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Background: Sufficient supply of deoxyribonucleoside triphosphates (dNTPs) is required

for the uncontrolled replication of cancers. The current study aimed to investigate the

biological and clinical role of ribonucleotide reductase subunit M2 (RRM2), a key enzyme

regulating the dNTP pool, in clear-cell renal cell carcinoma (ccRCC).

Methods: The expression of RRM2 on disease progression and patient outcome was assessed

in ccRCC. Then, the effect of RRM2 inhibition on renal cell carcinoma (RCC) growth using

siRNA or Triapine, an RRM2-specific inhibitor, was characterized in RCC cell lines.

Results: The expression of RRM2 was up-regulated in ccRCC tissues as compared to the

normal tissues. Patients with high RRM2 expression tend to have advanced pT stages, high

Fuhrman grades, and shortened overall survival (OS). RRM2-siRNAs or Triapine signifi-

cantly inhibited the cell growth by inducing G0/G1 cell cycle arrest in RCC cells through the

attenuation of dNTP pool.

Conclusions: The current results provided evidence that RRM2 might act as a novel target

for ccRCC, and exploration of nonnucleoside, reversible, small-molecule inhibitors against

RRM2 could be promising.
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Introduction
Clear-cell renal cell carcinoma (ccRCC) is the most common histological subtype

of renal cell carcinoma, accounting for almost 80% of all the kidney cancers.1

Approximately, 30% of the patients were diagnosed with advanced or metastatic

disease at the first visit to the hospital.2 Although targeted therapies that inhibit the

vascular endothelial growth factor (VEGF) and mammalian target of rapamycin

(mTOR) pathways have achieved considerable clinical responses and improve the

progression-free survival (PFS) and overall survival (OS) of RCC patients, their

efficiencies are palliative. Hence, the novel therapeutic strategy is an urgent

requisite.

Ribonucleotide reductase (RNR) is an enzyme that catalyzes the rate-limiting

step of de novo biosynthesis of dNTPs, which plays a critical role in genome

maintenance.3,4 Mammalian RNR consist of two homodimeric subunits, the

large catalytic dimer RRM1 and the small regulatory dimer RRM2 or p53R2.

Unlike RRM1 and p53R2 remains constant throughout the cell cycle, the

expression of RRM2 is cell cycle dependent.5 RRM1 acts as a tumor suppressor

in different types of cancer, and is involved in tumor growth, metastasis, and

drug resistance.6–9 While RRM2 has oncogenic activity, it is overexpressed in

a variety of human cancers, such as gastric carcinoma,10 bladder cancer,11
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melanoma,12 epithelial ovarian cancer,13 nasopharyngeal

carcinoma,14 and colorectal cancer.15 RRM2 may serve

as a prognostic biomarker for the prediction of survival

and a potential target for therapy in patients with these

cancers. However, the role of RRM2 in ccRCC remains

poorly understood.

This study aims to characterize the biological and

clinical significance of RRM2 in ccRCC pathogenesis

and to implore the therapeutic potential of targeting

RRM2 using siRNA or RRM2-specific inhibitor

Triapine (3-AP).

Materials and methods
Tissue specimens
The clinical samples, consisting of 90 ccRCC tissues

and 30 noncancerous tissues, were collected from the

Department of Urology, Shanghai Ninth People’s

Hospital, Shanghai Jiao Tong University School of

Medicine (Shanghai, China) between 2005 and 2010.

Each of the samples was cut into two sections. One

section was stored at −80 °C prior to RNA extraction,

after incubating in an RNAlater solution (AM7021,

Ambion Life Technologies, USA) overnight at 4 °C,

while another was fixed in formalin for the immunohis-

tochemistry (IHC) assay. The patients were followed up

from the day of surgery to the day of death or last

examination, which was assessed as OS. The median

follow-up time was 60 (range, 3–83) months. The clin-

ical samples and data were collected in accordance with

the Declaration of Helsinki after obtaining the written

informed consent. The protocol was approved by the

Ethics Committee of Shanghai Ninth People’s Hospital,

Shanghai Jiao Tong University School of Medicine.

RT-qPCR analysis
Total RNA was isolated from human ccRCC tissues or

noncancerous tissues using TRIzol reagent (Invitrogen

Life Technologies, USA). The reverse transcription of

the total RNA was carried out using the QuantiTect

Reverse Transcription Kit (QIAGEN, Germany), and the

real-time quantity PCR was performed using SYBR Green

PCR Master Mix (Applied Biosystems, USA) according to

the manufacturer’s instruction on the ViiA 7 Real-Time

PCR System (Applied Biosystems, USA). The expression

of the target gene was normalized against that of an inter-

nal control β-actin. The sequences of primers used for RT-

qPCR analysis were as follows:

RRM2: 5ʹ-AGACTTATGCTGGAACTG-3ʹ and 5ʹ-

TCTGATACTCGCCTACTC-3ʹ;

β-actin: 5ʹ-CATGTACGTTGCTATCCAGGC-3ʹ and 5ʹ-

CTCCTTAATGTCACGCACGAT-3ʹ.

IHC analysis
Formalin-fixed tissues were embedded with paraffin, cut

into 5-μm sections, and mounted onto slides. The sections

were deparaffinized at 58 °C for 2–3 h, followed by

dewaxing in xylene and rehydrating through a gradient

of alcohol to distilled water. After blocking endogenous

peroxidase activity in 3% hydrogen peroxide for 15 min at

room temperature, the sections were subjected to antigen

retrieval in a pressure cooker at 150 °C for 5–10 min.

Then, the sections were incubated with the anti-RRM2

antibody (ab57653; Abcam) at a dilution of 1:200 at 4 °

C overnight and immunoglobulin-G-horseradish peroxi-

dase secondary antibody at 37 °C for 30 min.

Subsequently, the sections were stained with 3, 3-diami-

nobenzidine (DAB) for 2 min and counter-stained with

hematoxylin, followed by visualizing under a microscope.

Immunostaining results were estimated by the mean

score of five random fields of vision at high (×400) mag-

nification for each slide. The immunoreactivity score (IRS)

was calculated as follows: intensity score × positive stain-

ing score. The staining intensity was scored as follows: 0

(negative), 1 (weak staining), 2 (moderate staining) or 3

(strong staining). The positive staining was scored as

follows: 0 (0% positive cells), 1 (0–10% positive cells),

2 (10–50% positive cells), 3 (50–80% positive cells) or 4

(>80% positive cells). The scoring was confirmed by two

pathologists in a double blind model. An optimal cut-off

value for RRM2 expression was classified as follows:

IRS<6, low expression; IRS≥6, high expression.

Cell lines and inhibitors
The human RCC cell lines 786-O and 769-P were pur-

chased from the American Type Culture Collection

(ATCC). All cells were maintained in RPMI 1640 med-

ium, supplemented with 10% fetal bovine serum at 37 °C

in a humidified environment with 5% CO2. A small mole-

cular inhibitor Triapine (3-AP) was obtained from Selleck

(Texas, USA), solubilized in dimethyl sulfoxide (DMSO)

as a 10 mM stock solution and stored at −20 °C.

siRNA transfection
Tumor cells were seeded in 96-well or 6-well plate at

50–60% confluency overnight, followed by transfection
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with a specific siRNA duplex for 48 h using Lipofectamine

RNAiMAX Transfection Reagent (Invitrogen) according to

the manufacturer’s protocol. A nonspecific oligonucleotide

not complementary to any human gene was used as

a negative control (NC). siRNAs were purchased from

Gene Pharma (Shanghai, China). The sequences were as

follows:

siRRM2 #1: 5ʹ-CCCAUCGAGUACCAUGAUATT-3ʹ;

siRRM2 #2: 5ʹ-CGUCGAUAUUCUGGCUCAATT-3ʹ.

Western blotting
Protein extraction and Western blot analysis were per-

formed according to the procedures described

previously.16 Briefly, the proteins of the cells on the mem-

brane were incubated with a primary mouse monoclonal

antibody against human RRM2 (1:1000 dilution; ab57653;

Abcam) at 4 °C overnight. The mouse monoclonal anti-

body against human β-actin (1:5000 dilution; ab6276;

Abcam) was used as a control.

Cell proliferation assay
Cells were seeds in 96-well plates at a plating density of 3000

cells per well in six replicates, incubating at 37 °C overnight.

After transfection with siRNAs targeting RRM2 or treatment

with Triapine for the indicated time, 10 μL of CCK-8 solu-

tion (Life Technologies) was added to each well, incubating

for 1–2 h at 37 °C. Then the optical density (OD) value was

read at 450 nm on an ELISA plate reader. Cell viability rate

was calculated as OD (treated)/OD (control) ×100%.

Cell cycle analysis
After transfection with siRNAs targeting RRM2 or treat-

ment with Triapine for 48 h, at least 1×106 tumor cells

were harvested and fixed with 70% ethanol at −20 °C for

24 h. Then, the cell pellets were stained with propidium

iodide (PI) (Sigma–Aldrich, USA) and RNase A, incubat-

ing in the dark at room temperature for 30 min. PI fluor-

escence signals were assessed on a FACScan flow

cytometer (FACS Canto II, BD). The cell cycle distribu-

tion was analyzed using the Mod Fit software.

dNTP detection
After transfection with siRNAs targeting RRM2 for 72 h,

the intracellular metabolites were extracted using 1 mL of

cold MeOH:ACN:H2O (2:2:1, v/v) solvent mixture in

liquid nitrogen for 1 min. The dried supernatant was stored

at −80 °C, followed by centrifugation at 14,000×g for

15 min at 4 °C. LC-MS/MS analysis was performed

using a triple quadrupole mass spectrometry (QqQ-MS)

coupled to a Dionex Ultimate 3000 UHPLC system

(Thermo Fisher Scientific, USA). The chromatographic

separation of samples was performed on an Agilent 1260

HPLC system (Agilent Technologies) with a SeQuant ZIC

pHILIC column (Merck) and a SeQuant ZIC pHILIC

guard column (Merck) at 250 µL/min flow rate. The

mass spectrometer was operated in a reaction monitoring

(SRM) mode referring to the literature.17

Cell apoptosis analysis
After treatment with the indicated concentration of

Triapine for 72 h, at least 1×106 tumor cells were collected

and evaluated using the Annexin V-FITC Apoptosis

Detection kit (BD Pharmingen, Germany) according to

the manufacturer’s instructions. Cells were analyzed on

a FACSCalibur (BD Biosciences, Germany). The percen-

tage of apoptotic cells was calculated using the FlowJo

software.

Statistical analysis
Statistical analysis was performed by SPSS 21.0 (SPSS

Inc., Chicago, IL, USA). The differences between groups

were assessed using the two-tailed Student’s t-tests. The

correlation between the clinicopathological features of

ccRCC and RRM2 was analyzed using either a chi-

square test or Fisher’s exact test. The survival curves

were plotted using the Kaplan–Meier method and com-

pared using a log-rank test. The effect of any prognostic

factor on OS was analyzed by univariate and multivariate

Cox regression model. Every in vitro experiment was

repeated at least three times. The results are presented as

mean ± standard deviation (SD). The comparison between

the groups was carried out by a t-test. P<0.05 was con-

sidered as statistically significant.

Results
RRM2 is upregulated in ccRCC tissues
In order to probe the role of RRM2 in ccRCC, we first

examined the mRNA level of RRM2 in tissues from 10

cases of ccRCC and the corresponding normal renal tissues

by RT-qPCR analysis. As shown in Figure 1A, the RRM2

mRNA level in ccRCC tissues was significantly higher than

that in the corresponding normal renal tissues (P<0.01).

Next, we examined the protein level of RRM2 in 90 cases

of ccRCC tissues and 30 cases of normal renal tissues by

IHC. As shown in Figure 1B, RRM2 protein was localized
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in the cell cytoplasm. In comparison to the normal renal

tissues, the protein level of RRM2 in ccRCC tissues was

significantly higher (P<0.01; Figure 1C; Table 1). In con-

clusion, the level of RRM2 was upregulated in ccRCC as

compared to that in the noncancerous tissues.

Association of RRM2 expression with

clinicopathological characteristics of

ccRCC patients
The clinicopathological characteristics of 90 patients included

in this study were summarized in Table 2. In order to analyze

the association between the RRM2 expression and

clinicopathological characteristics of patients with ccRCC,

patients were segregated into two groups according to the

cutoff value of RRM2 expression in tumor tissue samples.

High RRM2 expression was observed in 36/90 (40.0%) of the

ccRCC tissue samples. We found that patients with high

RRM2 expression tended to have advanced pT stages

(P<0.001; Table 2) and high Fuhrman grades (P=0.008;

Table 2) as compared to those patients with low RRM2

expression. However, no significant correlation was detected

between the RRM2 expression and other clinicopathological

features, including age, gender, pN, and pM stages (P>0.05;

Table 2).

Overexpression of RRM2 predicts poor

prognosis in ccRCC patients
In order to estimate the prognostic role of RRM2 in patients

with ccRCC, Kaplan–Meier curves followed by a log-rank

test analysis were evaluated between patients with high and

low RRM2 expression. The median follow-up time was

60 months. The cumulative five-year OS in high RRM2

expression patients was 52.8%, which was significantly

worse than 77.8% in the low RRM2 expression group

Table 1 Expression of RRM2 in ccRCC and normal tissues

Tissue
sample

No. of
patients

RRM2 p-value

Low, n
(%)

High, n
(%)

ccRCC tissue 90 54 (60.0) 36 (40.0) 0.007

Normal tissue 30 26 (86.7) 4 (13.3)

Abbreviations: ccRCC, clear-cell renal cell carcinoma; RRM2, ribonucleotide

reductase subunit M2.

0
Normal tissue ccRCC tissue

RRM2 lowA B

C D

RRM2 high

2

4

6

8

10

12

0
0

0 12

RRM2 high

Log-rank p=0.013

RRM2 low

24
Months after surgery

Su
rv

iv
al

 (%
)

IH
C

 s
co

re
 o

f R
R

M
2

R
el

at
iv

e 
ex

pr
es

si
on

 o
f R

R
M

2

N
or

m
al

 ti
ss

ue
cc

R
C

C
 ti

ss
ue

36 48 60 72 84

20

40

60

80

100

Normal tissue ccRCC tissue

2
4
6
8

**

**

10
12

Figure 1 RRM2 is upregulated in ccRCC and predicts poor prognosis. (A) The mRNA level of RRM2 in tissues from 10 cases of ccRCC and the corresponding

normal renal tissues was examined using RT-qPCR analysis. ** P<0.01. (B) IHC staining was performed in 90 cases of ccRCC tissues and 30 cases of normal renal

tissues. The representative images of RRM2 expression in the cell cytoplasm are shown (×400). The scale bar represents 50 µm. (C) The IHC score of RRM2 in the

above samples. ** P<0.01. (D) Survival analysis of RCC patients related to RRM2 expression was analyzed by Kaplan–Meier survival curves.

Abbreviations: ccRCC, clear-cell renal cell carcinoma; IHC, immunohistochemistry; RRM2, ribonucleotide reductase subunit M2.
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(P=0.013; Figure 1D). Moreover, univariate Cox regression

analysis showed that RRM2 expression together with age,

pTNM stages, and Fuhrman grades significantly correlated

with the OS of patients with ccRCC (P<0.001; Table 3).

Multivariate analysis indicated that age, pTNM stages, and

Fuhrman grades were independent prognostic factors for OS

of ccRCC patients (P<0.001; Table 3). On the other hand, the

RRM2 expression did not appear to be an independent factor

(P=0.624; Table 3). Therefore, the prognostic role of RRM2

in patients with ccRCC may be related to pT stages and

Fuhrman grades.

Knockdown of RRM2 inhibits the

proliferation and induces G0/G1 arrest

in RCC cells through attenuation of

dNTP pool
To further investigate the role of RRM2 in RCC cells, two

specific siRNAs targeting RRM2 were transfected into

786-O and 769-P cells to knockdown the expression of

RRM2. Then the proliferation and cell cycle distribution

of RCC cells were analyzed. As shown in Figure 2A, two

siRNA sense strands decreased the level of RRM2 protein

as compared to the non-specific oligonucleotide. After the

CCK-8 assay, the knockdown of RRM2 significantly

inhibited the cell proliferation in both 786-O and 769-P

cells at 24, 48, and 72 h (Figure 2B). In addition, the

knockdown of RRM2 also significantly induced G0/G1

cell cycle arrest by propidium iodide (PI) staining

(Figure 2C). Furthermore, the intracellular RRM2 activity

is cell cycle dependent in mammalian cells, with activities

rising at the border of G1 to S phase transition, which

contributes to the dNTP pool expansion during the

S phase.18 Herein, we demonstrated that knockdown of

RRM2 led to the depletion of the dNTP pool, as indicated

by a decrease in a specific dNTP: dATP and dGTP (Figure

2D). These results indicated that the knockdown of RRM2

inhibits the proliferation and induces the G0/G1 arrest in

RCC cells via attenuation of the dNTP pool.

RRM2 inhibitor reduces the viability of

RCC cells by inducing the G0/G1 arrest
To further assess the antitumor efficacy of targeting

RRM2 on RCC, an RRM2-specific inhibitor Triapine

(3-AP) was examined on 786-O and 769-P cells. It

was reported to be effective in two clinical studies on

cervical cancer19 and currently assessed in several phase

I and II trials in other cancer types. The tumor cells

were treated with 0.5, 1, and 2 μM of Triapine or the

same dose of DMSO for 24, 48, and 72 h respectively.

As a result, Triapine significantly decreased the cell

viability of both 786-O and 769-P cells in a dose- and

time-dependent manner (Figure 3A). Moreover, both

786-O and 769-P cells showed significant G0/G1 cell

cycle arrest after treatment with Triapine (Figure 3B).

Conversely, the percentage of apoptotic cells between

any groups was not significantly different (Figure 3C).

These results suggested that RRM2 may act as a novel

therapeutic target for RCC.

Discussion
Renal cell carcinoma is essentially a metabolic disease.20

To date, a large number of studies have identified the risk

of RCC in disease states with known metabolic links,

Table 2 Association of RRM2 expression with clinicopathologic

characteristics in ccRCC

Variables No. of
patients

RRM2 p-value

Low, n
(%)

High, n
(%)

Gender

Male 51 33 (64.7) 18 (35.3) 0.297

Female 39 21 (53.8) 18 (46.2)

Age (year)

≤55 38 23 (60.5) 15 (39.5) 0.931

>55 52 31 (59.6) 21 (40.4)

pT stage

T1 64 49 (76.6) 15 (23.4) <0.001

T2 21 4(19.0) 17 (81.0)

T3+T4 5 1 (20.0) 4 (80.0)

pN stage

N0 89 53 (59.6) 36 (40.4) 1.000

N1 1 1 (100.0) 0 (0.0)

pM stage

M0 88 53 (60.2) 35 (39.8) 1.000

M1 2 1 (50.0) 1 (50.0)

Fuhrman

grade

I+II 75 50 (66.7) 25 (33.3) 0.008

III+IV 15 4 (26.7) 11 (73.3)

Abbreviations: ccRCC, clear-cell renal cell carcinoma; pT, pathological tumor; pN,

pathological lymph node; pM, pathological metastasis; RRM2, ribonucleotide reduc-

tase subunit M2.
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including body mass index, obesity, diabetes, and

atherosclerosis.21 It is clear that metabolic alteration is

a primary feature for tumorigenesis, which not only

meets the increased anabolic requirements for proliferating

or dividing but also influences cellular differentiation.

Hence, the alteration of metabolic factors may indicate

new directions for therapy, diagnosis, or prognosis. More

than 80% of ccRCC harbors the VHL gene mutation or

methylation inactivation, which regulates the metabolic

alteration through the hypoxia-inducible factor (HIF)

pathway.22,23 In some cases, the alterations arise from

changes in the oncogenic metabolism enzymes.24 For

example, stearoyl-CoA desaturase 1 (SCD1) was overex-

pressed in all the stages of ccRCC. The genetic knock-

down or pharmacological inhibition of SCD1 decreased

the proliferation of RCC cells.25

Sufficient supply of dNTPs is required for the uncon-

trolled replication of cancers, which is a defining fea-

ture. As a key enzyme regulating the dNTP pool, RRM2

exhibits a crucial role in tumor cell division, prolifera-

tion, differentiation and invasion.5,26 Increased RRM2

expression is correlated with malignant transformation

and tumor cell growth, which could act as a prognostic

biomarker of colorectal cancer (CRC).15 In the present

study, we demonstrated that the overexpression of

RRM2 in ccRCC is significantly associated with

advanced pT stages and high Fuhrman grades in

patients. Due to the correlation of RRM2 with the prog-

nostic factors of pT stages and Fuhrman grades, RRM2

could predict a short OS of RCC patients, but it was not

an independent prognostic factor. Similarly, in glioma

patients, RRM2 is a negative prognostic factor that

worsens the survival and is correlated with the malig-

nancy degree as defined by WHO.27

In the present study, both genetic and pharmacolo-

gical inhibition of RRM2 in RCC cells significantly

decreased tumor cell proliferation by inducing the G0/

G1 cell cycle arrest. Consistent with this phenomenon,

RRM2-siRNAs or RRM2 inhibitor significantly

represses the cell viability by inducing cell-cycle arrest

at the G0/G1 phase in glioblastoma,28

neuroblastoma,29 primary effusion lymphoma,30

Table 3 Univariate and multivariate Cox regression analysis for overall survival in ccRCC

Variables Univariate analysis Multivariate analysis

HR 95% CI p-value HR 95% CI p-value

Gender

Male 1 0.867–1.042 0.283

Female 0.951

Age (year)

≤55 1 1.039–1.048 <0.001 1 1.055–1.065 <0.001

>55 1.044 1.060

pT stage

T1+T2 1 7.264–9.548 <0.001 1 6.903–10.313 <0.001

T3+T4 8.328 8.437

pN stage

N0 1 15.696–26.909 <0.001 1 12.482–22.721 <0.001

N1 20.551 16.840

pM stage

M0 1 11.246–16.837 <0.001 1 1.282–2.268 <0.001

M1 13.760 1.705

Fuhrman grade

I + II 1 5.025–6.086 <0.001 1 3.698–4.631 <0.001

III+IV 5.523 4.138

RRM2 expression

Low 1 2.055–2.471 <0.001 1 0.901–1.191 0.624

High 2.254 1.036

Abbreviations: ccRCC, clear-cell renal cell carcinoma; pT, pathological tumor; pN, pathological lymph node; pM, pathological metastasis; RRM2, ribonucleotide reductase

subunit M2.
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adrenocortical cancer,31 or at the sub G0/G1 phase in

melanoma.32 However, the role of RRM2 may differ in

different types of cancers. RRM2-siRNAs dramatically

decreased the formation of cell colonies by inducing

the significant cell-cycle arrest at the S phase in pan-

creatic cancer.33 In addition, the inhibition of RRM2

regulates the RCC cell growth and cell cycle transition

through the attenuation of dNTP pool. These results

suggested that RRM2 might function as a tumor pro-

moter in human ccRCC, which could be a novel target

for patients with ccRCC. Due to the cytotoxicity of

nucleoside analogs such as gemcitabine and clofara-

bine, the exploration of nonnucleoside, reversible,

small-molecule inhibitors against RRM2, such as

Triapine, could be promising.

Conclusion
In summary, the current study indicated that RRM2

plays a tumor-promoting role in human ccRCC. As

a potential target for ccRCC, the exploration of non-

nucleoside, reversible, small-molecule inhibitors

against RRM2, could be promising.
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Figure 2 Knockdown of RRM2 inhibits the proliferation and induces G0/G1 arrest in RCC cells through attenuation of the dNTP pool. (A) Western blotting showed that

knockdown of RRM2 using siRNAs could effectively decrease the protein expression of RRM2 in 786-O and 769-P cells. (B) The proliferation assay showed that the viability

of 786-O and 769-P cells was significantly decreased by the knockdown of RRM2. * P<0.05; *** P<0.001. (C) Flow cytometry showed that the knockdown of RRM2 induced

G0/G1 arrest in 786-O and 769-P cells. *** P<0.001. (D) LC-MS/MS analysis showed that the knockdown of RRM2 significantly decreased the dNTP pool, individually dATP

and dGTP, in 786-O and 769-P cells. *** P<0.001.
Abbreviations: NC, negative control; RRM2, ribonucleotide reductase subunit M2.
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