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Epithelial ovarian cancer (EOQ) is the leading cause of gynecological-related cancer deaths in the United States. There
is, therefore, an urgent need to develop novel therapeutic strategies for this devastating disease. Cellular senescence is a
state of stable cell growth arrest that acts as an important tumor suppression mechanism. Ribonucleotide reductase M2
(RRM2) plays a key role in regulating the senescence-associated cell growth arrest by controlling biogenesis of 2'-deoxy-
ribonucleoside 5'-triphosphates (ANTPs). The role of RRM2 in EOC remains poorly understood. Here we show that RRM2
is expressed at higher levels in EOCs compared with either normal ovarian surface epithelium (P < 0.001) or fallopian tube
epithelium (P < 0.001). RRM2 expression significantly correlates with the expression of Ki67, a marker of cell proliferation
(P < 0.001). Moreover, RRM2 expression positively correlates with tumor grade and stage, and high RRM2 expression
independently predicts a shorter overall survival in EOC patients (P < 0.001). To delineate the functional role of RRM2 in
EOC, we knocked down RRM2 expression in a panel of EOC cell lines. Knockdown of RRM2 expression inhibits the growth
of human EOC cells. Mechanistically, RRM2 knockdown triggers cellular senescence in these cells. Notably, this correlates
with the induction of the DNA damage response, a known mediator of cellular senescence. These data suggest that tar-
geting RRM2 in EOCs by suppressing its activity is a novel pro-senescence therapeutic strategy that has the potential to

improve survival of EOC patients.

Introduction

Ovarian cancer is the most lethal gynecological malignancy
and the fifth leading cancer-related cause of death among women
in the United States.! The vast majority of ovarian cancers (>85%)
are categorized as epithelial ovarian cancer (EOC).? EOCs are
classified into distinct histological types including serous, muci-
nous, endometrioid, and clear cell.? The most common histology
of EOC is serous (~-60% of all cancers), and less common histolo-
gies include endometrioid, clear cell, and mucinous.? Recently,
an alternative classification has been proposed, in which EOC is
broadly divided into 2 types.? Type I EOC includes mucinous,
low-grade serous, low-grade endometrioid, and clear cell carci-
nomas, and type II EOC includes high-grade serous and high-
grade endometrioid carcinomas.* Alchough significant advances
have occurred in the field of therapeutics for solid tumors, cancer

mortality in women with ovarian cancer has remained at the
same level for over 2 decades.” Unfortunately, the molecular etiol-
ogy of ovarian cancer remains to be fully elucidated.’ Therefore,
there is a great need to identify molecular factors that are pre-
dictive of clinical outcome and, more importantly, explore the
feasibility of targeting these newly identified factors to develop
urgently needed EOC therapies.

Ribonucleotide reductase (RNR) catalyzes the conversion
of ribonucleoside 5'-diphosphates into their corresponding
2'-deoxyribonucleoside 5'-triphosphates (ANTPs), the building
blocks of DNA that are necessary for both DNA replication and
repair.® Ribonucleotide reductase M2 (RRM2) is the regulatory
subunit of RNR that is necessary for INTP biogenesis during the
S phase of the cell cycle when DNA replication occurs.” Tumor
cells are characterized by an uncontrolled proliferation, and syn-
thesis of DNA is necessary for this process. Consistently, RRM2
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Figure 1.RRM2is upregulatedin EOC cellsand tumor specimens. (A) Expression
of RRM2 protein in 3 individual isolations of normal human ovarian surface
epithelial (HOSE) cells and the indicated human EOC cell lines by immunoblot-
ting. B-actin was used as a loading control. (B) Inmunohistochemical stain-
ing of RRM2 protein expression in normal ovary, normal fallopian tube, and
human EOC tissue specimens. Shown is an example of a high-grade serous
EOC tissue specimen. Arrows point to the RRM2 positively stained EOC cells.

ovarian surface epithelial cells. Likewise, RRM2 is signifi-
cantly upregulated in EOC specimens compared with either
normal human ovarian surface epithelium or fallopian tube
epithelium. RRM2 expression in EOC significantly corre-
lates with an increase in the expression of Ki67, a marker of
cell proliferation. Using an independent data set, we vali-
dated that RRM2 is expressed at a higher level in EOCs com-
pared with normal human ovarian surface epithelial cells. In
addition, RRM2 expression positively correlates with tumor
stage and grade in EOC patients. Importantly, there was a
significant reverse correlation between RRM2 expression
and overall survival in EOC patients. Functionally, sup-
pression of RRM2 activity by knocking down its expres-
sion in EOC cells inhibited the proliferation of these cells.
Mechanistically, RRM2 knockdown induces senescence of
EOC cells, which correlates with an increase of DNA dam-
age in these cells, a known trigger of senescence. These data
show that RRM2 expression is an independent prognostic
factor for EOC patients and suggest that targeting RRM2
represents a novel strategy for developing urgently needed
EOC therapy by inducing EOC cells to undergo senescence.

is known to play an active role during tumorigenesis® and has
been suggested as a potential target for developing cancer thera-
peutics.” In addition, RRM2 is implicated in mediating resis-
tance to cancer chemotherapy.!” RRM2 is a known prognostic
biomarker for several cancer types such as colon, breast, and pan-
creas.'""® Indeed, several inhibitors of RRM2 have entered clini-
cal trials for these cancer types.”'*"> However, the role of RRM2
in EOC remains poorly understood.

Cellular senescence is a state of stable cell growth arrest that
can be induced by a variety of triggers, including critically short-
ened telomeres, activated oncogenes, DNA damage, and certain
cancer therapeutics such as cisplatin.'® Senescent cells have unique
morphological and molecular characteristics, including a large,
flat morphology and increased activity of 3-galactosidase (termed
senescence-associated 3-galactosidase or SA-f-gal).”” Importantly,
reactivation of the senescence-promoting pathways, such as p53 in
murine cancer models, leads to senescence of cancer cells and asso-
ciated tumor regression.'®?° Therefore, induction of senescence rep-
resents a novel mechanism for developing cancer therapeutics.?"*
Notably, RRM2 plays a critical role in establishing and maintain-
ing the senescence-associated cell growth arrest induced by acti-
vated oncogenes.” RRM2 is suppressed during senescence, and its
overexpression is sufficient to overcome senescence. This correlates
with the changes in DNA damage response during senescence.?’*°
Interestingly, senescence induced by C-MYC depletion in mela-
noma cells suppresses RRM2 expression and the subsequent deple-
tion of ANTP pools.* This raises the possibility that RRM2 is a
bona fide target for driving cancer cells to undergo senescence and
the associated stable cell growth arrest and, thus, represents a target
for the development of pro-senescence therapies. However, this has
never been tested in EOCs.

In this study, we determined that RRM2 protein expression
is higher in EOC cancer cell lines compared with normal human
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Results

RRM2 is often upregulated in EOCs compared with either
normal human ovarian surface epithelium or fallopian tube
epithelium

To determine whether RRM2 is upregulated in EOC cell
lines, we examined the protein expression level of RRM2 in 3
individual isolations of normal human ovarian epithelial (HOSE)
cells and 9 different human EOC cell lines by immunoblotting.
RRM2 protein levels were higher in all examined human EOC
cell lines compared with the HOSE cells (Fig. 1A). The RRM2
antibody is specific, because only 1 band appears in immunob-
lotting analysis, and a short hairpin RNA to the human RRM2
gene (shRRM2) that efficiently knocks down RRM2 expres-
sion decreases the intensity of the single band detected by the
anti-RRM2 antibody (Fig. SIA). Next, we sought to determine
whether RRM2 upregulation also occurs in human EOC speci-
mens. Toward this goal, we examined the expression of RRM2
by immunohistochemical (IHC) staining analysis in 105 cases
of EOCs and 35 normal human ovary specimens. Recent evi-
dence suggests that a proportion of EOCs may arise from the
distal fallopian tube epithelial cells.?”?® Thus, we also included
36 normal human fallopian tube specimens in our study. The
cytoplasm of EOC cells was positive for RRM2 THC staining
(Fig. 1B). In contrast, RRM2 staining in normal human ovarian
surface epithelial cells or fallopian tube epithelial cells was nearly
negative (Fig. 1B). The anti-RRM2 antibody-staining signal was
specific, because blocking anti-RRM2 antibody binding with a
specific blocking peptide significantly decreased the IHC signal
(Fig. S1B). RRM2 expression was scored as high (H score 250)
or low (H score <50) based on a histological score as previously
described,??° which considers both percentage and intensity of
the staining signal. RRM2 was scored as high in 43.8% (46/105)
of human EOCs. In contrast, RRM2 was scored high in 0%
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Table 1. RRM2 protein expression; correlation between RRM2 expression and Ki67 cell proliferation marker or clinicopathological variables

cha:::::: ics low (n) high (n) total (n) high (%) P
Normal
epithelial tissue
Normal ovary 35 0 35 0.0% <0.001*
Normal fallopian tube 35 1 36 2.8% <0.001**
ov::)iiat: ?:Iai:Icer 9 46 105 43.8%
Typel 14 5 19 26.3%
Low-grade serous 5 0 5
Mucinous 3 0 3
endomeno : ! ;
Clear cell 4 4 8
Typell 45 41 86 47.7%
High-grade serous 41 34 75
endomenor : ’ )
Age
<55 20 20 40 50.0%
>55 39 26 65 40.0% 0.316
Ki67*
0-10% 15 1 16 6.3%
10-40% 14 5 19 26.3%
40-100% 27 40 67 59.7% <0.001
Undetermined 3 0 3

*Compared with epithelial ovarian cancer, P < 0.001; **Compared with high grade serous epithelial ovarian cancer, P < 0.001; *Spearman Rank Order
Correlation also showed Ki67 positively corelated with RRM2 (P < 0.001, rs = 0.551).

(0/35) and 2.8% (1/36) of normal human ovarian surface epi-
thelium and fallopian tube epithelium, respectively (Table 1).
Statistical analysis revealed that RRM2 was expressed at signifi-
cantly higher levels in human EOCs compared with either nor-
mal human ovarian surface epithelium (2 < 0.001) or fallopian
tube epithelium (P < 0.001) (Table 1). We conclude that RRM2
is expressed at significantly higher levels in EOCs compared with
either normal human ovarian surface epithelium or fallopian
tube epithelium.

Since RRM2 expression regulates dNTP biogenesis, which
is necessary for DNA replication during cell proliferation,® we
sought to determine whether RRM2 expression correlates with
cell proliferation in EOC specimens. Toward this goal, we stained
the same set of EOC specimens with an antibody against Ki67, a
marker of cell proliferation. Indeed, there is a significant correla-
tion between expression of RRM2 and Ki67 in EOC specimens
(Table 1), inferring a role for RRM2 in promoting the prolifera-
tion of EOC cells. Thus, we conclude that the RRM2 expression
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positively correlates with the cell proliferation marker Ki67 in
EOCs.

High RRM2 expression positively correlates with tumor
stage and grade and independently predicts a shorter overall
survival in EOC patients

Next, we wanted to validate our findings in an independent
data set. Toward this goal, we analyzed 2 published independent
EOC gene expression profile microarray data sets with clinical
annotations.’ The first data set included 99 individual EOC
specimens (37 endometrioid, 41 serous, 13 mucinous, and 8 clear
cell histosubtypes) and 4 individual normal ovary samples, while
the second data set included 285 EOC specimens (18 borderline
tumors and 267 EOC specimens of various grades and stages).
Corroborating with our IHC results (Table 1), RRM2 was sig-
nificantly upregulated in EOC specimens compared with nor-
mal tissue (Fig. 2A). There was also a significant increase in
RRM2 expression in EOC specimens compared with non-inva-
sive ovarian tumors of low malignant potential (i.e., borderline
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tumors) (Fig. 2B). Additionally, RRM2 expression was signifi-
cantly increased in advanced compared with early stage EOCs
(Fig. 2C). Further, RRM2 expression significantly increased
with tumor grade of EOCs (Fig. 2D). Finally, RRM2 expres-
sion was significantly increased in all 4 major EOC histosubtypes
compared with normal controls (Fig. 2E).

We also evaluated RRM2 expression among the 6 molecular
subtypes of EOCs as previously defined by Tothill et al. based
on gene expression profiling.?? We found that subtypes C3 and
C6 had significantly lower RRM2 expression compared with

the other subtypes (Fig. 2F). Notably, C3 and C6 molecular
subtypes predominantly consist of serous borderline and low-
grade and early-stage endometrioid tumors, respectively.®? In
contrast, the vast majority of type II high-grade serous and
high-grade endometrioid EOCs segregate with C1, C2, C4,
and C5 molecular subtypes.?? Consistent with our finding that
RRM2 expression correlates with the expression of the cell pro-
liferation marker Ki67 (Table 1), RRM2 low-expressing C3
and C6 molecular subtypes are characterized by low expression
of cell proliferation markers.* Together, these data validate the
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Figure 2. RRM2 expression correlates with tumor grade and stage and is a poor prognostic marker in EOC patients. (A) RRM2 is upregulated in EOC
specimens (n = 99) compared with normal ovarian surface epithelium samples (n = 4).3' *P < 1 x 1077, false discovery rate (FDR) < 1 x 10~". (B). RRM2 is
upregulated in invasive serous EOC specimens (n = 246) compared with non-invasive, borderline serous tumors of low malignant potential (n = 18).3
*P<1%x107,FDR < 1x 107 (C) RRM2 is upregulated in advanced stage (stage 3 and 4) EOC specimens (n = 239) compared with early stage (stage 1 and 2)
EOC specimens (n = 42).32 *P = 0.0199, FDR = 0.0199. (D) RRM2 is upregulated in grade 2 EOCs (n = 97) compared with grade 1 EOCs (n = 19) and in grade
3 EOCs (n = 164) compared with grade 1 or grade 2 EOCs.>? *P < 0.001. Grade 1 vs. grade 2: P = 0.0003, FDR = 0.0006. Grade 1 vs. grade 3: P< 1 x 107,
FDR < 1 x 107. Grade 2 vs. grade 3: P = 3.04 X 10~° FDR = 3.04 x 10~°. (E) RRM2 is upregulated in serous (41 samples), endometrioid (n = 37), mucinous
(n=13), and clear cell (n = 8) histotypes of EOCs compared with normal human ovarian surface epithelium (n = 4).3' *P < 0.0002. Endometrioid vs. normal
P=2.3x%x 10" FDR = 4.6 x 10°. Serous vs. normal P = 4.4 x 10-° FDR = 8.8 x 10~°. Mucinous vs. normal P = 0.00013, FDR = 0.0003. Clear cell vs. normal
P=8.4% 107, FDR =0.00017. (F) RRM2 is higher in C1 (n = 83), C2 (n = 50), C4 (n = 46), and C5 (n = 36) EOC molecular subtypes compared with C3 (n = 28),
and C6 (N =8).2*P < 1x 107, FDR< 1 x 107. C3 vs. C1, C3 vs. C2, C3 vs. C4, and C3 vs. C5: all are statistically significant at the level of P < 0.01 and FDR
<0.01.C6 vs. C1, C6 vs. C2, C6 vs. C4, and C6 vs. C5: all are statistically significant at the level of P < 0.01 and FDR < 0.01. (G) High RRM2 expression predi-
cates a shorter overall survival in EOC patients. Kaplan—-Meier curves of overall survival for EOC patients with high RRM2 expression (C1, C2, C4, and C5
EOC molecular subtypes) or low RRM2 expression (C3 and C6 molecular subtypes). Median overall survival 44 mo for high RRM2 vs. 69 mo for low RRM2
in EOC patients.*? Log rank P < 0.001, Cox P = 0.004 and hazard ratio (HR) for high RRM2 EOC patients = 1.77. Adjusted Cox P = 0.02 and HR = 1.58.
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finding that RRM2 is often upregulated in EOC and show that
RRM2 expression positively correlates with tumor grade and
stage in EOC specimens.

Next, we sought to determine whether there is an association
between RRM2 expression and the survival of EOC patients.
Toward this goal, we compared the overall survival of EOC
patients with low RRM2 expression (C3 and C6 molecular sub-
types) to the patients with high RRM2 expression (C1, C2, C4,
and C5 molecular subtypes). EOC patients with high RRM2
expression (n = 215) had significantly worse overall survival com-
pared with those with low RRM2 expression (n = 36) (Fig. 2G,
median overall survival 44 vs. 69 m, log rank P < 0.001). Of note,
multivariate analysis showed that the association of high RRM2
expression with worse survival was independent of stage and
grade (adjusted HR = 1.58, Cox P = 0.02). Thus, we conclude
that high RRM2 expression independently predicts a shorter
overall survival in EOC patients.

Knockdown of RRM2 inhibits the growth of EOC cells

Our data indicate that RRM2 is often upregulated in EOC,
and its expression correlates with the expression of Ki67, a cell
proliferation marker (Table 1). Next,

phenomenon. Taken together, we conclude that knockdown of
RRM2 expression inhibits the growth of human EOC cells.

Knockdown of RRM2 induces senescence of EOC cells,
which correlates with an increase in DNA damage

Next, we sought to determine the mechanism by which RRM2
knockdown suppresses the growth of human EOC cells. Notably,
markers of apoptosis such as cleaved caspase 3, cleaved Lamin
A, and cleaved PARP p85 were not induced by RRM2 knock-
down in human EOC cells (Fig. S3A). RRM2 plays a key role in
regulating the establishment and maintenance of senescence and
the associated cell growth arrest.” Thus, we sought to determine
whether RRM2 knockdown induces senescence of human EOC
cells. Toward this goal, we examined the expression of SA-3-gal
activity, a universal marker of cellular senescence,” in control
and RRM2 knocking down EOC cells. Indeed, knockdown
of RRM2 in SKOV3 EOC cells significantly increased SA-B-
gal activity compared with control cells (Fig. 4A and B). It has
been shown that RRM2 expression regulates senescence through
affecting the DNA damage response due to its role in INTP bio-
genesis, which is necessary for both DNA replication and repair.?

we sought to determine the effects
of knockdown of RRM2 in EOC
cells on the proliferation of these
cells. Toward this goal, we devel-
oped 2 individual shRRM2s. The
knockdown efficacy of shRRM2s
was confirmed by immunoblotting
in SKOV3 EOC cells (Fig. 3A).
Notably, RRM2 knockdown sig-
nificantly decreased BrdU incor-
poration, which identifies actively
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was observed in shRRM2-express-

ing cells compared with controls
(Fig. 3E-G). The growth inhibi-
tion was observed in cells expressing
2 individual shRRM2s, and there
is a correlation between the effi-
cacy of knockdown and the rate of
growth inhibition (Fig. 3). This sug-
gests that the observed phenotypes
are not due to potential off-target
effects. In addition, similar results
were observed in OVCARS5 and
PEO1 EOC cells (Fig. S2), show-

ing that this is not a cell line-specific

Figure 3. Knockdown of RRM2 inhibits cell growth and proliferation of EOC cells. (A) SKOV3 EOC cells were
infected with control or 2 individual shRRM2-encoding lentivirus and selected with 3 g/ml puromycin.
The expression of RRM2 was determined in drug-selected cells by immunoblotting. B-actin was used as
a loading control. (B) Same as (A) but labeled with 10 wM BrdU for 30 min to identify the cells that are
actively undergoing DNA replication, and the incorporated BrdU was visualized by immunofluorescence
staining. DAPI counterstaining was used to visualize cell nuclei. (C) Quantification of (B) 200 cells from
each of the indicated groups were examined for BrdU incorporation. Mean of 3 independent experiments
with SEM *P < 0.01 compared with controls. (D) Same as (A) but an equal number of cells (3000 cells/well)
were seeded in 6-well plates, and the number of cells was counted at the indicated time points. Mean of
3 independent experiments with SD *P < 0.05 compared with controls. (E) Same as (D), but after 2 weeks
of culture the plates were stained with 0.05% crystal violet in PBS to visualize focus formation. Shown are
representative images of 3 independent experiments. (F) Same as (D), but cells were seeded into soft agar,
and 2 weeks later, the colonies were visualized with bright field fluorescence. Shown are representative
images of 3 independent experiments. (G) Quantification of (F). Colonies were stained with 1% crystal
violet and counted. Mean of 3 independent experiments with SEM *P < 0.05 compared with controls.
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Figure 4. Knockdown of RRM2 induces senescence of EOC cells, which correlates with an increase in
DNA damage. (A) SKOV3 cells were infected with control or 2 individual shRRM2-encoding lentivirus
and selected with 3 wg/ml puromycin. After 7 d in culture, cells were stained for SA-B-gal activity.
(B) Quantification of (A). Two hundred cells from each of the indicated groups were examined for SA-B-
gal activity. Mean of 3 independent experiments with SEM *P < 0.05 compared with controls. (C) Same
as (A), but RRM2 and yH2AX expression were determined by immunoblotting. B-actin was used as a
loading control. (D) Same as (A), but yH2AX and 53BP1 foci formation were determined by immuno-
fluorescence. (E) Quantification of (D). Two hundred cells from each of the indicated groups were exam-
ined for yH2AX and 53BP1 foci. Mean of 3 independent experiments with SEM *P < 0.05 compared with
controls. (F) SKOV3 cells were infected with control or an shRRM2-encoding lentivirus with or without
addition of 250 nM of exogenous nucleosides and selected with in with 3 wg/ml puromycin. After 7 d
in culture, cells were stained for SA-B-gal activity. (G) Quantification of (F). Two hundred cells from each
of the indicated groups were examined for SA-B-gal activity. Mean of 3 independent experiments with
SEM. *P < 0.05 compared with controls. #P < 0.05 compared with shRRM2 alone cells. (H) Same as (F) but
yH2AX and RRM2 protein expression was determined by immunoblotting. B-actin was used as a load-
ing control. (I) Same as (F) but yH2AX and 53BP1 foci formation were determined by immunofluores-
cence. (J) Quantification of (I). Two hundred cells from each of the indicated groups were examined for
yH2AX and 53BP1 foci. Mean of 3 independent experiments with SEM *P < 0.05 compared with controls.
#*P < 0.05 compared with shRRM2 alone cells.
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In addition, it has been demonstrated
that the DNA damage is a trigger
for cellular senescence.?? Thus, we
sought to determine whether senes-
cence induced by RRM2 knockdown
is due to an increase in DNA dam-
age. Toward this goal, we examined
the expression of markers of DNA
damage such as protein expression
of YH2AX and yH2AX and 53BP1
foci formation in RRM2-knockdown
cells. Compared with controls, there
was a significant increase in YH2AX
protein expression and YH2AX and
53BP1 foci formation in RRM2-
knockdown cells (Fig. 4C~E). Similar
results were observed in multple
EOC cell lines such as OVCARS5 and
PEOL cells (Fig. S3B—G), suggesting
that the observed effects are not cell
line-specific. We next sought to deter-
mine whether inhibition of RRM2
activity mimics RRM2 knockdown
in inducing senescence and the DNA
damage response in EOC cells.
Indeed, treatment of EOC cells with
3-AP, a known inhibitor of RRM2

activity, 3

also induced a signifi-
cant increase in expression of markers
of senescence and DNA damage in
EOC cells (Fig. S3H-L). These data
indicate that knockdown or inhibi-
tion of RRM2 activity induces senes-
cence through an increase in DNA
damage. Finally, we wanted to deter-
mine whether addition of exogenous
nucleosides suppresses the senescence
phenotype induced by RRM2 knock-
down. Toward this goal, we supple-
mented the media with exogenous
in RRM2-knockdown
cells. Exogenous nucleosides sig-
nificantly decreased the SA-B-gal
activity in RRM2-knockdown cells
(Fig. 4F-G). Additionally, exogenous
nucleosides significantly decreased
the DNA damage observed in RRM2-
knockdown cells (Fig. 4H-J). This

was not due to an increase in RRM2

nucleosides

levels, because addition of nucleosides
had no effect on RRM2 knockdown
(Fig. 4H). These results support the
idea that senescence and DNA dam-
age induced by RRM2 knockdown
is mediated by a decrease in dNTP
levels. Taken together, these results
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demonstrate that knockdown or inhibition of RRM2 activ-
ity suppresses the growth of human EOC cells by triggering
the DNA damage response and, ultimately, inducing cellular
senescence.

Discussion

In this study, we found that RRM2 is often upregulated in
EOC cell lines and in EOC specimens compared with normal
controls, which positively correlates with expression of the cell
proliferation marker Ki67 and independently predicts a shorter
overall survival in EOC patients. We also found that knockdown
of RRM2 in EOC cells inhibits the proliferation and growth of
these cells. Mechanistically, we found that knockdown of RRM2
induces a DNA damage response, which ultimately causes the
EOC cells to senesce. Taken together, these data indicate that
RRM2 is a poor prognostic factor for EOC, and inhibiting its
activity represents a novel strategy for developing urgently needed
EOC therapeutics by driving EOC cells to undergo senescence.

We found that RRM2 is significantly upregulated in EOC
compared with normal tissue or borderline ovarian tumors in 3
independent cohorts (Figs. 1 and 2; Table 1), which corroborates
with data from recent studies that show RRM2 is overexpressed
in EOCs.»3 RRM2 upregulation is sufficient to overcome
the senescence-associated cell growth arrest tumor suppression
mechanism,??¢ implying that RRM2 may drive proliferation of
transformed cells. Indeed, we observed that RRM2 expression
positively correlates with the expression of the cell proliferation
marker Ki67 (Table 1). Consistently, RRM2 knockdown or
activity inhibition using 3-AP in human EOC cells suppresses
the proliferation of these cells by triggering cellular senescence
(Fig. 4; Fig. S3). Together, these data indicate that the elevated
levels of RRM2 observed in human EOC cells promote the
proliferation of these cells by inhibiting the cellular senescence
tumor-suppressing mechanism. Inducing cancer cells to undergo
senescence has recently been described as a potential therapeutic
strategy.?** Indeed, recent studies from our lab and others have
shown that induction of senescence pathways in tumor cells can
cause tumor growth inhibition or regression.””?*3” The current
study establishes that RRM2 is a potential target for developing
pro-senescence therapy for EOC.

Here, we found that there was a significant increase in RRM2
expression in invasive EOCs compared with borderline ovarian
tumors (Fig. 2B). Additionally, RRM2 expression increased
with increasing tumor stage and grade (Fig. 2C and D) and
in more invasive molecular subtypes (Fig. 2F), suggesting that
RRM2 expression could delineate early vs. late-stage and aggres-
sive tumors. Consistently, there was a significant inverse correla-
tion between RRM2 expression and the overall survival of EOC
patients (Fig. 2G). However, the association between RRM2 and
overall survival is independent of tumor stage and grade (adjusted
HR = 1.58, Cox P = 0.02). This indicates that RRM2 expression
correlates with disease progression and could be used as a novel
independent prognostic biomarker for EOC patients.

The p53 and pRB tumor-suppressor pathways are key senes-
cence effectors.'®*% Notably, p53 is null in both the OVCAR5
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and SKOV3 cell lines and is mutated in the PEO1 cell line.?#°
In addition, p16 is deleted in all 3 EOC cell lines used.” As
knockdown of RRM2 in these cells was able to induce senes-
cence (Fig. 4; Fig. 83), it must be independent of both p53 and
pl6. This indicates that human cancer cells that lack functional
p53 and pl6 retain the capacity to undergo senescence through
suppressing RRM2. These data suggest that RRM2 is a bona
fide target for driving EOC cells to undergo senescence. Several
drugs, such as hydroxyurea, gemcitabine, and triapine, are
thought to inhibit RRM2 activity; however, none of them is spe-
cific, which results in adverse side effects.” Indeed, nonspecific
toxicities associated with these drugs hamper their clinical appli-
cations. Therefore, more specific RRM2 inhibitors will need to
be tested to determine whether specific RRM2 inhibition is suf-
ficient to drive the senescence of EOC cells.

Interestingly, an increase in DNA damage was observed in
human EOC cells with RRM2 knockdown (Fig. 4; Fig. S3)
or treated with the RRM2 inhibitor 3-AP (Fig. S3J-L). This
phenotype was rescued by addition of exogenous nucleosides
(Fig. 4H-J), supporting the notion that RRM2 regulates senes-
cence through its role in dNTP biosynthesis. This suggests that
senescence induced by RRM2 knockdown is mediated by the
DNA damage response, one of the hallmarks of senescence and
a known inducer of senescence.'®?>%? These results are consistent
with previous reports from our lab and others.???¢ Cisplatin,
which is the primary front-line chemotherapy used for EOC/
also induces DNA damage.®® Therefore, it is interesting to specu-
late whether there might be synergism between RRM2 inhibi-
tion and cisplatin treatment to increase the DNA damage to a
threshold beyond which senescence would occur. This may lead
to the conversion of transient growth arrest induced by a low
dose of cisplatin to a stable senescence-associated cell growth,
which may have less side effects and a better clinical outcome.?
Furthermore, in patients with BRCA1 or BRCA2 mutations, poly
ADP ribose polymerase (PARP) inhibitors have shown promise
due to synthetic lethality after DNA damage.*® It will be interest-
ing to test whether RRM2 inhibition in combination with PARP
inhibitors could lead to synthetic lethality in cells with mutated
BRCA1/BRCA2.

In conclusion, the present study showed that RRM2 is often
upregulated in EOC, and high RRM2 expression independently
predicts poor prognosis for EOC patients. We also found that
suppressing RRM2 activity leads to growth inhibition through
a cellular senescence mechanism via the DNA damage response.
Together, our data suggest that inhibition of RRM2 to induce
senescence of human EOC cells is a potential novel EOC thera-
peutic strategy.

Materials and Methods

Cells and culture conditions

Primary human ovarian surface epithelial (HOSE) cells were
isolated and cultured as described previously.® Human EOC cell
lines were cultured in RPMI-1640 medium supplemented with
10% FBS according to ATCC and as previously described.®
Nucleosides were purchased from Sigma-Aldrich and used at a
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concentration of 250 nM. 3-AP (Sigma) was used at a concentra-
tion of 1 WM.

Human ovarian specimens and immunohistochemistry

The protocol to evaluate de-identified human tissue
specimens was approved by the institutional review board.
Ovarian tumor microarray and normal human ovary and fal-
lopian tube specimens were obtained from the Fox Chase
Cancer Center Biosample Repository Core Facility (BRCF).
Histopathology of the selected specimens was provided by BRCEF.
Immunohistochemistry (IHC) was conducted by using goat
anti-RRM2 polyclonal antibody (Santa Cruz Biotechnology)
and mouse anti-Ki67 (Dako) with a Dako EnVision System and
the Peroxidase (DAB) kit following the manufacturer’s instruc-
tions and as previously described.” The RRM2 blocking peptide
used to raise the anti-RRM2 antibody was purchased from Santa
Cruz Biotechnologies and used undiluted to block the binding
of the antibody.

Plasmids and antibodies

pLKO.1-shRRM2 plasmids were obtained from Open
Biosystems (Waltham, MA). The following antibodies were
obtained from the indicated suppliers: goat anti-RRM2 (Santa
Cruz Biotechnology), mouse anti-yH2AX (Millipore), rabbit
anti-53BP1 (Bethyl), mouse anti-BrdU FITC (BD Biosciences),
rabbit anti-PARP p85 fragment (Promega), rabbit anti-
cleaved caspase 3 (Cell Signaling), and mouse anti-B-actin
(Sigma-Aldrich).

Lentivirus infections

Lentivirus was packaged using the Virapower Kit from
Invitrogen following the manufacturer’s instructions as described
previously. ¥ Cells infected with viruses encoding the puromy-
cin-resistance gene were selected in 1 pg/ml puromycin.

Immunofluorescence, BrdU labeling, and SA-B-gal staining

Immunofluorescence staining and BrdU labeling for cultured
cells was performed as described previously using antibodies
described above.”** SA-B-Gal staining was performed as previ-
ously described.”

Colony formation assay, soft agar assay, and growth curve
analysis

Growth curves were generated by plating an equal amount of
cells (20000 cells/well) and counting the cell number at the indi-
cated time points. For colony formation, equal number of cells
(3000 cells/well) was inoculated in 6-well plates and cultured for
additional 2 wk. The colony formation was visualized by staining

the plates with 0.05% crystal violet as previously described.” Soft
agar assays were performed as previously described.®

Data sets and statistical analysis

Raw gene expression data (Affymetrix CEL files) were retrieved
from 2 previously reported clinically annotated microarray data
sets®# from different institutions (University of Michigan®' and
Peter MacCallum Cancer Center in Australia®®). Both data sets
are publicly available in Gene Expression Omnibus (GSE6008
and GSE9891, respectively) and were profiled on Affymetrix
HG_UI133A arrays (University of Michigan) and Affymetrix
Human Genome U133 Plus 2.0 Array. Raw data were imported
in BRB-ArrayTools Version: 4.2.0 (Biometrics Research Branch,
National Cancer Institute) and were processed using Robust
Multi-Array (RMA) analysis. The first data set included 99 indi-
vidual epithelial ovarian tumors (37 endometrioid, 41 serous, 13
mucinous, and 8 clear cell carcinomas) and 4 individual normal
ovary samples. The second data set included 285 epithelial ovar-
ian cancers (18 borderline tumors and 267 invasive tumors) of
various grades and stages.

Comparison of RRM2 expression levels between different
classes (i.e., grades, histologies, stages, etc.) was performed using
the class Comparison Between Groups of Arrays Tool of BRB-
ArrayTools. Parametric # test or F test P values were reported for
2 or more classes, respectively. Overall survival curves were gen-
erated by the Kaplan—Meier method, and differences between
survival curves were assessed for statistical significance with the
log-rank test. SPSS (version 16; SPSS Inc) package was used for the
survival analysis. The P values of all statistical tests were 2-sided.
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