. ***p < 0.001 and n.s., not

significant (unpaired two-tailed Student’s t test).

(K) H&E staining and IHC staining for ERG, Ki67, and cleaved caspase-3 were performed. Representative images were taken from each group (n = 6). Scale bars

are indicated in the images. Scale bar: 50 mm.

(L and M) Ki67 (L) and cleaved caspase-3 (M) positive cells in tissues obtained from (K) were quantified. The number of positive cells from at least five fields was

counted and analyzed. Data are shown as mean value ± SD. ***p < 0.001 and n.s., no significant (unpaired two-tailed Student’s t test).
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a phosphorylatable tyrosine (Y) (Figure 5A). Most important, we

provide evidence that conversion of T187 and Y190 to non-

phosphorylatable alanine abolishes ERG recognition by FBW7

and DNA damage-induced ERG degradation. These findings

suggest that similar to the proteins containing the consensus

CPD motif I/P/L-pT-P-X-X-pS/E, those possessing the CPD-

like variant pT-P-X-pY could also be a prey of FBW7. There-

fore, the pT-P-X-pY motif identified in ERG may represent a

new class of degron present in FBW7 degradation substrates

that have yet been fully unfolded.

In summary, we demonstrate that genotoxic therapies such as

radiotherapy induce degradation of oncogenic TMPRSS2-ERG

protein in a manner dependent on SCFFBW7. Although there is

no consensus FBW7-binding/CPD motif I/P/L-pT-P-X-X-pS/E in

ERG, we identify a CPD-like variant 187T-P-X-Y190, in which phos-

phorylation of both T187 and Y190 is important for FBW7-medi-

ated degradation of ERG in response to DNA damage. These

data suggest that FBW7may use theCPD variant as a newmeans

to target proteins for destruction. Our findings also suggest that

anti-cancer therapeutics such as radiotherapy can be used to

target TMRSS2-ERGoncoprotein for the treatment of fusion-pos-

itive PCa. Given that DNA damage-induced ERG degradation is

abolished in cells with PTEN defects, GSK3b phosphorylation or

inactivation, or decreased expression of FBW7, it is likely that

the prognostic value of TMPRSS2-ERG oncoprotein for DNA

damage-based therapies such as radiotherapy of PCa is context

dependent, and therefore the significance of our findingswarrants

further investigation in the clinic setting.
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KEY RESCOURCE TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal anti-ERG Abcam Cat# ab92513; RRID: AB_2630401

Mouse monoclonal anti-ERG Biocare Medical Cat# CM421C; RRID: AB_10804797

Rabbit polyclonal anti-FBXW7 Abcam Cat# ab109617; RRID: AB_2687519

Rabbit monoclonal anti-AKT Cell Signaling Technology Cat# 9272S; RRID:AB_329827

Rabbit monoclonal anti-Phospho-AKT

(Ser473)

Cell Signaling Technology Cat# 9271S; RRID:AB_329825

Rabbit monoclonal anti-GSK-3b Cell Signaling Technology Cat# 9315; RRID:AB_490890

Rabbit monoclonal anti-Phospho-GSK-

3b (Ser9)

Cell Signaling Technology Cat# 9322; RRID:AB_2115196

Rabbit polyclonal anti-ATM Santa-Cruz Cat# sc-7230; RRID: AB_634181

Rabbit monoclonal anti-ATR Cell Signaling Technology Cat# 13934S; RRID: AB_2798347

Rabbit polyclonal anti-CHK1 Santa-Cruz Cat# sc-7898; RRID: AB_2229488

Rabbit polyclonal anti-Phospho-CHK1

(Ser345)

Cell Signaling Technology Cat# 2348S; RRID: AB_331212

Rabbit monoclonal anti-CHK2 Cell Signaling Technology Cat# 6334S; RRID: AB_11178526

Rabbit monoclonal anti-Phospho-

CHK2 (Thr68)

Cell Signaling Technology Cat# 2661S; RRID: AB_331479

Rabbit monoclonal anti-WEE1 Cell Signaling Technology Cat# 13084S; RRID: AB_2713924

Rabbit monoclonal anti-Phospho-Histone

H2A.X (Ser139)

Cell Signaling Technology Cat# 9718S; RRID: AB_2118009

Rabbit monoclonal anti-PTEN Cell Signaling Technology Cat# 9559; RRID: AB_390810

Rabbit polyclonal anti-SPOP Proteintech Cat# 16750-1-AP; RRID: AB_2756394

Mouse monoclonal anti-TRIM25 Santa-Cruz Cat# sc-166926; RRID: AB_10608081

Mouse monoclonal anti-AR Santa-Cruz Cat# sc-7305; RRID: AB_626671

Mouse monoclonal anti-ERK2 Santa-Cruz Cat# sc-135900; RRID: AB_2141283

Mouse monoclonal anti-HA.11 Covance Cat# MMS-101R; RRID: AB_291262

Mouse monoclonal anti-c-Myc Santa-Cruz Cat# sc-40; RRID: AB_627268

Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat# F-3165; RRID: AB_259529

Bacterial and Virus Strains

E.coli DH5a Thermo Fisher Cat#18258012

E.coli BL21 Thermo Fisher Cat#C600003

Lentivirus-expressing GSK3b-shRNAs Sigma-Aldrich SHCLNG-NM_002093

Lentivirus-expressing ATM-shRNAs Sigma-Aldrich SHCLNG-NM_000051

Lentivirus-expressing ATR-shRNAs Sigma-Aldrich SHCLNG-NM_001184

Lentivirus-expressing CHK1-shRNAs Sigma-Aldrich SHCLNG-NM_001274

Lentivirus-expressing CHK2-shRNAs Sigma-Aldrich SHCLNG-NM_007194

Lentivirus-expressing WEE1-shRNAs Sigma-Aldrich SHCLNG-NM_003390

Lentivirus-expressing FBW7-shRNAs Sigma-Aldrich SHCLNG-NM_018315

Lentivirus-expressing ERG-shRNAs Sigma-Aldrich SHCLNG-NM_004449

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

Lentivirus-expressing TRIM25-shRNAs Sigma-Aldrich SHCLNG-NM_005082

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, Peptides, and Recombinant Proteins

MG132 Sigma-Aldrich Cat#M8699

Cycloheximide Sigma-Aldrich Cat#01810

Lipofectamine 2000 reagent Thermo Fisher Cat#11668500

Polyethylenimine Sigma-Aldrich Cat#408727

Polybrene Sigma-Aldrich Cat#TR-1003-G

Lithium Chloride (LiCl) Sigma-Aldrich Cat#L4408

Camptothecin (CPT) Selleckchem Cat#S1288

KU-55933 Selleckchem Cat#S1092

VE-822 Selleckchem Cat#S7102

CPT-11 Sigma-Aldrich Cat#I1406

AZD7762 Selleckchem Cat#S1532

MK-1775 Selleckchem Cat#S1525

GDC-0068 MedChem Express Cat# HY-15186A

MK-2206 Selleckchem Cat#S1078

Critical Commercial Assays

KOD Plus Mutagenesis Kit Toyobo Cat#F0936K

Lambda Protein Phosphatase NEB Cat#P0753S

In vitro transcription/translation System Promega Cat#L1170

Deposited Data

Raw data and images This paper and Mendeley Data http://dx.doi.org/10.17632/ph2xvpxs2y.2

Experimental Models: Cell Lines

Human: VCaP ATCC CRL-2876

Human: 22Rv1 ATCC CRL-2505

Human: LNCaP ATCC CRL-1740

Human: C4-2 Uro Corporation N/A

Human: DU145 ATCC HTB-81

Human: PC-3 ATCC CRL-1435

Human: HEK293T ATCC CRL-11268

Oligonucleotides

See Table S1 for sh-RNAs sequences; See

Tables S2 and S3 for primer sequences

N/A

Software and Algorithms

ImageJ NIH https://imagej.nih.gov/ij/index.html

GraphPad Prism 7.0 Graphpad, Inc https://www.graphpad.com
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Haojie

Huang (huang.haojie@mayo.edu).

Materials Availability
All the reagents and materials generated in this study are available from the Lead Contact without restriction.

Data and Code Availability
The dataset supporting the current study have been deposited in a public repository (Mendeley Data): https://doi.org/10.17632/

ph2xvpxs2y.1.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture
LNCaP, 22Rv1, PC-3, DU145, VCaP, HEK293T cell lines were purchased from the American Type Culture Collection (ATCC). C4-2

cell line was purchased from Uro Corporation. LNCaP, C4-2, PC-3, DU145 and 22Rv1 cells were cultured in RPMI-1640 cell culture

medium (Corning) containing 10% fetal bovine serum (FBS), together with 100 mg/ml streptomycin and 100U/ml penicillin. VCaP cells

were cultured in DMEMcell culture medium (Corning) containing 13%FBS, together with 100 mg/ml streptomycin and 100 U/ml peni-

cillin. HEK293T cells were cultured in DMEM cell culture medium (Corning) containing 10% FBS, together with 100 mg/ml strepto-

mycin and 100 U/ml penicillin. All cell lines were authenticated by STR profiling and cultured in incubator with 37�C and 5% CO2.

Stable cell line generation
Lentivirus transduction system was utilized to generate stable cell lines with specific gene knockdown or overexpression. PEI was

used to transfect shRNA plasmids together with lentivirus package plasmids (PSPAX2 and PMD2.G) into HEK293T cells. 48 h after

transfection, supernatant containing viruses was collected, filtered and utilized to infect indicated cells. Polybrene (8 mg/ml) was

added to the viral supernatant to increase the infection efficiency. 48 h after infection, culture medium was replaced with fresh me-

dium, and puromycin (1.5 mg/ml) was administrated for cell selection. shRNA sequence information is provided in Table S1.

METHOD DETAILS

Co-immunoprecipitation (coIP) and western blot (WB)
For coIP assay, cells were lysedwith IP buffer (150mMNaCl, 50mMTris-HCl pH= 7.5, 1%Nonidet P-40, 0.5% sodiumdeoxycholate

and 1% protease inhibitor cocktails) for 30 min, and cell lysate was harvested by centrifuging followed by incubation with indicated

antibodies and Protein G Plus/Protein A agarose beads (Sigma-Aldrich, USA) at 4�C overnight. Next day, the beads with target pro-

teins linked on it were washed 6 times with IP buffer. Proteins were denatured for western blot analysis. For WB, target proteins were

denatured using sample buffer suppled with 10% DTT (Thermo Fisher Scientific, USA) and boiled at 95�C for 10 min. Samples were

subjected to SDS-polyacrylamide gel (Bio-Rad, USA) separation, and the gels were further transferred to nitrocellulose (NC) mem-

branes (Thermo Fisher Scientific, USA). After transferring, the NCmembraneswere blocked in 5%non-fat milk (Bio-Rad, USA) for 1 h

at room temperature and incubated with the indicated primary antibodies at 4�C overnight. Next day, the NC membranes were

washed with 1 3 TBST for 10 min three times and incubated with matched secondary antibody for 1 h at room temperature. The

membranes were washed with 1 3 TBST for 10 min for another three times. Lastly, the signals were developed with SuperSignal

West Pico Luminal Enhancer Solution (Thermo Fisher Scientific, USA) on autoradiography films (HyBlot CL, USA).

Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from the cells by utilizing Trizol reagent (Ambion, USA) and reversely transcribed into cDNA by utilizing the

GoScript kit (Promega, USA). The SYBR-green Mix (Bio-Rad, USA) and CFX96 Real-Time System (Bio-Rad, USA) were utilized to

conduct the real-time PCR according to manufacturer’s instruction. Expression of GAPDH gene was used as an inner control.

Sequence information for primers used for qRT-PCR is provided in Table S2.

Chromatin immunoprecipitation and quantitative PCR (ChIP-qPCR)
ChIP-qPCR was performed as previously described (Yang et al., 2017). Briefly, formaldehyde (11%) solution was utilized to crosslink

chromatin in cells for 10 min at room temperature. Crosslinked chromatin was sonicated, and immunoprecipitated with Protein G

Plus/Protein A agarose beads (Sigma-Aldrich, USA) together with indicated antibody at 4�C overnight. The Protein-DNA complexes

were precipitated and eluted and cross-linking was reversed at 65�C for 16 h. DNA fragments were purified and analyzed by real-time

PCR. Sequence information for primers used for ChIP-qPCR is provided in Table S3.

MTS cell proliferation assay
Cell proliferation was measured utilizing the MTS assay (Promega, USA) according to manufacturer’s instruction. Briefly, cells were

seeded in a 96-well plate with a density of 1,000 cells per well. At the indicated time points, 20 ml CellTiter 96R AQueous One Solution

reagent (Promega, USA) was added to cells. After incubating at 37�C incubator for 1 h, cell growth was measured in a microplate

reader with absorbance at 490 nm. The values of each time points are normalized with the value of 0 h and shown in fold change.

Glutathione S-transferase (GST) pull-down assay
Cells were lysed with IP buffer (50 mM Tris-HCl, pH 7.4, 1% Triton X-100, 150 mM NaCl, 1% sodium deoxycholate and 1%

protease inhibitor cocktails) on ice for 30min. GST fusion proteins were immobilized on glutathione-Sepharose beads (GEHealthcare

Life-sciences). After washing with lysis buffer, the beads were incubated with cell lysates at 4�C overnight. The beads were then

washed six times with binding buffer and re-suspended in sample buffer. The bound proteins were subjected to in vitro kinase assay.
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In vitro kinase assay
Plasmid DNA (T7 promoter-GSK3b or T7 promoter-WEE1) was added to the TNT T7 Quick Master Mix and add 1 mL methionine

(1 mM), by following the manufacturer’s instruction of TNT Quick Coupled Transcription/Translation Systems (Promega). GST-

ERG-E4, GST-ERG-E4-T187A or GST-ERG-E4-Y190A proteins were immobilized on glutathione-Sepharose beads. After washing

with PBS, the beads were incubated with in vitro transcribed and translated GSK3b or WEE1 kinases, and reaction buffer (25 mM

Tris-HCl (pH 7.5), 0.1 mg/ml BSA, 2 mM dithiothreitol (DTT), 0.1 mM Na3VO4, 5 mM beta-glycerophosphate, 10 mM MgCl2,

200 mM ATP) at room temperature for 60 min. The beads were then washed six times with PBS and re-suspended in sample buffer.

The bound proteins were subjected to western blot analysis.

Mouse xenograft and tumor analysis
NOD-SCIDmalemice in the age of 6week old were utilized in this study. All themicewere generated in house and housed in standard

condition with a 12-hour light/12-hour dark cycle and access to food and water ad libitum.Mice were randomly divided into indicated

groups. A total number of 5 3 106 22Rv1 cells stably expressing ERG-E4 or mutant were injected subcutaneously into the left and

right flanks of mice, together with 50 ml Matrigel matrix (BD Bioscience, USA). Growth of xenografts wasmonitored every two days by

calipers externally. Once the tumor size reached 100 mm3 (approximately 3-5 weeks after injection), CPT-11 (Irinotecan) (10 mg/kg)

was injected intraperitoneally into mice every two days, while PBS was injected in the same volume as a control. In due day, mice

were sacrificed and tumors were excised for analysis of their sizes and their weights. The protocols for these mice experiments

were approved by Mayo Clinic IACUC.

Hematoxylin and eosin (H&E) staining and immunohistochemistry (IHC)
For both H&E staining and IHC staining, xenograft tumor samples were fixed by formalin and embedded into paraffin. Four-micro-

meter thick sections were cut from the samples and fixed. For H&E staining, xylene was used to deparaffinize the tissues, followed by

gradient ethanol washes (100%> 95%> 80%> 70%) to rehydrate them. Tissue samples on slides were stained by hematoxylin, and

the slides were washed twice and counterstained with 1% eosin. Stained tissue slides were dehydrated again by gradient ethanol

washes and xylene before mounting and sealing with the coverslips. For IHC staining, antigen retrieval and immuno-staining were

performed as described previously (Zhang et al., 2011).

Colony formation assay
Cells were re-suspended in culture medium and seeded in 6-well plates with a density of 1,000 cells/well for 22Rv1; 1,500 cells/well

for VCaP. Cells were incubated for 2 weeks at 37�Cwith 5%CO2. Culturemediumwas aspirated and the colonies werewashed twice

with PBS, and fixed with methanol and acetic acid (1:3) for 2h. The colonies were further stained by 0.5% crystal violet for 4h, and

washed with water twice to remove the crystal violet. The number of colonies (the colonies with cell number over 50) in each well was

counted.

QUANTIFICATION AND STATISTICAL ANALYSIS

Protein quantification
Protein expression levels were quantified from western blot bands using ImageJ software (software detail refers to the Key Re-

sources Table). Relative levels for target protein expression were determined by normalizing with the western blot band intensity

of control proteins.

Statistical analysis
All data were shown as mean values ± SD from three independent experiments. Differences between two groups were analyzed us-

ing unpaired Student’s t test or ANOVA test. p value < 0.05 was considered statistically significant.
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