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Abstract

PURPOSE: Defects in genes in the DNA-repair pathways significantly contribute to prostate
cancer (PC) progression. We hypothesize that overexpression of DNA repair genes may also drive
poorer outcomes in PC. The ribonucleotide reductase small subunit M2 (RRM2) is essential for
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DNA synthesis and DNA repair by producing dNTPs. It is frequently overexpressed in cancers,
but there is very little known about its function in PC.

EXPERIMENTAL DESIGN: The oncogenic activity of RRM2 in PC cells was assessed by
inhibiting or overexpressing RRM2. The molecular mechanisms of RRM2 function were
determined. The clinical significance of RRM2 overexpression was evaluated in 11 PC clinical
cohorts. The efficacy of an RRM2 inhibitor (COH29) was assessed in vitroand in vivo. Last, the
mechanism underlying the transcriptional activation of RRM2 in PC tissue and cells was
determined.

RESULTS: Knockdown of RRM2 inhibited its oncogenic function, while overexpression of
RRMZ2 promoted epithelial mesenchymal transition in PC cells. The prognostic value of RRM2
RNA levels in PC was confirmed in 11 clinical cohorts. Integrating the transcriptomic and
phospho-proteomic changes induced by RRM2 unraveled multiple oncogenic pathways
downstream of RRM2. Targeting RRM2 with COH29 showed excellent efficacy. Thirteen putative
RRM2-targeting transcription factors were bioinformatically identified, and FOXM1 was validated
to transcriptionally activate RRM2 in PC.

CONCLUSIONS: We propose that increased expression of RRM2 is a mechanism driving poor

patient outcomes in PC and that its inhibition may be of significant therapeutic value.
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INTRODUCTION

Prostate cancer (PC) is the third leading cause of cancer death in American men. Advances
in genomics allow the identification of putative drivers of cancer initiation and progression.
Genomic instability results from DNA damage induced by genotoxic insults, dysfunction in
pathways governing DNA repair, and abnormal cell-cycle control (1, 2). DNA-repair
pathway defects are prevalent in advanced PC (3, 4). Defective DNA repair is correlated
with an increased sensitivity to PARP inhibitors, platinum chemotherapy, or immunotherapy
that can be exploited for clinical benefit (5, 6). Ironically, overexpression of DNA repair
genes may also contribute to cancer progression: PC patients with BRCAL-expressing
tumors more likely develop lethal cancer than those with BRCAZ1-non-expressing tumors

().

The nucleotide metabolism enzyme, ribonucleotide reductase (RNR), is essential for DNA
synthesis and DNA repair by producing dNTP. Abnormal dNTP levels lead to infidelity of
DNA replication, causing an increase in genomic instability (8). RNR activity is coordinated
with cell cycle progression to maintain the fine balance between dNTP production and DNA
replication (9). During the cell cycle, levels of two RNR subunits, RRM1 and RRM2B, are
constant but RRM2 levels fluctuate (10). As the rate-limiting RNR enzyme, RRM2 levels
control the cell cycle-dependent activity of RNR. Overexpression of RRM2 is associated
with poorer outcomes in multiple cancers (11, 12). In mice, overexpression of RRM2
induces the development of lung cancer. Defects in DNA mismatch repair synergistically
promote RNR-induced carcinogenesis in lung neoplasms from RRM2 transgenic mice (13).
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Although the oncogenic role of RRM2 has been linked to promotion of epithelial
mesenchymal transition (EMT) and angiogenesis (14, 15), there has been no comprehensive
molecular understanding of how RRM2 regulates key downstream biological processes and
signaling to control tumor initiation and progression. In particular, very little is known about
the function of RRM2 in PC. Here, we uncovered the oncogenic properties of RRM2 by
integrating transcriptomic with phospho-proteomic analysis, and we determined the
significant prognostic value of RRM2 in PC. Further, we elucidated the transcriptional
regulation of RRM2 by FOXML1 in PC cells.

MATERIALS AND METHODS

Clinical cohort summary and characterization

Characteristics of PC patients in the Physicians’ Health Study (PHS) and Health
Professionals Follow-up Study (HPFS) cohorts are shown in table S1 (16, 17). mMRNA
expression profiling from high-density tumor areas and adjacent normal prostate tissue was
reported (18). Logistic regression was used to quantify the association of RRM2 expression
(in quartiles) and lethal cancer (table S2). The analysis was adjusted for age at cancer
diagnosis (linear), calendar year of diagnosis, body mass index, current smoking at diagnosis
(binary), and Gleason grade. An additional eleven publicly-available PC cohorts are
summarized in table S3.

Cell culture and PC tissue microarray

Normal human prostate cell lines (PWR-E1, PZ-HPV-7, RWPE-1) and human PC cell lines
(LNCaP, 22Rv1, DU145, and PC-3) were purchased from ATCC (Manassas, VA). C4-2
cells were obtained from VitroMed (Burlington, NC). EOO6AA cells were provided by John
T. Isaacs (The Johns Hopkins University School of Medicine, Baltimore, MD) and the
LAPC-4 cell line was provided by Charles Sawyers (Memorial Sloan Kettering Cancer
Center [MSK], New York, NY). Normal prostate cell lines were cultured in Keratinocyte
Serum-Free Medium (K-SFM) (Kit Cat Number: 17005-042; Thermo Fisher Scientific). All
other cell lines were maintained in 10% FBS supplemented with 2 mM of L-glutamine and
antibiotic at 37°C in 5% CO». Cells were authenticated by human short tandem repeat
profiling at the MSK Integrated Genomics Operation Core Facility. The PC tissue
microarray was purchased from US Biomax, Inc. (Cat. No. T195c).

Gene silencing and gene expression

SMARTpool siRNA were obtained from Dharmacon and transfected with RNAIMAX
(Invitrogen). Cells were harvested 48 hours or 72 hours after transfection for protein and
mMRNA analysis. Lentiviral vectors encoding RRM2 were purchased from GeneCopoeia and
transfected with psPAX2 packaging and pMD2.G envelope plasmid to HEK293FT cells for
2 days using Lipofectamine 3000 (Invitrogen). Thereafter, PC cells were infected with viral
supernatants in the presence of 8 ug/ml polybrene. Stable cells were generated using
puromycin selection. A list of SiRNAs and constructs is provided in table S4. Efficiency of
knockdown and overexpression was verified by gPCR and western blot.
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RNA analysis, RNA-Seq and immunoblotting

Total RNA was extracted from cells and analyzed as previously described (19). TagMan
gene expression assays (Life Technology) were used for relative gene expression (table S5)
by gRT-PCR. Transcript levels were normalized to levels of GAPDH transcript. RNA
sequencing was performed by 50 million 2x50bp reads in the MSK Integrated Genomics
Operation Core. RNA sequencing data were analysed by Partek Inc. (St. Louis, MO). The
data are available from GEO (GSE117921-GSE117924). Proteins were extracted by RIPA
buffer and protein concentration was determined by the Bradford method. Equal amounts of
protein were loaded and resolved by SDS-PAGE, then transferred to polyvinylidene
difluoride membranes for immunoblotting. All antibodies used are listed in table S4.

Phospho-kinase arrays (R&D Systems) were applied according to the manufacturer’s
instructions. Briefly, protein was extracted from cells treated with siRNAs or inhibitors.
Changes in kinase activity were visualized by chemiluminescence on autoradiography film
and measured using ImageJ software.

Cell viability, cell cycle, apoptosis, and DNA damage analysis

Cells were treated with siRNAs or inhibitors. Cell viability was assessed using CellTiter-Glo
luminescent cell viability assay (Promega). At 72 hours post-transfection, cell cycle and
apoptosis were detected using the Muse cell cycle assay kit and the Muse Annexin V and
dead cell kit (EMD Muillipore). DNA damage was detected at 48 hours post-transfection of
siRNAs or at 24 hours treatment of inhibitors in cells by using Muse multi-color DNA
damage kit (EMD Millipore).

Soft agar assays, wound healing, and invasion assays

Soft agar assays were performed in 6-well tissue culture plates by placing cells (2-5 x 104/
well) in 2 ml of 0.3% soft-agar above a 2-ml layer of 0.5% agar. After two weeks’
incubation, cells were stained with 1 mg/ml MTT in medium for 1 hour. Colonies were
detected and counted using GelCount technology (Oxford Optronix Inc., Oxford, UK).

Cells were seeded in 6-well cell culture plates for 48 hours. A scratch was made with a
pipette tip in a confluent area. Triplicates were prepared in each condition. Photographs of
each scratch were taken at 24 hours after scratching.

Matrigel invasion assays were performed in Matrigel invasion chamber (Fisher Scientific)
with cells on the top of chambers in serum-free media. 10% FBS in the lower chamber was
used as chemo-attractant. After indicated times, cells in the bottom chamber were fixed in
methanol and stained with crystal violet, photographed, and counted under phase-contrast
microscopy.

Chromatin immunoprecipitations (ChIP)-Seq, ChIP-gPCR, and luciferase assays

Radical prostatectomy tissue was prepared and ChIP-Seq performed as described previously
(20) with 6-ug antibodies to AR and H3K27Ac antibody. DNA sequencing libraries were
prepared using the ThruPLEX-FD Prep Kit (Rubicon Genomics, Ann Arbor, MI). Libraries
were sequenced using 50-base pair reads on the Illumina platform (Illumina, San Diego,
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CA) at Dana-Farber Cancer Institute. Related data analysis for ChlP-Seq and peak calling
followed the same protocol as reported. The quantitation of signals on the 1-MB region of
enhancer of RRM2 was performed from 4 normal prostate tissue samples and 4 tumor
samples. The data are available from GEO (GSE118845).

ChIP-gPCR was performed using the ChIP-IT High Sensitivity Kit (Active Motif, #53040)
with ChIP-grade H3K4me3, FOXML1 antibodies and native 1gG, according to the
manufacturer’s instructions. DNA was analyzed via gPCR. All ChIP experiments were
completed with at least two biological replicates.

For luciferase reporter assays, siRNAs were transfected in cells for 24 hours and 500 ng of
RRMZ2 promoter reporters (GeneCopoeia) containing Okb or 3kb promoter sequence of

human RRM2 were cotransfected with Lipofectamine 2000 (Invitrogen). At 24 hours post-
transfection, cells were collected for luciferase assays according to Promega’s instructions.

dNTP pool assay

This assay was performed as previously described (21). Cells were lysed with 60% cold
methanol and the dry pellet was resuspended in water. Two microliters of sample were used
in the HIV-1 RT based primer extension assay. 5’ 32P-endlabeled primer (“P”; 5’-
GTCCCTCTTCGGGCGCCA-3’) was individually annealed to one of four different
templates (3’-CAGGGAGAAGCCCGCGGTN-5). The template:primer complex was
extended by HIV-1 RT to generate one additional nucleotide extension product (“P+1") for
one of four dNTPs contained in the dNTP samples extracted from the cells. In this assay, the
molar amount of the P+1 product is equal to that of each dNTP contained in the extracted
samples, which allowed us to calculate and compare the amounts of the cellular ANTPs for
the different treatments. The dNTP amounts were normalized to 1 x 10° cells for the
comparisons.

Xenograft studies

NOG-SCID mice were implanted subcutaneously with C4-2 cells. After palpable tumors
developed (typically 100 mm3), six mice per group received either vehicle or COH29 (200
mg/kg) by oral gavage twice a day for 3 weeks. Tumors were measured twice a week using
calipers. Tissues were collected for immunohistochemistry (IHC) staining and protein
assays. Multiple proteins were assessed by IHC using antibodies of H2A.x (1:1000), MYC
(1:100), RRM2 (1:2500), cleaved-caspase3 (1:300), prostate-specific antigen (PSA) (1:2000)
(table S4). All animal care was in accordance with the guidelines of the Institutional Animal
Care and Use Committee at MSK.

Bioinformatic analysis of clinical cohorts

Data for various clinical cohorts were obtained from cBioPortal for Cancer Genomics (22)
and Oncomine (23). Heatmaps and volcano plots were generated using Rv3.4.3 (https://
www.R-project.org). Pathway analysis was performed using GSEA (24) and ToppGene (25).
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Statistical analysis

Results are reported as mean = S.E. Comparisons between groups were performed using an
unpaired two-sided Student’s ztest or Wilcoxon test (p<0.05 was considered significant).
Disease-free survival was examined for time since diagnosis. Cox proportional hazard
regression was performed adjusting for clinical and demographic factors.

RESULTS

RRM2 functions as an oncogene in PC cells

RRMZ2 is highly expressed in most PC cell lines tested, regardless of androgen receptor (AR)
status (fig. S1A). Four PC cell lines (LNCaP, C4-2, 22Rv1, and EO06AA) have relatively
high RRM2 protein levels, while PC-3 cells have lower RRM2 protein expression (fig. S1A).
It has been reported that RRMZ2 is barely expressed in normal prostate tissue (26). However,
in three widely used normal prostate cell lines, RRM2 was expressed at a high level similar
to that in LNCaP cells (fig. S1B). We speculated that those immortalized prostate cell lines
may not reflect the real gene profiling of normal prostate cells. We further detected RRM2
protein expression by IHC staining in a PC tissue microarray which included 9 cases of PC
adenocarcinoma and 1 leiomyosarcoma, plus 2 tissue samples from normal prostates.
Compared to the two normal prostates that had very low levels of RRM2, 5 of the 9 PC
tissue samples showed high expression of RRM2 (fig. S1C), indicating the potential
oncogenic role of RRM2 in PC.

dNTP production (dATP, dCTP and dTTP) was significantly inhibited by knockdown of
RRM2 (siRRM2) (Fig. 1A). In both LNCaP and C4-2 cells, siRRM2 induced DNA damage
with significant activation of DNA damage markers, including upstream ATM and
downstream H2A.X phosphorylation (Fig. 1B, 1C). Furthermore, siRRM2 led to cell growth
inhibition, S phase arrest, and apoptosis (Fig. 1D, 1E, and 1F). Similar phenotypes induced
by siRRM2 were also detected in 22Rv1 cells, which express AR-V7, and EO06AA cells,
which do not express AR (fig. S1D-S1H). Therefore, the tumor suppressive effects of RRM2
inhibition are not related to AR status and are not cell line specific.

To further understand the oncogenic functions of RRM2, we established RRM2-expressing
stable LNCaP and PC-3 cell lines. Overexpression of RRM2 significantly increased dNTP
production while knockdown of RRM2 decreased dNTP (Fig. 1G). Surprisingly, increased
RRMZ2 expression did not affect 2D cell growth (Fig. 1H), but promoted anchorage-
independent 3D colony formation in RRM2-overexpressing PC-3 cells (PC3-RRM2) (Fig.
11). LNCaP-RRM2 cells showed both increasing 2D cell growth and 3D colony formation
(fig. S2A, S2B). PC3-RRM2 cells had a 6-fold higher wound healing rate and level of
invasiveness than control PC-3 cells (Fig. 1J, 1K), indicating that RRM2 induced EMT.
Mesenchymal markers including N-cadherin (CDH2) and vimentin (VM) were not affected
by increased RRM2 expression, while the EMT markers (SNAI1 and SLUG) were up-
regulated in PC3-RRM2 cells (Fig. 1L). Intriguingly, P-cadherin (CDH3), a cell-to-cell
adhesion molecule, was up-regulated 9-fold in PC3-RRM2 cells, while E-cadherin (CDH1)
expression was increased about 5-fold (Fig. 1L, 1M). CDH3 has been observed in the
development and progression of multiple cancers including PC (27). CDH3 and CDH1 co-
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regulate collective migration in breast cancer (28). Therefore, RRM2 may promote
collective migration by upregulating key regulators such as CDH1, CDH3, and SNAI1. This
hypothesis was supported by showing that knockdown of RRM2 and each of these EMT
regulators significantly attenuated RRM2-induced invasiveness in PC3-RRM2 cells (Fig.
1N, fig. S2F). In LNCaP-RRM2 cells, 2.4-fold increased invasiveness was detected, coupled
with a 5-fold upregulation of CDH2 and CDH3 (fig. S2C-S2E), indicating RRM2 may
activate specific mediators of EMT or collective migration markers during different disease
states. Taken together, this provides strong evidence that RRM2 has oncogenic properties /in
vitro.

RRM2 overexpression is prognostically significant in PC patients

Overexpression of RRM2 leads to increased genomic instability (29), contributing to cancer
progression and resistance to anti-cancer treatments (30). The copy number variation
measured by fraction of the genome altered (FGA) has been shown to be associated with
Gleason score and the development of metastases in PC patients (3, 31). Here, for the first
time, the positive correlation between RRMZ level and overall FGA was observed in both
the Cancer Genome Atlas (TCGA) cohort (3) (r=0.5, p=3.14E-15) (Fig. 2A, 2B) and Taylor
cohort (32) (r=0.5, p=1.7E-07) (fig. S3C). In the two advanced PC cohorts (SU2C/PCF and
Kumar cohorts) (4, 33), weaker but significant correlations were seen (fig. S3E, S3F).
Correspondingly, a significant positive correlation between RRMZ level and Gleason score
was observed in TCGA (Fig. 2C) and Taylor cohort (fig. S3D). Consistent with other studies
(3), alteration of DNA repair genes (BRCAZ, CHEKZ, ATM, and RAD51D) in the TCGA
cohort was significantly correlated with high FGA (Fig. 2A and fig. S3A). Higher RRM2
levels were significantly associated with heterozygous loss of CHEKZand ATM (fig. S3B),
suggesting their contribution to the higher FGA and Gleason score in PC.

Besides publicly available clinical cohorts, we further validated the prognostic significance
of overexpression of RRMZ2within the HPFS (n=254) and the PHS (n=150), two cohorts
with long-term follow-up for fatal outcomes. Significantly higher levels of RRM2were
observed with increasing Gleason score (p-trend <0.01) (Fig. 2D, left panel) in tumor, but
not in matched normal tissue (p-trend=0.85) (Fig. 2D, right panel). In both Taylor and
Grasso cohorts (32, 34), the levels of RRMZ2were significantly higher in metastatic tissue
than in primary and normal tissue (Fig. 2E, 2F). In the TCGA, Taylor, and Glinsky cohorts
(3, 32, 35), RRMZlevels in the highest quartile were significantly associated with an
increased rate of biochemical recurrence (Fig. 2G).

Importantly, in HPFS/PHS cohorts, high RRMZ expression was significantly associated with
increased risk of lethal disease (table S2). When combining the HPFS and PHS cohorts,
RRMZRNA levels in the highest quartile, compared to the lowest quartile, were associated
with a 4.0 times higher risk of lethal disease (95% CI, 2.1 to 7.7) (table S2). When adjusting
for patient and tumor characteristics including centrally reviewed Gleason grade, this
association remained strong (odds ratio, 3.1, 95% Cl, 1.4 to 7.0; table S2 and Fig. 2H).
There was no association with lethal PC for RRM2 in matched normal tissues (fig. S3G).
Altogether, these results suggest that increased expression of RRM2 is associated with
adverse biology and poor outcomes.
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Transcriptomic changes induced by regulation of RRM2 unraveled the clinically relevant
RRM2 signature in PC

Although the oncogenic role of RRM2 has been reported in several cancer types, an
understanding of the comprehensive molecular mechanisms by which it functions is lacking.
We detected global transcriptomic changes induced by siRRM2 (fig. S4A). The gene
ontology (GO) analysis revealed that inhibition of RRM2 repressed genes enriched in some
key biological processes (e.g., cell proliferation, cell death, protein metabolic process, and
cell cycle) and oncogenic pathways (e.g., MYC pathway, PLK pathway, WNT signaling,
Aurora B signaling, and FOXM1 pathway) (fig. S4B). The gene set enrichment analysis
(GSEA) further defined the highly enriched pathways (MY C, E2F, Cell cycle, p53 signaling,
apoptosis) (Fig. 3A). Targets of MYC, Cell cycle, and E2F pathways were significantly
inhibited in siRRM2-treated cells (Fig. 3B). Five common genes in the p53 and apoptosis
gene set pathways were validated to be upregulated by siRRM2 treatment (Fig. 3B).

To evaluate the clinical relevance of inhibition of RRM2, we first looked at sSiRRM2-down-
regulated genes that were positively correlated with RRM2 in the Taylor cohort (named as
“Down-gene™), as well as up-regulated genes which negatively correlated with RRM2
expression level (hamed as “Up-gene”) (Fig. 3C). The heat maps showed that the Down-
gene set was activated in metastatic patients with high RRM2 expression (Fig. 3C, left
panel). These genes were significantly correlated with disease-free survival (Fig. 3C, right
panel). The findings were validated in five other PC clinical cohorts, supporting the clinical
relevance of the genes regulated by inhibition of RRM2 (fig. S4C).

To fully understand the oncogenic role of RRM2 in PC, we evaluated the transcriptomic
changes in PC-3-RRM2 cells (fig. S4D). GSEA analysis showed significant enrichment in
EMT and angiogenesis (AGO) gene sets (Fig. 3D) (36, 37), which strongly supported the
phenotypes induced by RRM2 overexpression (Fig. 11-1N). The up-regulated gene sets
induced by RRM2 overexpression may contribute to its oncogenic properties in PC.
Following integration of RRM2-induced genes in cell lines and genes, which are positively
correlated with RRM2 up-regulation in three clinical cohorts, we identified the key 126
RRMZ2-regulated genes relevant to clinical outcome (Fig. 3E). These 126 genes were up-
regulated in metastatic patients in two additional clinical cohorts (fig. S4E).

Integration of two data sets from siRRM2 RNA-Seq in C4-2 cells and RRM2-expressing
RNA-Seq in PC-3 cells provided an in-depth understanding of the RRM2-regulated
molecular mechanisms. Fifty-eight common genes were significantly enriched in oncogenic
pathways (FOXM1, PLK1, MYC, and mTORC1 signaling) and in glycolysis and cell cycle—
related hallmark gene sets (fig. S4F).

RRM2 inhibitor COH29 induced molecular mechanisms of tumor suppression

Given the potential oncogenic role of RRM2, multiple RNR inhibitors have been developed
for clinical application. The recent novel RNR inhibitor COH29 was designed to target a
ligand pocket of RRM2 and showed low side effects (38, 39). COH29 is currently in a phase
I trial to treat multiple solid tumors. Here, we assessed the effects of COH29 on PC cells.
COH29 inhibited dNTP production due to inhibition of RRM2 activity in multiple cancer
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cell lines. Similarly, dose-dependent inhibition of dNTP production by COH29 was detected
in C4-2 cells (Fig. 4A). Similar to siRRM2, COH29 led to DNA damage (Fig. 4B, 4C);
strong cell growth inhibition in multiple PC cell lines (Fig. 4D); S-phase arrest (Fig. 4E, fig.
S5A); and apoptosis (Fig. 4F, fig. S5B).

The COH29-induced global transcriptomic changes are dose-dependent (Fig. 4G). More
than 98% of the altered gene expression in high (20 uM) and low (10 pM) doses of COH29
overlapped (fig. S5C, S5D); therefore, only the RNA-Seq dataset of high-dose COH29 was
applied for the sequential GO analysis. GSEA analysis of the mRNA changes induced by
COH29 exhibited similar gene set enrichment as was seen with siRRM2 treatment,
including MYC targets, E2F targets, the p53 pathway, and the apoptosis pathway (Fig. 4H).
Additionally, COH29 inhibited the androgen response gene set (Fig. 4H). Compared to the
SiRNA approach, COH29 induced wider transcriptomic changes (fig. S5E). We applied GO
analysis by using genes whose expression were similarly altered (219 down-regulated genes;
106 up-regulated genes) with COH29 and siRRM2 treatment. The top five inhibited
pathways were PLK, MYC activation, FOXM1, Aurora B, and telomerase pathways, while
p53 downstream pathway and MY C repressive pathway were activated with both approaches
to inhibit RRM2 activity (fig. S5F). The major inhibited biological processes included cell
cycle, RNA processing, response to DNA damage, and chromosome organization—related
processes (fig. S5G). Intriguingly, besides apoptosis, DNA damage, and cell proliferation,
the processes for signal transduction, regulation of kinase activity, and inhibition of
phosphorylation were activated by inhibition of RRM2 (fig. S5G).

There are 33 genes that were inhibited by siRRM2/COH29 and positively correlated with
RRM2 up-regulation in the Taylor cohort; 12 genes were up-regulated with inhibition of
RRMZ2, but negatively correlated with RRM2 up-regulation (Fig. 41). This RRM2-regulated
gene profile was validated in three clinical cohorts (Fig. 4J). The 33 down-regulated genes
were activated in metastatic samples, while the 12 up-regulated genes were down-regulated
in metastatic samples (Fig. 4J). RRM2 showed oncogenic activity in colorectal and breast
cancer progression (13, 14). Therefore, we applied the 33 down-regulated genes in the
Gaedcke colorectal cohort and Curtis breast cancer cohort (40, 41). The expression of the 33
genes are significantly up-regulated in aggressive tumor in both cohorts (fig. S5H, S5I).
These results suggested that this gene panel can be targeted by inhibition of RRM2 in
multiple cancer types in which RRM2 drives aggressiveness.

Phospho-proteomic changes are induced by modulating RRM2 expression in PC cells

The GO analysis of genes upon inhibition of RRM2 revealed that signal transduction and
kinase activity processes were affected (fig. S5G). Therefore, we applied the phospho-kinase
array in sSiRRM2- and COH29-treated C4-2 cells (Fig. 5A, fig. S6A). The array detected the
phosphorylation of 43 human kinases, which are involved in several key oncogenic signaling
processes. Both treatments significantly inhibited AKT/mTOR signaling, leading to the
downstream effectors inhibition. Besides AKT/mTOR signaling, both treatments inhibited
multiple components in STAT signaling and SFK signaling (Fig. 5A, 5B, fig. S6A, S6B).
The inhibition of these signaling pathways induced by COH29 was dose dependent (Fig. 5A,
5B). These results were confirmed by western blotting (Fig. 5C). The activation of DNA
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damage markers was detected when the activity of these kinases was inhibited. Together,
multiple oncogenic signaling pathways were repressed by inhibiting RRM2.

RRM2 inhibitor COH29 has antitumor effect in vivo

Since the 126 genes induced by RRM2 are highly correlated with clinical outcome, targeting
them may provide therapeutic benefit (Fig. 3E). We applied ToppGene analysis by using the
126-gene signature (25). The top 3 drugs that target the signature are lucanthone,
palbociclib, and dasatinib. The numbers of genes for each drug potentially targeting the
signature are shown (Fig. 5D). We also evaluated whether docetaxel as the first-line
treatment of PC affects these genes by using two profiling datasets of docetaxel treatment in
PC-3 cells (GSE83654) and docetaxel plus androgen deprivation therapy (ADT) in patients
(42). Of 126 genes, 67 (from docetaxel-treated PC-3 cells) and 43 genes (from docetaxel +
ADT-treated patients) were down-regulated (Fig. 5D, right panel). Compared to the other
drugs mentioned, COH29 inhibited the highest number of genes in the signature (104 of 126
genes) (Fig. 5D), due to its RRM2-specific inhibition that was previously reported (39).

We further assessed the antitumor activity of COH29 jn vivo. After 3 weeks of treatment,
COH29-treated tumor bearing mice had significantly lower tumor volume (231 mm3) and
tumor weight (0.27 g) than the vehicle group (744 mm?3 and 0.57 g) (Fig. 5E, 5F), without
significant difference in body weight of the mice (fig. S6C). The COH29-treated xenografts
showed increased H2A.X phosphorylation and cleaved caspase-3, and decreased MYC and
PSA (Fig. 5G, 5H). We further detected significant inhibition of AR mRNA and protein
expression in COH29-treated tumors (Fig. 5H and fig. S6D). These results are consistent
with the repression of androgen response genes by COH29 /n vitro (Fig. 4H). Interestingly,
we did not observe inhibition of AR by siRRM2 treatment (data not shown), indicating
COH29-inhibited AR may not be directly associated with inhibition of RRM2. Together,
COH29 has antitumor effects /7 vivo in a human PC xenograft model.

RRM2 is transcriptionally activated by FOXM1 in PC

Several studies have focused on transcriptional activation and delayed degradation of RRM2
in cancers (29, 43-45). Amplification and mutation of RRM2 is rare in PC. Transcriptional
regulation may largely contribute to the overexpression of RRM2 in PC. We applied
H3K27Ac ChlP-Seq in prostate normal and tumor tissues. Significantly higher H3K27Ac
binding signal was detected at the enhancer of RRM2 (1Mb region) in PC (n=4, p<0.05),
compared to normal prostate tissue (n=4) (Fig. 6A), indicating more activated RRM2
transcription in PC than in normal tissue.

A few transcription factors (TFs) have been identified that target RRM2 in different cancers
(e.g., E2F1, E2F3 and MYCN) (43-45), but there are no studies of transcriptional regulation
of RRM2 in PC cells. Here, we developed a strategy that combines PC clinical cohorts and
TF databases to seek potential TFs targeting RRM2. We searched genes that positively
correlated with RRM2 expression (r>0.5, p<0.05) in four widely used clinical cohorts (Fig.
6B). Among all the candidates, 13 genes are TFs. Interestingly, E2F1 and E2F3 have been
demonstrated to target RRM2 in colorectal cancer and KB cells (43, 44).
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A correlation matrix from the TCGA (primary tumor samples) and SU2C/PCF (metastatic
samples) cohorts not only showed the relationships between RRM2 and all potential RRM2-
targeting TFs but also showed the correlations among the TFs (fig. S7A). It revealed
different correlation patterns for the TCGA and SU2C/PCF cohorts, indicating that disease
state may contribute to the specificity of RRM2-targeting TFs in PC. The subset of RRM2-
targeting TFs which correlate with significant clinical outcome should be more meaningful
and could facilitate the development of future therapeutic strategies. Among 13 TFs, both
FOXM1 and E2F8 were shared in all the cohorts (Fig. 6B). FOXM1 has been reported to be
one of the major drivers in PC (46). Besides those four cohorts (Fig. 6B), the positive
correlation between FOXM1 and RRM2 was also observed in PHS/HPFS cohorts (Fig. 6C).
Similar to RRM2, FOXML1 level is highly correlated with disease-free survival in the Taylor
cohort (fig. S7B). For both FOXM1 and RRM2, higher levels are associated with lethal
disease (p<0.0001) (fig. S7C).

To assess the transcription control of RRM2 by FOXM1, we first identified FOXM1 binding
region to the RRM2 promoter from published FOXM1 ChIP-Seq. In breast cancer cells and
Hel a cells, there were two major FOXM1 binding peaks in the promoter of RRM2 (Fig.
6D). Although no FOXM1 ChIP-Seq data in PC cells is available, ChIP-Seq of
transcriptional activation marks (including H3K4me3, H3K27Ac, and POLR2A) in multiple
PC cell lines provided supporting evidence that the FOXMZ1-binding regions of RRM2
promoter are activated (fig. S7D). Two pairs of primers (P1 and P2) were designed to
evaluate FOXM1 binding in PC cells, based on the ChIP-Seq data from other cells. A
negative control primer pair (P3) located in non-FOXMZ1 binding region was used (Fig. 6D).
ChIP-gPCR in C4-2 and 22Rv1 cells showed stronger FOXM1 binding signals in the distal
P1 region of the promoter than in the proximal P2 region, supported by significant
H3K4me3 binding in the same region (Fig. 6E). More significant FOXM1 binding in 22Rv1
than in C4-2 could be due to higher expression of FOXM1 in 22Rv1 (Fig. 6H). As a positive
control, we assessed FOXM1 binding at the CENPF (identified FOXML1 target) promoter in
the same ChIP-gqPCR. Strong FOXM1 binding at the CENPF promoter was detected in both
cell lines (fig. S7E, S7F).

The activity of the RRM2 promoter reporter was reduced 40% in siFOXM1-treated 22Rv1
cells (Fig. 6F), due to 80% reduction of FOXM1 expression by siFOXML1 (fig. S7G).
Consistently, siFOXM1 led to approximately 50% reduction of RRM2 mRNA and protein
expression (Fig. 6G, 6H). Besides siRNAs, a small molecule inhibitor of FOXM1 (FDI-6)
repressed multiple FOXM1 targets, including RRM2, MYC, PSA, and CENPF (Fig. 6l).
Altogether, FOXM1 can transcriptionally activate RRM2 expression by directly binding to
the promoter.

DISCUSSION

The well-established function of RRM2 is to maintain the balance of dNTP pools for DNA
synthesis and DNA repair. However, there has been no comprehensive mechanistic
investigation that defines the downstream biological consequences and signaling pathways
of RRM2 in cancer, specifically in PC. This study showed for the first time the oncogenic
properties of RRM2 in PC. We unraveled and validated the significant prognostic value of
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RRM2 in 11 PC clinical cohorts. Integrative analysis of transcriptomic and phospho-
proteomic changes regulated by RRM2 revealed oncogenic mechanisms of RRM2 in PC.

Abnormal RRM2 degradation induced imbalance of the dNTP pool and genome instability
(29). In our analysis, we found that overexpressed RRM?2 is highly correlated with deletion
of CHEKZ or ATM, which may lead to higher FGA and Gleason score (fig. S3B).
Overexpression of RRM2 could be required to compensate for the DNA repair deficiency
induced by deletion of DNA repair genes (e.g., CHEK2 or ATM). However, the correlation
of RRM2 with FGA and clinical Gleason sum (CGS) is not completely dependent on the
deletion of both genes, since some tumors showed high RRM2 expression without deletion
of CHEK2 and ATM (Fig. 2A).

Similar to what was reported in breast cancer (14), overexpression of RRM2 in PC cells
promoted 3D colony formation and invasion. Unexpectedly, RRM2 activated atypical EMT
progression by up-regulating E-cadherin (CDH1) and P-cadherin (CDH3). High CDH1
expressed PC-3 cells showed more aggressive phenotypes (47). Similarly, moderate CDH1
levels present in 4T1 breast cancer cells could promote cancer metastasis by increasing the
collective migration (48). The essential role of CDH3 in collective migration could promote
tumorigenesis in prostate, colon, ovary, and breast cancers (49). Co-expression of CDH1 and
CDH3 leads to the aggressive biology behavior in breast cancer cells due to interruption of
the interaction between CDH1 and catenins (48). Therefore, up-regulation of CDH1 and
CDH3 by RRM2 overexpression could be one of the driving forces of the more aggressive
phenotype in PC-3-RRM2 cells. Furthermore, for the first time, we demonstrated that
several transcription factor networks (FOXM1, MYC, APC/C/CDH1, E2F targets) and
oncogenic pathways (PLK1, mTORC1, Aurora B, Rho GTPases signaling) are regulated by
RRM2. All these TFs and signaling pathways have been reported to contribute to PC
progression.

Besides exploring RRM2 function, we uncovered the regulatory mechanisms of RRM2
overexpression in PC. The fact that more transcriptional activation of RRM2 was observed
in tumor tissue than in normal prostate tissue led us to develop a bioinformatic strategy to
identify the RRM2-targeting TFs. Multiple ChIP-Seq in PC cells showed that the FOXM1
binding region of RRM2 promoter is highly transcriptionally activated. Thus, the
cooperation of FOXM1 and other TFs regulating RRM2 is a potential avenue for future
study. FOXM1 was reported as a master regulator of the aggressive PCS1 subtype tumors
(50). In our study, we identified FOXM1 as the key regulator of RRM2, and inhibition of
RRM2 effectively repressed the FOXM1 pathway (Fig. S4F, S5F), suggesting the feedback
loop between FOXM1 and RRM2. We believe that interruption of this regulatory feedback
loop may specifically target aggressive subtype tumors.

In summary, our study integrated the data from cell lines with clinical cohorts to reveal that
overexpression of RRM2 is associated with poor outcomes and is potentially a driver of
aggressive PC. Use of an RRM2-targeted inhibitor does inhibit RRM2 oncogenic activity /in
vivo. Furthermore, we defined the underlying molecular mechanisms and determined the
transcriptional activation of RRM2 by FOXML1.
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Translational Relevance

Despite the recognized oncogenic activity of ribonucleotide reductase small subunit M2
(RRM2) in multiple cancers, the lack of knowledge of its function in prostate cancer
limits the therapeutic application of its inhibitors. Here, we defined the mechanisms of
the oncogenic function of RRM2 and unraveled its prognostic value in prostate cancer.
Moreover, we identified FOXM1 as the driver of RRM2 overexpression in prostate
cancer. Importantly, we elucidated the effectiveness and molecular mechanisms of an
RRM2 inhibitor, COH29. Overall, our study not only reveals RRM2 as a prognostic
marker for advanced prostate cancer, but also provides support for prostate cancer clinical
trials targeting RRM2.
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Figure 1: The oncogenic rolesof RRM2 in prostate cancer.

PC3-RRM2

(A) dNTP production in small interfering RNA (siRNA)-transfected cells. ANTP was
detected at both 48 hours and 72 hours post-transfection of siRNAs in C4-2 cells. siNS,
nonspecific siRNA. (B) siRRM2-induced DNA damage. DNA damage marker activation
was monitored in LNCaP and C4-2 cells using Muse multi-color DNA damage kit. (C)
Activation of H2A.X was confirmed by immunoblotting. (D) and (E) Analysis of cell
proliferation (D) and cell cycle (E) in transfected cells. (F) Apoptosis detected by Annexin
V assays and immunoblots. (G) dNTP production in empty vector (EV)/RRM2-
overexpressing PC-3 cells (PC3-EV; PC3-RRM2). (H) Cell proliferation in stable cells. (1)
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soft agar assays of stable PC-3 cells. The colony numbers were normalized to those in the
control cells. (J) Wound healing assays after the scratch done for 24 hours. (K) Invasion
assays after cells were plated for 48 hours. (L) and (M) EMT marker expression detected by
gPCR (L) and immunoblots (M) in both EV- and RRM2-expressing PC-3 cells. (N) Invasion
assays after multiple siRNAs were transfected in PC3-RRM2 cells. Figure 1 values represent
the mean + S.E. of three independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001;
**x* p<0.0001 vs control groups treated with empty vector (EV) or with nonspecific (SiNS)
SIRNA.
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Figure 2: Overexpression of RRM2 positively associates with poorer clinical outcomesin
multiple prostate cancer clinical cohorts.

(A)-(C) The correlation of gene alteration with the fraction of genome altered (FGA) and
Gleason grades in TCGA cohort was visualized in (A). The statistical quantitation was
shown in (B) and (C). (D) The correlation of RRM2 level with Gleason grade in tumor and
matched normal tissues in the PHS/HPFS cohorts. (E) and (F) The correlation of RRM2
expression with tumor progression in Taylor and Grasso cohorts. RRM2 levels were
analyzed in prostate gland (PG), primary (Pri), and metastasis (Met) tissue samples. (G) The
association of RRM2 expression and the disease-free survival in the TCGA, Taylor, and
Glinsky cohorts. (H) The correlation of RRM2 with the risk of lethal prostate cancer over
long-term follow-up, independent from clinical characteristics and Gleason grade, in the
combined HPFS and PHS prostate cancer cohorts. The odd ratios for lethal disease were
adjusted for Gleason score. **** p<0.0001 vs comparator groups.
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Figure 3: Transcriptomic analysis unraveled the molecular mechanism of RRM 2 function.
(A) Gene set enrichment analysis (GSEA) of transcriptomic changes. The histograms

showed the distribution of select top GSEA molecular signatures: MY C targets

(MYC _up_V1 up gene set); E2F targets (hallmark_E2F targets gene set), cell cycle
(Module_54 gene set), p53 pathway (hallmark_p53_pathway), and apoptosis (hallmark
apoptosis). Up-gene (up-regulated genes); Down-gene (down-regulated genes). (B) Multiple
targets of pathways were validated by quantitative reverse transcription PCR (qRT-PCR).
(C) siRRM2-regulated gene profiling and the correlation of these genes with disease-free
survival (DFS) in Taylor cohort. (D) Significant enrichment in EMT and Angiogenesis gene
sets in RRM2-overexpressing PC-3 cells. (E) RRM2-regulated 126-gene profiling and
correlation with the clinical outcome in clinical cohorts. 126 genes were revealed by
overlapping 1230 up-regulated genes in PC3-RRM2 cells with 627 common genes positively
correlated with RRM2 overexpression in three prostate cancer cohorts (TCGA, Kumar, and
SU2C/PCF). The correlation of these genes with disease-free survival was analyzed in the
Taylor cohort.
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Figure 4: Thetumor suppressiverole of COH29 (RRM2 inhibitor).
(A) dNTP production in COH29-treated C4-2 cells. Two doses of COH29 were used in C4-2

cells, and dNTP production was detected after 24 hours of treatment. (B) and (C) Activation
of DNA damage markers. (D) Cell proliferation assay. (E) Cell cycle analysis after 48 hours
of COH29 treatment. (F) COH29-induced apoptosis. (G) The global mRNA changes
induced by COH29 in C4-2 cells, after 48 hours of treatment. (H) GSEA analysis of mRNA
profiling in 20 pM of COH29-treated cells. The histograms showed the distribution of select
top GSEA molecular signatures. Up-gene (COH29-induced up-regulated genes); Down-gene
(COH29-induced down-regulated genes). NES, normalized enrichment score; FDR, false
discovery rate. (1) and (J) Identification of targeted genes by inhibition of RRM2. Genes
affected by inhibition of RRM2 in cells were overlapped with genes correlated with RRM2
overexpression in Taylor cohort to reveal 33 down-regulated genes and 12 up-regulated
genes (1). These gene panels were validated in three additional prostate cancer cohorts (J).
The Figure 4 values represent the mean + S.E. of three independent experiments. *, p<0.05;
** p<0.01; *** p<0.001 vs control groups.
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Figure 5: Phospho-proteomic changesinduced by inhibition of RRM 2 and COH29 efficacy in
vivo.

(A)-(B) Phospho-kinase array analysis after 24-hour COH29 treatment in C4-2 cells. The
whole-cell lysates were collected for human phospho-kinase array analysis. Each membrane
contains kinase-specific antibodies (number indicated). Relative phosphorylation of spots
was quantified by Image J software and the value of vehicle (0 pM) was set up as “1” (B).
(C) Validation of phospho-kinase array by immunoblots. For siRNA-treated groups, cell
lysates were collected after transfection for 48 hours. The representative blots for each
condition are shown and the values represent the mean * S.E. of two independent
experiments. (D) Druggable RRM2 signatures. Top three drugs from ToppGene analysis and
COH29 are shown (left panel). Numbers of genes down-regulated by docetaxel (in PC-3
cells) and docetaxel + ADT (in patients) are shown (right panel). (E)-(F) Antitumor effects
of COH29 in vivo. Tumor volumes and weights were measured following oral
administration of COH29 (200 mg/kg) in established C4-2 xenograft tumors (n=6 per
group). Values are means = S.E. ***P<0.001 versus vehicle mice. (G)-(H) Regulation of key
genes by COH29 in vivo. Multiple genes regulated by COH29 were assessed in xenograft
tumors by immunohistochemistry staining (G) or immunoblotting (H).
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Figure 6: Transcriptional activation of RRM 2.
(A) H3K27Ac ChiP-Seq in tissues. The binding signal on RRM2 enhancer (1Mb region)

was quantified. (B) The strategy to identify RRM2-targeting transcription factors (TFs).
Human TFs were selected in the genes positively correlated with RRM2 expression in
prostate cancer cohorts. Yellow/orange/pink bars indicate that TFs appear in four/three/two
cohorts. (C) The correlation of FOXM1 and RRM2 in PHS/HPFS cohorts. (D) FOXM1
binding on RRM2 promoter in cancer cells. The overview of multiple ChIP-Seq datasets
were extracted from Cistrome Data browser. P1-P3 primers were designed for FOXM1
ChIP-PCR. (E) FOXM1 or H3K4me3-ChlP-PCR on RRM2 promoter. (F) RRM2 promoter
activity regulated by FOXM1. The reporters without (R2-0K) or with (R2-3K) 3kb RRM2
promoter sequence were transfected in siRNA-treated 22Rv1 cells. (G) and (H) Inhibition of
RRM2 expression by siFOXM1 in 22Rv1 and C4-2 cells. (1) Inhibition of FOXM1 targets
by FDI-6 (20 uM) in 22Rv1 cells. The Figure 6 values represent the mean + S.E. of three
independent experiments. *, p<0.05; **, p<0.01; ***, p<0.001 vs control groups.
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