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SUMMARY

Transcription factors play a key role in the development of diverse cancers, and therapeutically 

targeting them has remained a challenge. In prostate cancer, the gene encoding the transcription 

factor ERG is recurrently rearranged and plays a critical role in prostate oncogenesis. Here, we 

identified a series of peptides that interact specifically with the DNA binding domain of ERG. 

ERG inhibitory peptides and derived peptidomimetics (EIPs) bound ERG with high affinity and 

specificity, leading to proteolytic degradation of ERG protein. The EIPs attenuated ERG-mediated 

transcription, chromatin recruitment, protein-protein interactions, cell invasion and proliferation, 

and tumor growth. Thus, peptidomimetic targeting of transcription factor fusion products may 

provide a promising therapeutic strategy for prostate cancer as well as other malignancies.
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INTRODUCTION

A majority of prostate cancers harbor recurrent rearrangements of genes encoding the ETS 

family of transcription factors (Kumar-Sinha et al., 2008; Tomlins et al., 2007; Tomlins et 

al., 2005). The most common of these rearrangements (~50% of prostate cancers), fuse the 

androgen-regulated TMPRSS2 promoter to the coding region of ERG (Kumar-Sinha et al., 

2008; Tomlins et al., 2008). This rearrangement results in the pathogenic overexpression of 

an androgen-responsive TMPRSS2:ERG chimeric transcript that encodes a nearly full-

length ERG transcription factor. The TMPRSS2:ERG fusion product was shown to drive a 

unique transcriptional program, induce DNA damage, and drive invasion and metastasis 

(Brenner et al., 2011; Hermans et al., 2008; Klezovitch et al., 2008; Sun et al., 2008; 

Tomlins et al., 2008; Wang et al., 2008). Genetically engineered mice expressing androgen-

regulated ERG exhibit precursor-like lesions (Carver et al., 2009; King et al., 2009; 

Klezovitch et al., 2008; Zong et al., 2009), and when aged, develop bona fide invasive 

prostate cancer (Nguyen et al., 2015). Mice engineered with androgen-regulated ERG in 

which Pten is disrupted rapidly develop invasive prostate cancer (Carver et al., 2009; King et 

al., 2009). Importantly, siRNA-mediated knockdown of the TMPRSS2:ERG fusion product 

inhibited the growth of prostate cancer xenografts that endogenously harbored the fusion, 

underscoring its importance as a potential therapeutic target (Tomlins et al., 2008; Wang et 

al., 2008).

Initial therapy for advanced prostate cancer often includes androgen ablation that leads to a 

reduction in TMPRSS2:ERG expression in tumors harboring the rearrangement; however, 

androgen resistance develops by a variety of mechanisms, many of which restore androgen 
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signaling and TMPRSS2:ERG expression (Attard et al., 2009). Although a variety of next-

generation compounds targeting androgen biosynthesis (de Bono et al., 2011) or androgen 

receptor (AR) activity (Tran et al., 2009) have shown efficacy in castration-resistant prostate 

cancer, the tumors invariably develop adaptive mechanisms. The TMPRSS2:ERG gene 

fusion product is an attractive therapeutic target as it is an oncogenic “driver” in both 

hormone-naive as well as castration-resistant prostate cancer (Brenner et al., 2011; Helgeson 

et al., 2008; Hermans et al., 2008; Klezovitch et al., 2008; Sun et al., 2008; Tomlins et al., 

2007; Tomlins et al., 2008; Wang et al., 2008). The ERG gene fusion in prostate cancer is 

also an ideal model to study therapeutic approaches for targeting oncogenic transcription 

factors broadly. Unlike oncogenic kinases (e.g., BCR-ABL in chronic myeloid leukemia), 

transcription factors have thus far been considered “undruggable” (Darnell, 2002); thus, 

screening modalities to discover inhibitory small molecules or peptidomimetics against 

transcription factors warrant study.

RESULTS

Identification and characterization of ERG binding phage peptides

We initiated an iterative screening of a phage display random peptide library (complexity of 

1.28 × 109) to identify peptides that interact specifically with the wild-type ERG protein, but 

not a negative control protein, beta-glucuronidase (GUS) (Figure 1A). After four rounds of 

selection, we observed marked enrichment (Figure S1A), and a total of 64 individual phage 

clones were randomly selected for further screening. DNA sequence analysis revealed that, 

altogether, the 64 phage clones encoded 12 unique peptides (Figure 1B). To confirm the 

specificity of the phage clones, we coated ELISA plates with purified ERG or control GUS 

proteins and visualized the binding of phage with anti-M13 antibody. All 12 unique ERG-

selected peptides bound specifically to ERG, while the random peptides did not (Figure 1B). 

Sequence alignment categorized the 12 ERG binding peptides into three groups (highlighted 

by different colors), and the most frequent peptide sequences in each group were designated 

“EIPs” (ERG Inhibitory Peptides).

The EIP1 (LPPYLFT) series was represented by 17 phage clones, and the amino acid 

sequence did not significantly match a known protein when aligned to the Swissprot 

database (BLAST). Interestingly, the EIP2 (LSFGSLP) series was represented by 46 phage 

clones (highlighted in red) (Figure 1B) and found to be homologous to the SR domain of 

DLC1 protein, which is encoded by a tumor suppressor gene often deleted in liver, prostate, 

lung, colorectal, and breast cancers (Liao and Lo, 2008) (Figure S1B).

We next sought to specifically map the interacting residues of ERG, a 479 amino acid 

protein with two conserved domains pointed (PNT) and the DNA binding (ETS) domains 

(Klambt, 1993) (Figure 1C). The PNT domain mediates hetero- or homo-dimerization 

(Carrere et al., 1998) and transcriptional repression (Fenrick et al., 1999). Other domains 

include the central alternative exons (CAE), central domain (CD), and C-terminal 

transactivator domain (CTD); however, their functions are less defined (Carrere et al., 1998; 

Verger et al., 2001). To characterize the peptide binding domain, a total of 6 ERG segments, 

namely the N-terminus (N-term), PNT, CAE, CD, ETS, and CTD, together with full-length 

ERG were cloned and expressed by in vitro transcription/translation as HaloTag fusion 
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proteins; GUS was used as control (Figure S1C) and the interactions were detected by 

HaloLink Arrays (Figure S1D). Both phage clones EIP1 and EIP2 bound strongly to full 

length ERG as well as the ETS domain, but not to other domains or the control protein 

(Figure S1D), demonstrating that the ETS domain is the critical region for interaction with 

phage peptides.

In order to identify the minimal interactive residues in the ETS domain, a panel of 12 tiling 

fragments spanning the ETS domain (including two fragments with point mutations) were 

expressed and immobilized on HaloLink Arrays. This allowed us to specifically localize the 

interaction residues of the phage peptides to a 9 amino acid stretch (RALRYYYDK) (Figure 

1C), corresponding to residues 367 to 375 within the ETS domain of ERG. Importantly, a 

single amino acid substitution of R367K completely abolished the peptide binding, 

indicating that R367 is a critical residue required for interaction (Figure S1E). Taken 

together, we postulate that mutations in amino acids 367 to 375 have a profound effect on 

ERG function.

Synthetic EIPs specifically bind to ERG and disrupt ERG protein-protein interactions in 
vitro

We next synthesized peptides encoding EIP1, EIP2, and their mutants/scrambled derivatives 

(Figure 2A) to study their binding specificities to ERG by biolayer interferometry 

(ForteBio), a label-free biosensor technology that enables the real-time measurement of 

protein-protein interactions, quantitation, affinity, and kinetics. We determined the binding 

kinetics of the synthetic peptides and calculated the dissociation constants (Kd) (Figure 2A); 

Kds for EIP1 and EIP2 were 0.6 μM and 1.8 μM, respectively, while the alanine 

substitutions (muEIP1 and muEIP2) and the scrambled peptide (Scr) could not be 

determined (N.D.) as they failed to bind to ERG protein (Figure 2B and 2C). We also 

determined the binding affinities for other peptides identified in Figure 1B. While most of 

the peptide sequences bound to ERG, both EIP1 and EIP2 displayed significantly higher 

affinities (Table S1).

We previously demonstrated that the ERG ETS domain interacted with AR and DNA-PKcs 

proteins in a DNA-independent manner (Brenner et al., 2011; Yu et al., 2010); thus, we 

tested the ability of EIPs to disrupt the ERG:AR and ERG:DNA-PKcs interactions in a cell-

free system. Halo-tagged ERG protein was translated in vitro and incubated with 

recombinant AR or purified DNA-PKcs in the presence of increasing concentrations of 

EIP1, EIP2, or muEIP1. HaloLink magnetic beads were then used to pull down ERG 

followed by immunoblot analysis of AR or DNA-PKcs. Direct ERG:AR and ERG:DNA-

PKcs interactions were both disrupted by the ERG binding peptides in a dose-dependent 

fashion, but not by the control peptide (Figure 2D). To demonstrate EIP binding to 

endogenous ERG, we synthesized biotinylated EIPs or mutant peptides and incubated them 

with cell lysates from the TMPRSS2:ERG-positive prostate cancer cell line, VCaP. Pull-

downs with streptavidin-linked agarose beads followed by immunoblot analysis showed that 

biotin-EIP pull-downs were enriched for the TMPRSS2:ERG gene fusion product in a 

concentration-dependent manner while the mutant pull-downs were not (Figure 2E). The 

pull-downs were subsequently resolved by SDS-PAGE followed by silver staining that 
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revealed a strong band at a molecular weight of 53 kDa in the biotin-EIP2 lane compared to 

the biotin-muEIP2 lane (Figure 2F). Mass spectrometry analysis identified the 53 kDa band 

as ERG with 111 spectral counts for the ERG peptide NTGGAAFIFPNTSVYPEATQR in 

the biotin-EIP2 pull-downs and only 2 spectral counts in the mutant EIP2 (muEIP2) pull-

downs (Figure 2G).

Previously, we demonstrated that the single point mutation Y373A in the ERG ETS domain 

abrogated the ERG:AR and ERG:DNA-PKcs interactions (Brenner et al., 2011). Here, we 

investigated the importance of the Y373A mutation in the ERG:EIP interaction. 

Immunoprecipitation analyses showed that only wild-type ERG (WT_ERG) was pulled 

down by biotin-conjugated EIP1, but not the mutant version of ERG_Y373A (Figure S2A). 

In addition, we compared the kinetic binding curves (sensorgrams) of EIP1 on both 

WT_ERG and the Y373A mutant by OctetRED, and the binding affinities (measured by Kd) 

are significantly different for WT_ERG and ERG_Y373A (0.6 μM vs >100 μM) (Figure 

S2B), further confirming the importance of Y373 in ERG:EIPs interaction.

To assess whether EIPs disrupt ERG binding to DNA, we performed an electrophoretic 

mobility shift assay (EMSA) using VCaP cell extracts and a validated consensus ETS 

binding sequence (EBS)(Flajollet et al., 2011). While the ERG protein impeded EBS 

mobility (Figure S2C), addition of EIP1, but not the control peptide, effectively disrupted the 

ERG:EBS DNA interaction in a dose-dependent manner (Figure S2D). Taken together, our 

data clearly demonstrate that, in a cellular context, the effects of EIPs on disruption of ERG 

function occur by blocking ERG:DNA and/or critical ERG:protein interactions.

Cell permeable EIPs co-localize with ERG protein and block ERG-mediated cell invasion

We next determined whether the synthetic peptides could inhibit ERG-mediated oncogenic 

phenotypes in a panel of prostate cell lines. We synthesized cell-permeable peptides by 

conjugating the EIPs with the cationic HIV-TAT motif RKKRRQRRR to facilitate uptake 

into the cells (Wadia and Dowdy, 2005) (Figure 3A). Importantly, conjugating the TAT 

sequence to EIPs did not compromise the binding affinities to ERG; Kd values were 0.68 

μM and 1.11 μM for TAT-EIP1 and TAT-EIP2, respectively (Figure 3B), and not calculable 

for the controls (Figure S3A). To further confirm binding specificity, we designed a series of 

alanine substitution peptides based on the parental TAT-EIP1 sequence and measured the Kd 

value for each peptide using OctetRED (Figure S3B). Our data showed >100-fold increase 

in Kd for either P2→A or Y→A substitution, while L5→A displayed non-specific binding 

(Figure S3C).

Because TAT also functions as a nuclear localization signal (Efthymiadis et al., 1998), it is 

well suited for the delivery of transcription factor inhibitors. Immunofluorescence confocal 

microscopy showed that FITC-labeled TAT-EIP1 clearly entered VCaP cells, while EIP1 

without the TAT motif did not penetrate the cell membrane (Figure S3D). To further 

examine the ERG:EIP interaction in situ, we performed an immunofluorescence co-

localization assay in VCaP cells using the FITC-labeled peptides and an ERG antibody. We 

first stained a PC3 cell line stably overexpressing ERG protein with the ERG antibody and 

found that ERG displayed strong nuclear and weak cytoplasmic signals (Figure S3E), 

similar to the cellular localization pattern described in the Human Protein Atlas (HPA) 
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project (www.proteinatlas.org); parental PC3 cells lacking ERG did not display any 

significant signal. In VCaP cells, we found that EIPs extensively co-localized with ERG in 

both cellular compartments, whereas the control peptide, muEIP, was predominantly 

cytoplasmic and did not overlap with ERG signal (Figure 3C). The extent of green-red co-

localization in the nucleus was significantly different, with 78±5 percent for EIP1 and 7±3 

percent for the control peptide. In concordance with the cell-free system (Figure 2D), IP-

Western blot analysis showed that TAT-EIP1/2 significantly blocked the ERG:AR and 

ERG:DNA-PKcs interactions in VCaP cells, whereas the mutant peptide had no effect 

(Figure 3D).

Next, we tested whether TAT-EIPs could attenuate tumor cell invasion in modified Boyden 

chamber assays. Addition of TAT-EIP1/2 significantly inhibited VCaP cell invasion 

comparable to the levels achieved by ERG-siRNA (Figure 3E–F) while they had no effect on 

ETS gene fusion-negative prostate cancer cell lines, DU145 and PC3 (Figure 3E). We 

previously developed two RWPE-1 cell lines stably overexpressing either ERG or EZH2 that 

are highly invasive compared to parental RWPE-1 or RWPE1-LacZ cells (Figure S3F–G) 

(Cao et al., 2008; Tomlins et al., 2008). Addition of TAT-EIP1/2 significantly attenuated 

invasion of RWPE1-ERG, but not RWPE1-EZH2, cells; control peptides had no effect on 

either cell line (Figure 3G). Likewise, TAT-EIP1/2 inhibited PC3 cell invasion driven by 

overexpression of ERG, but not the PC3-LacZ control cells (Figure 3H, Figure S3H–I). 

Together, our data demonstrate that TAT-EIPs are able to specifically block ERG-induced 

cell invasion.

Retroinverso EIPs (RI-EIPs) specifically bind to and destabilize ERG

To test the EIPs in in vivo models, we designed a retroinverso version of the peptides. A 

retroinverso peptide is made up of D-amino acids in a reversed sequence and has a side-

chain topology similar to that of its parent molecule but with inverted amide peptide bonds. 

In contrast to L-amino acids, retroinverso peptides were shown to enhance the biological 

activity in xenograft models as these peptides retain similar structural configuration of their 

parent molecules but are resistant to cleavage by serum or cellular proteases (Cerchietti et 

al., 2009; Snyder et al., 2004). We tested whether retroinverso peptidomimetics (RI-EIPs) 

(Figure 4A) are structurally stable and retain specific ERG inhibitory properties of the 

parental L-amino acid peptides. A kinetic binding assay by biolayer interferometry revealed 

that RI-EIPs have similar binding affinities as TAT-EIPs with 0.94 μM and 1.28 μM for RI-

EIP1 and RI-EIP2, respectively; Kds were not calculable for the control peptides (Figure 4B; 

Figure S4A).

We then evaluated the effect of RI-EIPs on cell invasion. Similar to TAT-EIPs, the 

peptidomimetics also blocked ERG-driven cell invasion in RWPE-1 cells (Figure S4B) and 

inhibited cell invasion in VCaP (Figure S4C). To determine the effect of RI-EIPs on cell 

proliferation, we measured VCaP cell viability by CellTiter-Glo assay at different time 

points in the presence of various doses of the peptidomimetics. Starting at day five, both RI-

EIP1 and RI-EIP2 demonstrated an inhibitory effect on cell proliferation at a dosage of 10 

μM and above, while RI-muEIP1 had no effect (Figure S4D). Further, the RI-EIPs 

significantly decreased the confluence rate of VCaP cells (ERG fusion positive) but not 

Wang et al. Page 6

Cancer Cell. Author manuscript; available in PMC 2018 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DU145 cells (ERG fusion negative), as measured by IncuCyte in a dose-dependent fashion 

(Figure 4C–E, Figure S4E). Importantly, the confluence rate of VCaP cells cultured in 

charcoal-stripped media (without androgen) was also remarkably inhibited by RI-EIPs 

treatment in a dose-dependent fashion as compared to the control peptide (Figure S4F).

We next determined whether RI-EIPs inhibit ERG-associated protein-protein interactions 

and found that treatment of VCaP cells with RI-EIPs disrupted both ERG:AR and 

ERG:DNA-PKcs interactions (Figure S4G–H). The cellular thermal shift assay (CETSA) 

has been used to monitor drug target specificity as well as dose-dependent target 

engagement in cells and tissues (Martinez Molina et al., 2013). We applied this technique to 

evaluate the target binding specificity of RI-EIPs. We first tested olaparib, a PARP-1 

inhibitor that, as expected, induced the thermal shift of PARP-1 target protein in VCaP cells 

(Figure S4I). Likewise, treatment of VCaP cells with both RI-EIPs significantly increased 

the levels of soluble ERG protein even at 50°C (Figure 4F, Figure S4J), while most ERG 

protein precipitated at 48°C in both untreated and RI-muEIP1 treated VCaP cells (Figure 

S4K), clearly demonstrating the direct binding of RI-EIPs and ERG protein. Importantly, the 

RI-EIP1-induced solubility of ERG protein was increased in a dose-dependent fashion as 

determined by the isothermal dose-response procedure (Martinez Molina et al., 2013) 

(Figure 4G). All CETSAs were performed after 3 hours of treatment with the 

peptidomimetics at the indicated doses and temperatures.

We further investigated the effects of RI-EIPs on ERG and AR proteins in cells at different 

time points. Surprisingly, the treatment of VCaP cells with both RI-EIP1 and RI-EIP2 

significantly destabilized the ERG target protein starting at 24 hr post-treatment in a dose-

dependent manner, while control RI-muEIPs had no effect (Figure 4H–I; Figure S4L–M). 

This was also the case for the native peptides, where TAT-EIPs degraded the ERG protein, 

but not the control peptide (Figure S4N). In the presence of cycloheximide (CHX), a protein 

synthesis inhibitor, RI-EIP1 significantly shortened the ERG protein half-life (Figure 4J–K), 

and degradation was seen as early as three hours. Interestingly, degradation of ERG protein 

was completely inhibited by carfilzomib (Figure 4L), a proteasome inhibitor, indicating 

involvement of proteasome-mediated proteolysis. We confirmed these findings in two 

isogenic cell models, RWPE1-ERG and PC3-ERG cells. Similar to VCaP cells, both RI-

EIP1 and RI-EIP2 destabilized the ERG proteins even at 5 μM concentration (Figure S4O–

P), consistent with earlier findings. To study the global effects of peptidomimetic treatment, 

we carried out unbiased proteomic analysis of VCaP cells by mass spectrometry after 48 

hours of incubation with either RI-EIP1 or control peptides. Of 3020 proteins identified from 

mass spectrometry, ERG was one of the top-ranked candidates most significantly depleted 

upon peptidomimetic treatment (p < 0.01) (Figure 4M).

RI-EIPs specifically inhibit ERG binding to target loci and inhibit ERG transcriptional 
activity

In a cellular context, our data showed that EIPs blocked ERG binding to DNA (Figure S2F) 

as well as disrupted ERG:DNA-PKcs interaction (Figure 3D). We, therefore, performed 

chromatin immunoprecipitation (ChIP) assays in VCaP cells to assess whether peptide 

treatment could block endogenous ERG recruitment to chromatin. These experiments clearly 
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demonstrated that RI-EIP1, but not a mutant peptide, inhibited ERG and DNA-PKcs 

enrichment at ERG-regulated genomic loci (Figure S5A), supporting the hypothesis that 

EIPs specifically block the recruitment of ERG and its co-factors, such as DNA-PKcs, to 

ERG-targeted genomic loci.

We then assessed the unbiased genome-wide recruitment of ERG by chromatin 

immunoprecipitation coupled with high-throughput sequencing (ChIP-seq) utilizing ERG 

antibody in VCaP cells (Asangani et al., 2014; Chen et al., 2013; Chng et al., 2012; Nguyen 

et al., 2015; Yu et al., 2010). The ERG proteins precipitated by antibodies were first 

confirmed to be at equal amounts by immunoblot (Figure S5B), thus excluding the effects of 

ERG protein degradation induced by EIPs. Over 97% of the most significant peaks (4th 

quartile) identified in RI-muEIP1-treated VCaP cells overlapped with untreated VCaP cells. 

Importantly, the average ChIP-seq signal for these 4th quartile peaks were markedly reduced 

in RI-EIP1-treated cells compared to mutant peptide (Figure 5A–B), indicating the 

inhibition of ERG binding at target loci upon RI-EIP treatment. Examples of gene tracks for 

ERG-associated genomic regions and the effects upon peptide treatments on ERG 

enrichment are shown in Figure 5C.

We next examined the changes in global gene expression profiles upon siERG or RI-EIPs 

treatment by microarray analysis on VCaP cells. We evaluated alterations in the ERG-

regulated genes by siERG upon RI-EIP1 or RI-muEIP1 treatment (selection criteria greater 

than 2-fold, FDR<0.01). ERG protein was first assessed to be at equal amounts after the 

peptide treatment (Figure S5C). There was significant overlap of the dysregulated genes 

between siERG- and RI-EIP1/2-treated VCaP cells, as well as between RI-EIP1 and RI-

EIP2-treated VCaP cells (p<0.001) (Figure 5D; Figure S5D–E). Previously, we identified a 

series of prostate cancer-specific long noncoding RNAs (PCATs) (Prensner et al., 2011); one 

lncRNA, PCAT29, is an androgen-regulated lncRNA that functions as a tumor suppressor in 

prostate cancer (Malik et al., 2014). To assess specificity of results with RI-EIP1 treatment, 

we knocked down PCAT29 by siRNA. This also resulted in significant alteration of global 

gene expression, but very few regulated genes were shared between siPCAT29- and RI-

EIP1-treated VCaP cells (Figure 5D). A heat map view demonstrated substantial similarities 

in the gene expression profiles for both siERG- and RI-EIP1/2-treated cells, indicating RI-

EIP1/2 treatment attenuates ERG-mediated transcriptional activities (Figure 5E; Figure 

S5F). Importantly, we performed a gene array analysis in PC3 cells (ERG negative line) and 

found no significant changes in gene expression after RI-EIP1 treatment by applying the 

same criteria (greater than 2-fold, FDR<0.01) (Figure S5G–H), clearly demonstrating that 

the significant genes suppressed by RI-EIPs in VCaP cells (an ERG positive line) are indeed 

relevant to the ERG-mediated pathway. Gene Set Enrichment Analysis (GSEA) of down-

regulated genes in RI-EIP1-treated cells were also negatively enriched in siERG VCaP cells 

(FDR<0.01) (Figure 5F), suggesting that RI-EIP treatment has a direct effect on ERG-

mediated transcription in VCaP cells.

To validate the microarray data, we selected several down-regulated genes that harbor 

multiple ETS binding sites in their promoter region (Figure 5C) and measured their 

expression following peptide treatment. Consistent with the microarray data, quantitative 

RT-PCR results showed target gene expression was reduced in peptide-treated cells relative 
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to controls (Figure 5G). Collectively, these data suggest that the retroinverso 

peptidomimetics have similar effects as siERG knockdown in VCaP cells.

RI-EIPs have no effects on ERG-mediated angiogenesis

We first determined whether RI-EIP affects normal ERG function. Interestingly, pull-down 

experiments using whole cell lysates of VCaP, human endothelial cells (HUVEC), or mouse 

endothelial cells (MS1), all of which express high levels of ERG, revealed that the EIPs 

preferentially bound to pathogenic, over-expressed ERG fusion products in cancer cells over 

wild-type ERG expressed in human or murine endothelial cells (Figure 6A). Using cell 

lysates normalized for ERG levels (Figure S6A), pull-down experiments showed that 

biotinylated EIP1 bound more efficiently to VCaP ERG than HUVEC ERG (0.25 mg/ml vs 

8 mg/ml) (Figure 6B). Furthermore, while CETSA demonstrated that RI-EIP1 binds to and 

increases the thermal shift of ERG fusion protein in VCaP cells (Figure 4F), there was no 

clear thermal shift in the soluble ERG protein in HUVEC cells (Figure S6B).

We next evaluated the effects of peptidomimetic treatment on ERG-regulated biological 

processes (Birdsey et al., 2008; McLaughlin et al., 2001), such as endothelial tube formation 

and angiogenesis. RI-EIP1 treatment at 10 μM did not have a significant effect on either 

HUVEC or MS1 cell tube formation compared to ERG knockdown in HUVEC cells (Figure 

6C; Figure S6C–E). Further, RI-EIP1 treatment did not alter angiogenesis in vivo as 

assessed by chorioallantoic membrane (CAM) angiogenesis assays (Figure 6D) or by 

scoring the number of CD31+ vessels in FFPE sections of VCaP xenograft tumors (Figure 

6E). Collectively, these data indicate that RI-EIPs preferentially target ERG fusion products 

and their downstream activities.

Retroinverso EIPs suppress tumor growth in vivo

To assess the basic pharmacokinetic and pharmacodynamic properties of RI-EIP1 in vivo, 

we first tested the permeability and stability of the peptidomimetic upon intraperitoneal (IP) 

administration in mice. VCaP xenografted mice were injected with a single dose of 25 

mg/kg biotinylated RI-EIP1 and serum and tumors were collected at varying time intervals, 

as indicated. Results showed that serum peptide levels reached a peak at 30 minutes after IP 

injection (Figure S7A) and were still detectable in the serum up to 24 hr post-injection. Co-

immunoprecipitation followed by immunoblot analysis demonstrated that a single 25 mg/kg 

dose of RI-EIP1 blocked the ERG:DNA-PKcs interaction at three and six hours post RI-

EIP1 injection (Figure S7B).

Next, we tested RI-EIP1 in ERG-mediated invasion and metastasis in vivo using two 

established models. We implanted TMPRSS2:ERG-positive VCaP cells onto the upper 

chorioallantoic membrane (CAM) of a fertilized chicken embryo and analyzed the relative 

number of cells that invade and intravasate into the vasculature of the lower CAM after 

treatment with the RI-EIPs (Kim et al., 1998). RI-EIP1 blocked both ERG-mediated 

invasion and intravasation (Figure 7A–B). We harvested the lungs and measured the number 

of metastasized VCaP cells; as shown in Figure 7C, RI-EIP1 treatment significantly reduced 

lung metastases from VCaP tumors, demonstrating the efficacy and in vivo significance of 

RI-EIPs.
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We implanted VCaP (ERG fusion-positive) or PC3 (ERG fusion-negative) cells in male 

athymic nude mice and studied the effect of RI-EIP1 on tumor growth. We first investigated 

the effects of EIPs on ERG protein degradation in the in vivo model at early time points. The 

VCaP-xenografted mice were treated with 25 mg/kg RI-EIP1 or RI-muEIP1 daily for five 

days. The tumors were then collected at day seven, and immunoblot analysis showed that 

RI-EIP1 was able to degrade ERG protein, while control peptide had no effect (Figure S7C). 

Mice with palpable tumors were randomized to receive either 25 mg/kg per day (n=10) or 10 

mg/kg (n=10) of the retroinverso peptidomimetics. We observed a dose-dependent reduction 

of VCaP tumor growth in RI-EIP1-treated mice relative to those treated with mutant peptide 

at day 18 (Figure 7D). Among the high dosage group (25 mg/kg RI-EIP1), 10% (2/20) of the 

tumors had completely regressed with no palpable tumor at day 18 (Figure S7D). We 

continued to treat the group with RI-EIP1 over an extended period of time and found that 

35% (7/20) of the tumors showed no signs of recurrence at day 30. These mice were then 

maintained for an additional 30 days without therapy and no recurrences were observed 

(Figure 7E). We performed additional VCaP xenograft studies using varying doses of RI-

EIP1 (1 mg/kg, 5 mg/kg, and 25 mg/kg), and significant suppression of tumor growth was 

observed at 25 mg/kg dose relative to control (Figure S7E). RI-EIP2-treated VCaP 

xenografts also significantly delayed tumor growth at 20 mg/kg dose (Figure S7F), 

consistent with biochemical and in vitro studies. Importantly, the effect of RI-EIP1 was 

specific to ETS-positive xenografts as no difference in tumor size was observed for PC3 

xenografts treated with RI-EIP1 compared to mutant peptidomimetic (Figure 7F). 

Peptidomimetics at doses up to 25 mg/kg did not significantly affect body weight (Figure 

S7G) or markers of liver toxicity, as measured by serum aspartate aminotransferase (AST) 

and alanine aminotransferase (ALT) levels (Figure S7H).

Given the magnitude of the effects of EIPs on the TMPRSS2:ERG-harboring tumors, we 

extended the study to ETV1-positive cancers. Sequence alignment showed high homology in 

the ETS domains of both ERG and ETV1, particularly in the EIP binding region (Figure 

S7I). In vitro assays demonstrated that the biotinylated EIP pulled down endogenous ETV1 

from LNCaP cells (TMPRSS2:ETV1 rearranged prostate adenocarcinoma cells) in a dose-

dependent manner (Figure S7J). Further, the RI-EIPs, but not mutant peptides, significantly 

decreased the confluence rate of LNCaP cell growth (Figure S7K) and attenuated LNCaP 

cell invasion in a dose-dependent fashion (Figure S7L). Treatment of LNCaP cells with RI-

EIP1 or RI-EIP2 significantly destabilized ETV1 protein at 48 hours post-treatment in a 

dose dependent manner, while control RI-muEIPs had no effect (Figure S7M). We next 

tested RI-EIP1 in an ETV1-positive, primary human prostate cancer (MDA-PCa-2b-T, FISH 

confirmed (Tomlins et al., 2007)) propagated in serial xenografts. RI-EIP1 treatment 

significantly reduced tumor volume, demonstrating that EIPs have potential to broadly treat 

ETS fusion-positive tumors (Figure 7G).

We next performed IP-Western blot analysis using tumor lysates from VCaP cell xenografts 

harvested after 18 days treatment (Figure 7D) and found degradation of ERG protein in RI-

EIP1-treated xenografts compared to those treated with mutant peptide (Figure 7H). 

Furthermore, qPCR analysis of 26 VCaP tumors demonstrated that RI-EIP1 treatment 

inhibited the expression of ERG target genes, such as TDRD1, ARHGDIB, NDRG1, and 
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CACNA1D, but not TMPRSS2:ERG itself (Figure S7N), demonstrating that 

pharmacological doses can be achieved in vivo to disrupt ERG function.

DISCUSSION

The development of molecularly-targeted therapies has been one of the primary goals of 

medicine for many decades. While some strides have been made targeting kinases with 

small molecules, there are few examples of therapies that have had clinical success by 

specifically targeting transcription factors (Darnell, 2002; Yan and Higgins, 2013). While the 

pathogenesis of some diseases, such as CML, requires the activation of kinases like BCR-

ABL1, many diseases arise following abnormal expression of transcription factor activity 

(Lee and Young, 2013). As such, the development of methodologies that enable the 

discovery of tools to generate clinically-relevant molecules that target transcription factors is 

of paramount importance.

Of the many diseases driven by dysregulation of transcription factors, prostate cancer is one 

of the most prevalent, with approximately 50% of cases containing somatic translocations or 

deletions that link the TMPRSS2 promoter and 5′-UTR to the coding region of an ETS 
transcription factor, most frequently ERG (Kumar-Sinha et al., 2008). The rearrangement, 

which results in encoding a nearly full-length ERG transcription factor, has been shown to 

drive a unique transcriptional program as well as drive invasion and metastasis (Tomlins et 

al., 2008). As such, the TMPRSS2:ERG gene fusion product is an important target in both 

hormone-naive as well as advanced, androgen-independent prostate cancer, and, as a 

prototypical oncogenic transcription factor, represents an excellent model for the study of 

therapeutic approaches to target transcription factors (Brenner et al., 2011; Tomlins et al., 

2007; Tomlins et al., 2008).

While our current studies focus on ETS transcription factors that function as oncogenic 

“drivers” in prostate cancers and other malignancies (Jeon et al., 1995; Oikawa and Yamada, 

2003; Shurtleff et al., 1995; Sorensen et al., 1994), many transcription factors, most notably 

MYC, have been implicated in cancer (Albihn et al., 2010; Vafa et al., 2002). However, 

direct targeting of these transcription factors has historically proven to be a formidable 

challenge (Koehler, 2010), and proteins in this class are often considered “undruggable”. 

Here, we present an approach to disrupt the oncogenic program of the transcription factor 

ERG using inhibitory peptidomimetics. Our successful development of transcription factor 

inhibitors, which preferentially target tumors addicted to ERG signaling, may suggest a 

tactic for treating these tumors.

The CETSA assay and biotinylated EIP pulldown experiments clearly show that the EIPs 

directly bind ERG within minutes/hours. In the presence of a protein synthesis inhibitor, 

cycloheximide (CHX), ERG protein starts to be degraded within three hours. At this stage, 

we observed disruption of protein-protein interactions as well as the attenuation of 

ERG:DNA binding in VCaP cells upon treatment with EIPs. At 24 hours, robust ERG 

protein degradation was observed (even in the absence of CHX), and after approximately 48 

hours, phenotypic effects such as decreased cell invasion and proliferation were also 

observed (model integrating these findings is depicted in Figure 7I). Importantly, these 
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effects translated to a decrease in tumor growth for both ERG- and ETV1-positive 

xenografts treated with RI-EIPs.

While EIPs appear to be specific, off-target effects cannot be ruled out as one of the 

limitations of this approach. We acknowledge that EIPs likely bind a subset of ETS 

transcription factors in addition to ERG. Importantly, we found no significantly altered 

genes in PC3 cells (ERG negative line) after RI- EIP treatment, demonstrating that the 

significant genes suppressed in VCaP (ERG positive line) by RI-EIPs are relevant to the 

ERG-mediated pathway.

There is emerging evidence that ERG protein stability is an important mediator of ERG 

oncogenic activity. The deubiquitinase USP9X was shown to bind and stabilize ERG, 

mediating prostate cancer progression (Wang et al., 2014). Two recent studies have shown 

that the Cullin 3-based ubiquitin ligase SPOP, which is mutated in ETS-negative cancers 

(Barbieri et al., 2012), binds to ERG and mediates proteosomal degradation of ERG (An et 

al., 2015; Gan et al., 2015). The majority of prostate cancers that harbor ERG gene fusions 

express a truncated version of the protein, which affects its ability to bind SPOP, thus 

evading protein degradation (An et al., 2015; Gan et al., 2015). In our study, EIPs 

preferentially bind the truncated “oncogenic” version of ERG found in prostate cancers 

(such as in VCaP cells) while inefficiently binding wild-type ERG found in HUVEC cells, 

which is presumably complexed with SPOP. Thus, while SPOP is ineffective at mediating 

proteosomal degradation of truncated oncogenic ERG, EIPs bind to oncogenic ERG and 

likely mediate their therapeutic effects through engaging the same proteosomal machinery.

The observation that EIP treatment destabilizes ERG may highlight an alternative approach 

to therapeutic modulation of transcription factors. One limitation of many small-molecule 

antagonists is that they disrupt the activity of single domains in target proteins. Continuous 

dosing of small molecule inhibitors eventually induces the emergence of drug resistance, 

leading to limited therapeutic durability. In contrast, protein degraders often have higher and 

longer pharmacological effects without requiring continuous high exposure (Crews, 2010; 

Lu et al., 2015; Winter et al., 2015). Such an approach can abolish the presence of an 

oncoprotein, which, in theory, can overcome resistance to target inhibitors.

While we have demonstrated that peptidomimetics targeting ERG and other transcription 

factors could have significant therapeutic potential, further studies are warranted, including 

structural modeling (Regan et al., 2013) and backbone chemical modifications such as 

hydrocarbon stapling (Walensky et al., 2004), to improve their clinical feasibility. Likewise, 

characterization of structure–activity relationship (SAR) would help identify EIP derivatives 

that bind ERG with even higher affinity in vitro. Such studies would aid in understanding its 

specificity toward the target protein, as well as improve its in vivo potency. In conclusion, 

our work provides impetus for the development of peptidomimetics for ERG depletion as a 

targeted therapy for prostate cancer. Furthermore, these results also endorse an overarching 

approach whereby a previously undruggable transcription factor can be targeted through 

partial ablation, a promising therapeutic strategy that can be explored for other oncogenic 

transcription factors.
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KEY RESOURCES TABLE

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the 

corresponding author Arul M. Chinnaiyan (arul@umich.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell Lines—PC3 (ATCC) and DU145 (ATCC) prostate cancer cell lines were grown in 

RPMI 1640 (Invitrogen) and VCaP (ATCC) cells in DMEM with Glutamax (Invitrogen), 

both supplemented with 10% FBS (Invitrogen) and cultured in 5% CO2 incubator. The 

immortalized prostate cell line RWPE-1 (ATCC) was grown in Keratinocyte media with L-

glutamine (Invitrogen) supplemented with 2.5 μg EGF (Invitrogen) and 25 mg Bovine 

Pituitary Extract (Invitrogen). All cultures were maintained with 50 units/ml of penicillin/

streptomycin (Invitrogen). The genetic identity of cell lines was determined as previously 

described (Sherman et al., 2007). Virus and stable isogenic cell lines were derived as 

previously described (Brenner et al., 2011).

Chicken CAM assays—The CAM assays were performed as described previously 

(Brenner et al., 2011). Briefly, fertilized eggs were incubated in a rotary humidified 

incubator at 38°C for 10 days. First the CAM was released by applying mild pressure to the 

hole over the air sac and cutting a square 1 cm2 window encompassing a second hole near 

the allantoic vein. Then cultured VCaP cells that stably express Cherry Red and pretreated 

with peptidomimetics as indicated were detached by trypsinization and re-suspended in 

complete medium and 2 × 106 cells were implanted adjacent to the mesenchyme in each 

egg. The windows were subsequently sealed and the eggs were returned to a stationary 

incubator. For invasion and intravasation experiments, implanted eggs were treated with 

25mg/kg body weight of the peptidomimetics 6 hr after inoculation and both the upper and 

lower CAM were isolated after 72 hr. Invasive cells were processed and stained for chicken 

collagen IV as previously described (Brenner et al., 2011). For metastasis and tumor growth 

assays, eggs were treated with 25 mg/kg body weight of indicated peptide administered 

every other day. At day 8 embryos were sacrificed and extra-embryonic tumors were excised 

and weighed. The embryonic lungs were harvested and analyzed for the presence of tumor 

cells by quantitative human alu-specific PCR. Genomic DNA from lower CAM and lungs 

were prepared using Puregene DNA purification system (Qiagen). Quantification of human 

cells in the extracted DNA was carried out as described (van der Horst et al., 2004). 

Fluorogenic TaqMan qPCR probes were used as described above, and DNA copy numbers 

were quantified.

Chicken CAM angiogenesis assay—Angiogenesis assays were performed as described 

previously (Hood et al., 2003). Filter discs saturated with 1.5 mg peptides along with 5 

mg/ml VEGF were placed on top of the 10-day old chicken embryo CAM. Retinoic acid (2 

mg/ml), a known inhibitor of angiogenesis, was used as positive control. After 72 hours, 

filter discs and associated CAM tissues were harvested and quantified. Angiogenesis was 

assessed as the number of visible blood vessel branch points within the defined area of the 

filter discs.
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Xenograft mouse models—Athymic Nude-Foxn1nu male mice were procured from 

Harlan Laboratories, Inc. (Indianapolis, IN). VCaP (2 × 106 cells) or PC3 (5 × 105 cells) 

were resuspended in 100 μl of saline with 50% Matrigel (BD Biosciences, Becton Drive, NJ) 

and implanted subcutaneously into the flank regions on both sides of the mice. Mice were 

anesthetized using a cocktail of xylazine (80–120 mg/kg, IP) and ketamine (10 mg/kg, IP) 

for chemical restraint before tumor cells implantation. For short term assays, all tumors were 

staged for three weeks before starting peptidomimetic treatment. After week 3 (VCaP cells) 

or 12 days (PC3 cells), mice (10 per treatment group) were treated with peptidomimetics (25 

mg/kg or 10 mg/kg as indicated, IP) daily five times a week. Tumor growth was recorded 

every three days using digital calipers and tumor volumes were calculated using the formula 

(π/6) (L × W2), where L = length of tumor and W = width. Body weight was monitored 

weekly over the course of the study. At the end of the xenograft studies, mice were 

anaesthetized and blood was collected by cardiac puncture and tumors were preserved for 

further biochemical and immunofluorescence analysis. Supernatant containing serum was 

separated by incubating blood on ice for 45 min, followed by centrifugation at 8000 rpm for 

10 min at 4°C.

Survival was calculated using a cutoff tumor volume of 1,500 mm3 as a surrogate for 

mortality according to the approved animal protocol. Survival analysis was carried out using 

the GraphPad Prism 4.0 software (GraphPad Software, San Diego, CA). Statistical 

significance for Kaplan–Meier analysis was determined by the log-rank (Mantel–Cox) test.

All procedures involving mice were approved by the University Committee on Use and Care 

of Animals (UCUCA) at the University of Michigan and conform to their relevant regulatory 

standards.

METHOD DETAILS

Protein Expression by Baculovirus and Purification—Baculovirus that express 

either ERG or GUS protein was constructed using the Bac-to-Bac Baculovirus Expression 

System (Invitrogen). Briefly, cDNAs encoding full-length ERG and GUS were cloned into 

pDEST10 vector (Invitrogen) and transferred to FastBac vector (Invitrogen), which was used 

to make recombinant virus. Virus was then amplified following the manufacturer’s protocol 

and used to infect SF9 cells. After 3 day post-infection, SF9 cells were harvested and lysed 

(50mM Tris [pH 7.9], 150mM NaCl, 1mM MgCl2, 0.5mM EDTA, 1mM DTT, 0.1% NP40) 

in the presence of protease inhibitors (Roche). Cell lysates were homogenized by three 

rounds of sonication (30 s each) on ice and supernatant was recovered by centrifuging at 

11,000 rpm for 10 min. Recombinant His-tagged ERG and GUS proteins were purified 

using Ni2+-NTA agarose (Invitrogen) following the manufacturer’s protocol and the eluates 

were dialyzed against lysis buffer overnight at 4°C, and stored at −80°C in 10% glycerol.

Enrichment of phage display random peptide library—The Ph.D.-7 Phage Display 

Peptide Library (New England Biolabs) was used in biopanning experiments. This library 

contained 109 unique 7-mer peptides linked to the N-terminus of a phage coat protein by a 4 

amino acid spacer (GGGS). Using this library, ERG-binding phage clones were selected by 

panning over immunotubes (Maxisorb, Nunc) coated with recombinant protein at 10 μg/ml. 
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First, nonspecific clones were removed by pre-absorbing phage clones from the phage 

library using a GUS protein-coated immunotube for 1 hour at 4 °C. ERG-binding phage 

clones were then enriched by panning the pre-cleared phage library over an ERG protein-

coated immunotube for 2 hours at 4 °C, eluted with glycine buffer (pH 2.2) and neutralized 

with Tris buffer (pH 9.0). DNA from eluates and neutralized phage clones was then 

amplified and precipitated for subsequent rounds of selection. A total of 4 rounds of 

selection were performed.

Reverse Phage ELISA—After screening the phage display library, phage clones were 

serially diluted, spread on to Luria-Bertani (LB) agar plates and grown overnight at 37°C. A 

total of 59 single colonies were randomly chosen and propagated into 96-well plates. As 

controls, 4 random clones from the original, unenriched phage library and one empty phage 

clone were also selected. ELISA assays were performed to confirm the interaction between 

each phage clone and ERG. Briefly, ELISA plates (Max-Sorb™, NUNC) were incubated 

overnight at 4°C with either purified His-tagged ERG or GUS protein (10 μg/ml in carbonate 

buffer pH 9.6). Protein-coated ELISA plates were blocked (PBS with 5% BSA) for 1 hour at 

RT prior to incubation with expressed phage supernatant (diluted 1:10 in PBS with 1% 

BSA) for 2 hours at RT. The plates were then washed three times (PBS–0.1% Tween-20) and 

bound phage was detected with horseradish peroxidase-conjugated anti-M13 antibody (GE 

Healthcare) using the TMB substrate system (Sigma). Reactions were quenched using 250 

mM HCl and absorbance was recorded on a SpectraMAX plate reader (OD 450 nm). DNA 

from phage clones was sequenced using the 96-gIII sequencing primer according to the 

manufacture’s protocol.

Peptide synthesis—Synthetic peptides (including biotin or FITC conjugated peptides) 

were custom-synthesized and HPLC-purified by AnaSpec (San Jose, CA). Peptides were 

stored lyophilized at −20°C until reconstituted with sterile water immediately before use for 

both in vitro and in vivo experiments. HPLC-MS was used to confirm 95% or higher purity 

for each peptide.

In vitro transcription/translation system—In vitro Halo fusion protein expression was 

achieved by cloning desired expression cassettes downstream of Halo loci (approximately 35 

kDa). Briefly, ERG and ERG sub-domains were cloned into pFN19A vector (Promega) 

following the manufacturer’s instructions. Point mutations were then created in the Halo-

ETS pFN19A expression vector using the Quikchange XL site directed mutagenesis kit 

(Stratagene). After cloning, Halo fusion proteins were expressed using the TNT® SP6 High-

Yield Wheat Germ kit (Promega) following the manufacturer’s protocol. For each reaction, 

protein expression was confirmed by incubating the cell-free reactions with biotin-linked 

Halo ligand and performing Western blot analysis using an HRP-streptavidin.

HaloLink Protein Array—Identification of the peptide binding site on ERG was achieved 

by creating a custom protein array of full length ERG and ERG subdomains that were used 

to capture ERG-binding phage clones. First, full length or individual domains of Halo-ERG 

fusions were synthesized and expression was confirmed by Western blot as described above. 

Expressed proteins were covalently immobilized on HaloLink Slides (Promega) in a 
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humidity chamber for 1 hour at RT. Protein coated slides were then washed using PBS-I (1X 

PBS, 0.05% IGEPAL CA-630) to reduce non-specific binding interactions and incubated 

with ERG-interacting phage clones (diluted in PBS-B: 1X PBS, 10 mg/ml BSA) in a 

humidity chamber for 1 hour at RT. After washing, slides were incubated with Cy3 labeled 

rabbit anti-M13 (GE Healthcare). In all cases, protein quantities were confirmed using an 

anti-HaloTag antibody. For peptide inhibition assays, the protein array was pre-incubated 

with the synthetic peptides for 1 hour prior to incubating with phage clones for an additional 

1hr at RT. The signal was detected using an Axon scanner and images were quantified using 

GenePix Pro 6 software (Molecular Devices).

ERG:Peptide Binding Assays—The interaction coefficients between ERG and synthetic 

peptides or peptidomimetics were determined by biolayer interferometry technology using 

the Octet Red system (ForteBio). Purified ERG and GUS proteins were biotinylated by EZ-

Link NHS-PEG4 Biotinylation Kit (Thermo Scientific) following the manufacturer’s 

protocol and any unincorporated biotin was removed from the reactions with Zeba 2ml 

desalt columns (Thermo). Biotinylated proteins (500 μg/ml) were then incubated with super 

streptavidin biosensors in binding buffer (20mM HEPES pH 7.4, 150mM NaCl), blocked 

with 10 μg/ml biocytin and washed three times in binding buffer. Peptides were serially 

diluted in binding buffer, mixed with the protein-coupled biosensors and 

peptidomimetic:protein association/dissociation was monitored for 10 min at 25 °C. 

Nonspecific binding from the signal obtained from peptidomimetic:GUS interactions was 

subtracted from that of peptidomimetic:ERG interactions and baseline signal drift was 

controlled by monitoring immobilized ERG without peptide. Octet Red analysis software 

was used to analyze the data.

Electrophoretic mobility shift assay (EMSA)—To determine the inhibitory activity of 

the peptide against the ERG:DNA interaction, we performed electrophoretic mobility shift 

assays (EMSAs). Double stranded ERG ETS binding sequence (5′ 
GATCTTCGAAACGGAAGTTCGAG 3′) was end-labeled using Biotin 3′ End DNA 

Labeling Kit (Pierce). For each binding reaction, VCaP cell extract was incubated with 1μg 

poly d (I–C), 2 μl of EMSA binding buffer (1.5% glycerol, 75 mM KCl, 0.375 mM DTT, 

12.5 mM NaCl, 0.375 mM phenylmethylsulfonyl fluoride [PMSF]) and 5μM biotin-labeled 

EBS in the presence or absence of the peptides as indicated for 30 min at room temperature. 

The reaction mixtures were loaded onto 6% TBE gels (Invitrogen) and electrophoresed at 

120 V for 2 hr at 4°C in 0.5% Tris-Borate-EDTA (TBE). Probes were transferred to nylon 

membrane (Biodyne B, Pall) in a semidry blotting device at 300 mA for 30 min. The 

membrane was baked for 30 min at 85°C in a dry oven. Biotinylated oligonucleotides were 

detected by probing with streptavidin-conjugated horseradish peroxidase and visualized by 

enhanced chemiluminescence (Pierce).

Pull-down assays—Approximately 1 mg of soluble VCaP cell lysate prepared in RIPA 

buffer (Invitrogen) was incubated with varying amounts of biotinylated peptides for 2 hours 

at 4°C. HaloLink agarose beads (20 μl) were added to the peptide-lysate mixture and 

incubated for an additional 4 hours. Beads were then pelleted by centrifugation, washed 
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three times in PBS-T and loaded into an SDS-PAGE gel followed by Western blot analysis. 

Total VCaP cell lysate was loaded for positive control.

In vitro peptide competitive pull-down assay—Halo-ERG fusion protein was 

expressed using in vitro transcription/translation system as described above. After 

confirming protein expression, the Halo-ERG fusion protein was incubated with either 100 

ng of GST-AR protein (Millipore) or 224 U (2 μl) of purified DNA-PKcs (Promega). Protein 

mixtures were incubated with or without the peptides in PBS-T (0.1% Tween) at 4°C 

overnight. Simultaneously, HaloLink beads (Promega) were blocked in 5% BSA at 4°C 

overnight. The next day 10 μl of HaloLink beads were mixed with the protein-peptide 

mixture, incubated at RT for 1 hour, washed with 4× in PBS-T and eluted into SDS sample 

buffer. Proteins were resolved on SDS gel electrophoresis followed by Western blot analysis 

with either anti-GST mAb (Sigma) or anti-DNA-PKcs (Santa Cruz, H-163) as described 

below. HaloLink beads without incubation with fusion proteins were used as negative 

controls.

Western blot analysis—VCaP cells were seeded in 6-well plates at 0.5×106 cells/ml and 

after allowing cells to attach, cells were harvested and homogenized in NP40 lysis buffer 

(Sigma) containing a complete protease inhibitor cocktail (Roche). Ten micrograms of each 

protein extract was boiled in SDS sample buffer, size fractionated by SDS-PAGE, and 

transferred onto a PVDF membrane (GE Healthcare). After blocking in 5% nonfat dry milk, 

membranes were incubated with the following primary antibodies: anti-DNA-PKcs rabbit 

polyclonal (1:500, Santa Cruz, H-163), anti-ERG1/2/3 rabbit polyclonal (1:1000, Santa 

Cruz, C-17) or anti-AR monoclonal (1:1000, Millipore). Following three washes in TBS-T, 

the blots were incubated with horseradish peroxidase-conjugated secondary antibody and the 

signals visualized by enhanced chemiluminescence system according to manufacturer’s 

instructions (GE Healthcare).

Mass spectrometry—The samples were treated with SDS loading buffer supplied with 

10 mM DTT for 5 min at 85°C. The proteins were alkylated by adding iodoacetamide to the 

final concentration of 15 mM. The samples were subjected to SDS-PAGE and the whole 

lanes were cut out and digested with trypsin in-gel for 2 hours. The resulting peptides were 

extracted, dried and resuspended in 0.1% formic acid with 5% acetonitrile prior to loading 

onto a trap EASY-column (Thermo Scientific) coupled to an in-house made nano HPLC 

column (20 cm × 75 um) packed with LUNA C18 media. Analysis was performed on Velos 

Pro mass spectrometer (Thermo Scientific) operated in data-dependent mode using 90-min 

gradients in EASY-LC system (Proxeon) with 95% water, 5% acetonitrile (ACN), 0.1% 

formic acid (FA) (solvent A), and 95% ACN, 5% water, 0.1% FA (solvent B) at a flow rate 

of 220nl/min. The acquisition cycle consisted of a survey MS scan in the normal mode 

followed by twelve data-dependent MS/MS scans acquired in the rapid mode. Dynamic 

exclusion was used with the following parameters: exclusion size 500, repeat count 1, repeat 

duration 10s, exclusion time 45s. Target value was set at 104 for tandem MS scan. The 

precursor isolation window was set at 2m/z. The complete analysis comprised two 

independent biological replicates.
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Immunofluorescence staining—VCaP cells were seeded in a 4-well chamber slide for 

24 hours prior to the addition of FITC-labeled peptide to a final concentration of 10 μM. 

After 2 hours incubation, cells were washed two times in PBS, and fixed for 15 min in 100% 

methanol. After washing an additional three times in PBS, cells were mounted using 

Vectashield with DAPI (Vector laboratories). Images were captured using 100× oil objective 

lens on an Olympus Confocal microscope at the University of Michigan microscopy 

imaging lab.

Co-localization staining—VCaP cells were seeded in a 8-well chamber slide for 24 

hours prior to the addition FITC-labeled peptide to a final concentration of 1μM. After 6 

hours incubation, cells were fixed in 4% paraformaldehyde, permeablized with PBS 

containing 0.1% triton-×100, blocked in PBS containing 2% normal goat serum and stained 

with (1:200 dilution) of primary antibody and (1:400 dilution) of secondary antibody diluted 

in blocking solution. The following primary and secondary antibodies were used: mouse-

anti-ERG (Biocare) and goat-anti-mouse-Cy5 (Jackson Immuno-Research) respectively. 

Cells were then mounted in solution containing PBS, 2 mM trolox, 50 M protocatechiuc 

acid (PCA) and 50nM protocatechuate dehydrogenase (PCD) and imaging was performed as 

described (Pitchiaya et al., 2012). Emission from individual fluorophores was detected 

sequentially. Image processing was performed in Imaris and colocalization analysis was 

done in Imaris (Bitplane). Colocalization was calculated as the percentage of FITC spots 

that colocalized with ERG spots in the nucleus.

Chromatin Immunoprecipitation—VCaP cells were grown in complete medium and 

treated with peptidomimetics 12 hours prior to harvesting cells. ChIP assays were carried 

out as previously described (Brenner et al., 2011; Yu et al., 2010) using antibodies against 

ERG (Santa Cruz, #sc-354), DNA-PKcs (BD Biosciences, #610805), rabbit IgG (Santa 

Cruz, #sc-2027) or mouse IgG (Santa Cruz, #sc-2025). Briefly, chromatin collected from 

formaldehyde crosslinked and lysed cells was sonicated to an average length of 600 bp. 

Supernatants containing chromatin fragments were pre-cleared using protein A/G beads 

(Upstate) and incubated with 3–5 μg of ERG antibody or IgG overnight prior to the addition 

of 50μl of protein A/G beads for 1 hour. Antibody-bead precipitates were then washed six 

times and antibody/protein/DNA complexes were eluted with 150 l IP elution buffer (50mM 

NaHCO3, 1% SDS). To reverse the crosslinks, the complexes were incubated in elution 

buffer containing 10 μg RNase A and 0.3 M NaCl at 67°C for 4–5 hours. DNA/protein 

complexes were then precipitated with ethanol, air-dried, and dissolved in 100 μl of TE. 

Protein was then digested by incubation with proteinase K at 45°C for 1 hour and DNA was 

purified using a QIAGEN PCR column according to the manufacturer’s protocol. QPCR was 

performed using appropriate primers as previously described (Brenner et al., 2011).

Quantitative Real-Time PCR Assays—Total RNA was isolated from VCaP cells and 

tumors using Qiazol following the manufacturer’s protocol (Qiagen). Quantitative PCR 

(QPCR) was performed using SYBR Green dye on an Applied Biosystems 7300 Real Time 

PCR system (Applied Biosystems) as described (Tomlins et al., 2005). Briefly, 2 μg of total 

RNA was reverse transcribed into cDNA using SuperScript III (Invitrogen) in the presence 

of random primers (Invitrogen). All reactions were performed in triplicate with SYBR Green 
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Master Mix (Applied Biosystems) and 25 ng of forward and reverse primer according to the 

manufacturer’s recommended thermocycling conditions, and then subjected to melt curve 

analysis. Threshold levels for each experiment were set during the exponential phase of the 

QPCR reaction using Sequence Detection Software version 1.2.2 (Applied Biosystems). The 

relative quantity of the target gene was calculated for each sample using the ΔΔCt method by 

the comparing mean Ct of the gene to the average Ct of the housekeeping gene, β-Actin 

(Livak and Schmittgen, 2001). All oligonucleotide primers were synthesized by Integrated 

DNA Technologies (Coralville, IA). The primer sequences for the transcript analyzed were 

previously described (Brenner et al., 2011).

Immunoprecipitation—Cell pellets or tumors treated with or without the 

peptidomimetics were lysed in cell lysis buffer (20mM MOPS, pH 7.0, 2mM EGTA, 5mM 

EDTA, 30 mM sodium fluoride, 60mM β-glycerophosphate, 20mM sodium pyrophosphate, 

1mM sodium orthovanadate, 1% Triton X-100, 1mM DTT, protease inhibitor cocktail 

(Roche)). Cell lysates (0.5–1.0 mg) were pre-cleaned with protein A/G agarose beads (Santa 

Cruz) by incubation for 1 hour with shaking at 4°C followed by centrifugation at 2000 rpm 

for 3 min. Lysates were then incubated with 2 μg ERG antibody (Santa Cruz, C-17) at 4°C 

for 4 hours with shaking prior to addition of 20 μl protein A/G agarose beads and incubated 

at 4°C overnight. After washing 4 times with lysis buffer, beads were precipitated and 

resuspended in 25 μl of 2× loading buffer and boiled at 80°C for 10 min. Samples were then 

analyzed by SDS-PAGE and Western blot analysis as described above.

Basement Membrane Matrix Invasion Assays—For invasion assays, the cell lines 

were treated with the peptidomimetics or negative controls for 24 hours prior to harvesting 

and then seeded onto the basement membrane matrix (Chemicon, Temecula, CA) in the 

chamber insert with 8.0 μm pores of a 24-well culture plate in serum free media. Complete 

media was added to the lower chamber as a chemoattractant. After 48 hours incubation at 

37°C in 5% CO2, the non-invading cells and EC matrix were gently removed with a cotton 

swab. Invasive cells, located on the lower side of the membranes, were stained with crystal 

violet, air dried and photographed. To quantify the relative number of invaded cells, 

colorimetric assays were performed by treating the inserts with 150 μl of 10% acetic acid 

(v/v) and measuring absorbance of each sample in a spectrophotometer at 560 nm (GE 

Healthcare).

Chromatin immunoprecipitation (ChIP) and ChIP-seq—ChIP assays for ERG were 

performed using HighCell ChIP kit (Diagenode) according to manufacturer’s protocol. For 

ERG ChIP-seq studies, VCaP cells were treated with 50 μM RI-EIP1 or RI-muEIP1 for 12 

hours and then cross-linked with 1% formaldehyde for 10 min. Cross-linking was terminated 

by the addition of 1/10 volume 1.25 M glycine for 5 min at room temperature followed by 

cell lysis and sonication (Bioruptor, Diagenode), resulting in an average chromatin fragment 

size of 200bp. Chromatin equivalent to 5×106 cells were used for ChIP assays using various 

antibodies. ChIP DNA was isolated (IPure Kit, Diagenode) from samples by incubation with 

the antibody at 4°C overnight followed by wash and reversal of cross-linking. The ChIP-seq 

sample preparation for sequencing was performed according to the manufacturer’s 

instructions (Illumina). ChIP-enriched DNA samples (1–10 ng) were converted to blunt-
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ended fragments using T4 DNA polymerase, E.coli DNA polymerase I large fragment 

(Klenow polymerase) and T4 polynuleotide kinase (New England BioLabs, NEB). A single 

A-base was added to fragment ends by Klenow fragment (3′ to 5′ exon minus; NEB) 

followed by ligation of Illumina adaptors (Quick ligase, NEB). The adaptor-modified DNA 

fragments were amplified by PCR using the Illumina Barcode primers and Phusion DNA 

polymerase (NEB). PCR products were size-selected using 3% NuSieve agarose gels 

(Lonza) followed by gel extraction using QIAEX II reagents (QIAGEN). Libraries were 

quantified with the Bioanalyzer 2100 (Agilent) and sequenced on the Illumina HiSeq 2000 

Sequencer (100 nucleotide read length).

Serum kinetics of peptide concentration—Following IP injection of 

peptidomimetics, serum biotinylated peptide levels in mice was measured using the Quant-

Tag Biotin kit (Vector) following the manufacturer instructions. Samples with known 

concentration of biotin were used to generate a standard curve to calculate the concentration 

of biotin in the serum samples.

QUANTIFICATION AND STATISTICAL ANALYSIS

Mass spectrometry data analysis—The resulting spectrum files were transformed into 

MGF format by MSConvert software and interrogated by MASCOT 2.4 search engine using 

human UniProt database version 15 concatenated with reverse sequences for estimation of 

false discovery rate (FDR) and with a list of common contaminants. The search parameters 

were as follows: full tryptic search, 2 allowed missed cleavages, peptide charges +2 and +3 

only, MS tolerance 1 Da, MS/MS tolerance 0.5 Da. Permanent post-translational 

modifications was: cysteine carbamidomethylation. Variable post-translational modifications 

were: protein N-terminal acetylation, Met oxidation and N-terminal Glutamine to pyro-

Glutamate conversion. The remaining analysis was performed as described (Poliakov et al., 

2011). To summarize, the minimal ion score threshold was chosen such that a peptide false 

discovery rate (FDR) below 1% was achieved. The peptide FDR was calculated as 2 × 

(decoy_hits)/(target + decoy hits). Spectral counts for all detected proteins were assembled 

using an in-house written Python script. The adjustment of spectral counts was done by the 

same script as described (Poliakov et al., 2011).

Gene Expression Array Analysis—VCaP cells were treated with 50 μM peptides for 

12 hours, and total RNA extracted using RNeasy Mini Kit (Qiagen) for gene expression 

array analysis. Expression profiling was performed using the Agilent Whole Human 

Genome Oligo Microarray (SantaClara, CA) according to the manufacturer’s protocol. All 

samples were run in biological quadruplets along with controls. The microarray data were 

preprocessed and normalized using the R package limma as described (Smyth, 2004). Over- 

and under-expressed gene sets were generated by filtering to include only 2-fold average 

over- or under-expression (FDR<0.01) in all hybridizations. Fisher’s exact test was applied 

to compare the significance of overlaps among the up- or down-regulated genes in siERG 

and peptide-treated VCaP cells. Gene Set Enrichment Analysis (GSEA) for those gene 

signatures was performed using the JAVA program (http://www.broadinstitute.org/gsea) as 

described (Subramanian et al., 2005).
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Computational Analysis of ChIP-seq data—Short reads were aligned to the HG19 

reference using Bowtie2 (Subramanian et al., 2005) with all default settings. Duplicate 

fragments (based on the coordinates of both reads) and fragments with only one mapped 

read were removed using samtools (Li et al., 2009). ERG peaks were called using 

PeakRanger (Feng et al., 2011) with default settings and a 1% FDR cut-off using chromatin 

input as control. To calculate read densities, ERG peaks (from both samples), merged using 

the reduce function from GenomicRanges (Lawrence et al., 2013), were first converted to 

the GFF format, then fragments overlapping these peak regions were counted using 

featureCounts (Liao et al., 2013) and the density was calculated by dividing the number of 

reads by the size of the reduced peak in kilobase pairs (kbp) and normalized by sequencing 

depth (per 1 million reads). Peaks were binned according to their significance in the control 

sample and the differences in read densities, separately for each bin, were assessed using a 

two-tailed t-test. Median signal profiles were calculated by: 1) calculating genome-wide 

ChIP signals using bedtools coverage (Quinlan and Hall, 2010); 2) converting the BedGraph 

files into BigWig files using bedGraphToBigWig (Kent et al., 2010); 3) extracting profiles 

within +/− 1kb around a summit with a resolution (window) of 100bp using bx-python 

(https://bitbucket.org/james_taylor/bx-python/);4) calculating for each peak a mean density 

within each window and; 5) calculating a median signal at each window across the 25% 

most-significant peaks.

Statistical Analysis—Statistical analysis was performed using GraphPad Prism 6 

software. For individual comparisons, nonparametric Mann-Whitney test was used and 

p<0.05 were considered significant. On all plots and graphs, the standard error of the mean 

is shown.

DATA AND SOFTWARE AVAILABILITY

Both the microarray data and the ChIP-seq data are deposited at Gene Expression Omnibus 

under accession number GSE58975.

Supplementary Material

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

Recurrent TMPRSS2:ERG gene fusions are a driving molecular lesion in approximately 

50% of prostate cancers, suggesting that targeting ERG activity may have therapeutic 

relevance. Unlike the BCR:ABL gene fusion in leukemia, which encodes a kinase, direct 

targeting of transcription factors has proven to be a formidable challenge. In this study, 

we identified ERG inhibitory peptidomimetics (EIPs) that bind to and degrade the ERG 

protein, preferentially targeting tumors addicted to ERG signaling. Taken together, this 

study demonstrates the therapeutic potential of peptidomimetics in targeting transcription 

factors, which could have significant implications for diverse cancers.
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HIGHLIGHTS

• ERG inhibitory peptides (EIPs) interact specifically with DNA binding 

domain of ERG

• EIPs block ERG-mediated transcription and recruitment to target gene loci

• Binding of EIPs leads to proteolytic degradation of ERG protein

• Retroinverso-EIPs suppress tumor growth, intravasation, and metastasis in 

vivo

Wang et al. identify peptides that interact with the DNA binding domain of ERG, thereby 

attenuating protein-protein interactions and chromatin recruitment of ERG and inducing 

ERG degradation. These peptides reduce proliferation, invasion, and tumor growth of 

prostate cancer cells with the TMPRSS2:ERG gene fusion.
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Figure 1. Identification and characterization of ERG-binding phage peptides
(A) Schematic representation of the phage display workflow to identify ERG-binding 

peptides. A random seven amino acid phage display library (1) was pre-adsorbed onto 

purified GUS control protein (2) to remove nonspecific peptides, pre-cleared phage peptides 

were then enriched for ERG-binding peptides by employing purified recombinant ERG 

protein as bait (3), bound phage clones were then eluted (4) and propagated (5). After 4 

rounds of selection, enriched ERG-binding phage clones were individually cultured and 

amplified for further analysis. (B) The 12 unique phage peptides were classified into three 
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groups, indicated by different colors, using Clustal Omega (http://www.ebi.ac.uk/Tools/msa/

clustalo/). Phage peptide LPPYLFT was designated as EIP1 and LSFGSLP as EIP2. A total 

of 17 clone repeats were enriched for EIP1 sequence and 19 clones for EIP2 sequence. The 

phage peptide-ERG interaction was further validated by ELISA. Phage clones randomly 

selected from the original phage library and phage vehicle (without DNA insert) were used 

as negative controls. For all experiments, mean ± SEM is shown. (C) Mapping of the phage 

peptide binding residues to the ERG ETS domain. The images (right) represent images from 

protein array analysis where positive interactions are indicated by “+” and negative by “−”. 

See also Figure S1.
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Figure 2. Binding properties of synthetic peptides
(A) The synthetic peptide sequences and corresponding binding affinity (Kd) as determined 

by OctetRED biolayer interferometry. Point mutations with alanine substitution and 

scrambled peptide were used as negative controls where Kd could not be determined (N.D.). 

(B) Real-time binding was measured by immobilization of biotinylated ERG protein to the 

streptavidin biosensors and subsequent interactions with varying concentrations of synthetic 

peptides as indicated. (C) The plots show the response versus peptide concentration curves 

derived from the raw binding data. Dissociation constants (Kd) represent the peptide 

Wang et al. Page 30

Cancer Cell. Author manuscript; available in PMC 2018 April 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concentration yielding half-maximal binding to ERG. For all experiments, mean ± SEM is 

shown. (D) Halo-tagged ERG protein was expressed by in vitro transcription/translation. 

Pull-downs followed by immunoblot analysis were performed on mixtures of either Halo-

ERG and GST-AR or Halo-ERG and DNA-PKcs in the presence of varying concentrations 

of peptide, as indicated. (E) Biotin-EIP1/2 or biotin-muEIP was incubated with VCaP cell 

lysates. Eluates from the pull-downs were subjected to immunoblot analysis using an anti-

ERG antibody. (F) Pull-down experiment was performed as in (E) followed by silver 

staining (left panel) and parallel immunoblot analysis (right panel). (G) Candidate ERG 

bands identified in (F) were subjected to mass spectrometric analysis. Spectral counts for the 

ERG peptide, NTGGAAFIFPNTSVYPEATQR, are shown for both biotinylated-EIP2 and 

muEIP2 pull-downs. All error bars represent ± SEM. See also Figure S2 and Table S1.
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Figure 3. Cell-permeable EIPs block ERG-mediated cell invasion
(A) Sequences of TAT (shown in green) conjugated peptides. (B) Kinetic binding data for 

TAT-EIPs and ERG. (C) Representative pseudocolored images of VCaP cells treated with 

FITC-labeled (green, left) control peptide muEIP1 (top panels) or EIP1 (bottom panels) and 

stained for ERG (red, middle). Overlay of red and green channels are represented in the 

“Merge” panel. Values in each “Merge” image depict the extent of green-red colocalization 

in the nucleus, wherein a value of ‘0’ represents no colocalization and value of ‘100’ 

represents complete colocalization. The colocalization numbers are represented by mean 
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±SEM. Scale bar, 5 μm (n >20 cells). (D) IP-immunoblot analysis of VCaP cells treated with 

either TAT-EIPs or -muEIP1, or untreated. Cell lysates (1/100 IP input) were used as positive 

controls. (E–H) Boyden chamber transwell invasion assays of VCaP, DU145 and PC3 (E), 

VCaP (F), RWPE-ERG and –EZH2 (G), PC3-LacZ and –ERG (H) were performed in 

chambers pre-coated with Matrigel. Cells were pretreated as indicated for 48 hours and 

allowed to incubate for an additional 48 hours prior to fixation, imaging, and quantification 

of cell invasion. The data shown are the mean of three independent experiments. All error 

bars represent ± SEM. **p< 0.05. See also Figure S3.
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Figure 4. Retroinverso EIPs specifically bind to and destabilize ERG
(A) Sequences of the retroinverso peptidomimetics; except glycine, all amino acids are D-

isomer. TAT sequences are shown in green. (B) The kinetic binding curve for RI-EIPs as 

measured by OctetRED, as in Figure 2C. The data shown are the mean of three independent 

experiments. (C, D) Confluence rates of VCaP (C) or DU145 (D) cells treated as indicated 

were measured by IncuCyte. (E) Comparison of cell morphology of VCaP and DU145, 

untreated or treated with 50 μM of indicated peptide for four days. (F) Evaluation of RI-EIPs 

target engagement in VCaP cells after the treatment of RI-EIP1 for three hours was analyzed 
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over temperature shift from 42°C to the indicated temperatures. The presence of the target 

ERG protein in the soluble fraction of the cell lysates was detected by Western blot analysis. 

(G) Isothermal dose-response fingerprint at 50°C in VCaP cells shows levels of soluble ERG 

protein at varying concentrations of RI-EIPs. (H, I) Immunoblot analysis of ERG, AR, and 

GAPDH from VCaP cells treated with RI-EIP1 or RI-muEIP1 with 20 μM at indicated time 

points (H) and for 48 hr at indicated concentrations (I). (J) Immunoblot analysis of ERG 

and GAPDH from VCaP cells treated with or without RI-EIP1. Where indicated, 50 μg/ml 

cycloheximide (CHX) was added, and cells were harvested at the indicated time points. (K) 

ERG protein abundance in (J) was quantified by ImageJ and plotted as indicated. (L) 

Immunoblot analysis of ERG, AR, and GAPDH from VCaP cells treated with 20 μM RI-

EIP1 or RI-muEIP1 for 48 hours with and without proteasome inhibitor carfilzomib (100 

nM). (M) The degradation analysis of 3020 proteins as mean ratio from three replicates of 

each protein, represented by a black spot (n = 3). The y axis represents p value (−log10 

transformed) derived from t test across three biological replicates for each protein compared 

with the biological replicates of negative control proteins. The relative fold change is shown 

on the × axis as the log10 ratio RI-EIP1/RI-muEIP1. Proteins with a p<0.01 and a fold 

change <−1.5 are overlaid by the blue box. The top most degraded proteins are labeled by 

arrows. All error bars represent ± SEM. See also Figure S4.
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Figure 5. Retroinverso EIPs specifically inhibit ERG binding to target loci, disrupting ERG 
transcriptional activity
(A) ChIP-seq using the ERG antibody was performed in VCaP cells treated with 50 μM RI-

EIP1 or RI-muEIP1 for 12 hours. Normalized ERG signal profiles for RI-EIP and RI-

muEIP1 treated groups were calculated at the summit of the most significant ERG peaks (4th 

quartile) in the RI-muEIP1 sample. (B) Heatmap representation of ERG binding peaks in 

both RI-EIP1 and RI-muEIPs treatment groups. Genomic target regions are rank-ordered 

based on the level of ERG enrichment at each ERG binding sites between −400bp and 
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+400bp flanking genomic region. (C) Representative ChIP-seq profile at ERG target gene 

loci. The y-axis denotes reads per million per base pair (rpm/bp); x-axis denotes the genomic 

position. (D) Venn diagram illustrating the overlap of disregulated genes (greater than 2-

fold, FDR<0.01) between siERG- and RI-EIP1-treated VCaP cells and between siPCAT29- 

and RI-EIP1-treated VCaP cells. (E) Heatmap from microarray analysis of ERG knockdown 

by siERG or RI-EIP1 treatment in VCaP cells, comparing gene expression changes upon 

siERG knockdown and RI-EIP1 treatment. (F) Gene Set Enrichment Analysis (GSEA) of 

the down-regulated genes (VCAP_RI-EIP1_DN) by RI-EIP1 versus ERG knockdown in 

VCaP cells. NES, normalized enrichment score; FDR, false discovery rate. (G) The relative 

expression of several ERG target genes in VCaP upon RI-EIP1 treatment assessed by 

quantitative PCR. For all experiments, mean ± SEM is shown. See also Figure S5.
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Figure 6. RI-EIPS have no effects on ERG-mediated angiogenesis
(A) Biotin-EIP1 or biotin-muEIP was incubated with the cell lysates and eluates from the 

pull-downs were subjected to immunoblot analysis using an anti-ERG antibody. (B) 

Pulldown assay as in (A) with varying amounts of cell lysates as indicated. (C) 

Representative microphotographs of a 3D culture of human umbilical vein endothelial cells 

(HUVEC) (scale bar, 2.0 m) in the presence of inhibitors or siRNA as indicated. The bar 

graphs present the number of tubes/area of cells analyzed by ImageJ software. The average 

lengths were calculated for each transductant from microphotographs captured in duplicate 
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experiments performed. (D) Effect of RI-peptides or retinoic acid (RA, a known inhibitor of 

angiogenesis) on VEGF-induced angiogenesis assessed by chorioallantoic membrane assay. 

The bar graphs represent the angiogenic index by counting vessel branch points using 

ImageJ software in a double-blinded manner. Data represents the mean of 4 replicates. (E) A 

representative immunohistochemistry (IHC) image of mouse CD31, an endothelial cell 

marker in FFPE sections of VCaP xenograft tumors treated with RI-muEIP1 or RI-EIP1 for 

24 consecutive days. Scale bar: 10 μm. The dot plots represent the quantitative data of IHC 

staining. Number of blood vessels was determined in a view area at 200× magnification. 

Error bars represent ± SEM. **p value < 0.05.
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Figure 7. Retroinverso EIPs suppress tumor growth in vivo
(A) Chicken chorioallantoic membrane (CAM) invasion assays were performed using VCaP 

cells that stably overexpress Cherry Red (red fluorescence emission). The xenografts were 

treated with a single dose of RI-EIP1 or RI-muEIP1 at 25 mg/kg. At 72 hours post-

treatment, the upper CAM was harvested and the frozen sections were stained for chicken-

specific type IV collagen (green fluorescence). Yellow arrowheads indicate invaded cells 

through the upper CAM. White dotted line indicates CAM basement membrane. Scale bar: 

200 μm. (B, C) CAM intravasation (B) and lung metastasis (C) assays were performed on 
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VCaP CAM xenografts. Total cell number was determined using a standard curve generated 

by varying amounts of VCaP cells as input. Y-axis shows the relative cell numbers 

normalized by RI-muEIP1-treated CAM group. **p<0.05. (D) VCaP-xenografted mice were 

treated with RI-EIP1 or RI-muEIP1 at indicated doses for 18 consecutive days. Average 

tumor volume (in mm3) was measured by Caliper every three days. Inset shows the 

representative VCaP tumors treated by RI-EIP1 or RI-muEIP1. (E) Kaplan–Meier survival 

data plotted as percent of animals surviving in each group using a predefined cutoff tumor 

volume of 1,500 mm3. (F) PC3-xenografts mice were treated with 25 mg/kg RI-EIP1 or RI-

muEIP1, and average tumor volume was calculated as in (D). (G) An ETV1-positive human 

primary prostate cancer serial xenograft was treated as in (D). (H) Immunoblot analysis of 

ERG, DNA-PKcs, and GAPDH in VCaP xenograft tumors treated with 25 mg/kg RI-EIP1 or 

RI-muEIP1 24 hours after the final treatment in (D). (I) Schematic depicting the 

mechanisms of EIPs therapeutically targeting TMPRSS2:ERG fusion products in prostate 

cancer. 1. In cells, EIPs immediately bind to ERG upon addition of the peptides, inducing a 

conformational change in the ERG protein, consequently blocking its interaction with co-

factors and attenuating DNA binding. 2. In this disrupted state, the ERG protein is targeted 

for proteolytic degradation, thereby inhibiting cell invasion, proliferation, and tumor growth 

in vivo. For all experiments, mean ± SEM is shown. See also Figure S6.
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