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Suppression of RRM2 inhibits cell proliferation, causes
cell cycle arrest and promotes the apoptosis of human
neuroblastoma cells and in human neuroblastoma
RRM2 is suppressed following chemotherapy
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Abstract. Ribonucleotide reductase regulatory subunit M2
(RRM?2) is a rate-limiting enzyme for DNA synthesis and
repair. RRM2 has vital roles in controlling the progression
of cancer. In the present study, we investigated the RRM2
level in neuroblastoma tissues, analyzed its relationship with
clinicopathological characteristics of neuroblastoma patients,
and explored the effect of RRM2 on the biological functions of
neuroblastoma cells. RRM?2 levels in 67 pairs of neuroblastoma
and matched adjacent non-cancerous tissues were detected by
qRT-PCR, and its association with patient clinicopathological
features was assessed. Using RRM2 siRNA, the role of RRM2
in cell viability was detected by CCK-8 assay, and the effects
on cell cycle distribution and cell apoptosis were detected by
flow cytometry. Hoechst 33342 staining was also performed.
For RRM2 protein detection in cells and tissues, western blot
analyses were employed. Our results revealed that RRM2
expression was significant higher in neuroblastoma tissues
than that noted in adjacent non-cancerous tissues at both the
mRNA and protein levels. The increased RRM?2 level was
significantly associated with clinical stage. RRM2 levels
were suppressed in stage III and IV tumors in the chemo-
therapy subgroup, compared with levels noted in tumors in
the preoperative non-chemotherapy subgroup. RRM2 siRNA
significantly inhibited cell viability in the SH-5Y5Y cells,
induced cell arrest in the GO/G1 phase, and enhanced cell
apoptosis. Taken together, overexpression of RRM2 is associ-
ated with the genesis and progression of neuroblastoma, and
may be a potential chemotherapeutic target.
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Introduction

Neuroblastoma, one of the most common extracranial solid
tumors, accounts for ~10% of all childhood cancers (1).
Moreover, neuroblastoma is the most frequently diagnosed
neoplasm during infancy (1). It is known that neuroblastoma
originates from embryonal neural crest cells that play an
important role in sympathetic nervous system develop-
ment (2). Neuroblastoma is a very heterogeneous and incurable
tumor, ranging from the presentation of spontaneously
regressing growth to aggressive malignant potential (3,4). It
was reported that the clinical outcome of neuroblastoma is
closely correlated with patient age, tumor stage and histo-
logical classification (5,6). Although huge advances have
been achieved in neuroblastoma treatment, such as surgery
and chemotherapy, its morbidity and mortality remain at a
high level (4,5). Thus far, the elusive molecular mechanism
underlying the genesis and progression of neuroblastoma
remain unclear.

Overexpression of the catalytic subunit (RRM2) of
ribonucleotide reductase is involved in the modification of
gemcitabine metabolism, and thus induces inherent or acquired
resistance to chemotherapeutic agents such as gemcitabine (7).
Ribonucleotide reductase (RR) catalyzes the inhibition of
ribonucleotides yielding deoxyribonucleotides, and is a
rate-limiting enzyme for DNA synthesis (8). Transcriptional
regulation is the main mechanism in controlling the enzy-
matic activity of RR (9). RRM2 expression at the mRNA and
protein levels were found to be increased 9- and 2-fold in the
gemcitabine-resistant cell line KB-Gem, respectively (10). In
addition, it was demonstrated that RRM?2 expression levels in
tumors are a potential predictive indicator of treatment respon-
siveness to chemotherapeutic agents (11). Knockdown of
RRM2 (12) or treatment with flavopiridol (a cyclin-dependent
kinase inhibitor) (13) rescued the sensitivity of cancer cells to
chemotherapeutic agents. Flavopiridol promotes cell apoptosis
by gemcitabine in human pancreatic, gastric and colon cancer
cells, which may be associated with inhibition of the RRM2
protein (13).
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Although the RRM2 levels in various tumor types have
been investigated, little is known concerning the level and role
of RRM2 in neuroblastoma. In the present study, we assessed
the RRM2 levels in human neuroblastoma tissues and matched
adjacent non-cancerous tissues and the correlation between
the RRM2 levels in neurobastoma and various clinicopatho-
logical characteristics. In addition, the effect of chemotherapy
on RRM2 expression, and the role of RRM2 in the biological
functions of neuroblastoma cells were also explored.

Materials and methods

Patients and specimens. Neuroblastoma specimens were
collected from 67 children (including 29 males and 38 females,
ranging in age from 1 month to 13 years with a median age of
5.16 years) with primary neuroblastoma during surgical opera-
tion at the Department of Pediatric Surgery, Weifang People's
Hospital (Weifang, China) between September 2014 and
August 2016. The pairs of neuroblastoma and matched adja-
cent non-cancerous tissues were collected from the site >5 cm
away from the primary site. The present study was approved
by the Ethics Review Committee of Weifang People's Hospital
and signed informed consent was obtained from all patients.
Clinical staging of neuroblastoma was assessed according to the
International Neuroblastoma Staging System by two independent
pathologic examinations (14). Among the 67 cases of neuroblas-
toma, 40 cases had not received preoperative treatment including
27 cases of stage I and II and 13 cases of stage III and IV. The
other 27 cases received the same chemotherapy before surgery.
All specimens were snap frozen in liquid nitrogen and stored
at -80°C until use. The clinicopathological characteristics of all
67 neuroblastoma patients are summarized in Table I.

Cell culture and transfection. The neuroblastoma cell line
SH-5Y5Y and human neural stem cell line N7800-200 were
purchased from the American Type Culture Collection
(ATCC; Manassas, VA, USA). SH-5Y5Y cell and N7800-200
were maintained in DMEM/F12 supplementing with 10% fetal
bovine serum (FBS) (both from Gibco, Carlsbad, CA, USA)
at 37°C, in a humidified 5% CO, atmosphere. For transfection
of RRM2 siRNA, the RRM2 siRNAs (siRNA-1, 5-GCGAUU
UAGCCAAGAAGUUCA-3'"; siRNA-2, 5-GCGAUUUAG
CCAAGAAGUUTT-3"; siRNA-3, 5-GGGAUUAAACAG
UCCUUUATT-3"; mixed) and negative control (NC) siRNA
(5'-UAGCGACUAAACACAUCAAUU-3") were constructed.
Cell transfection was performed using Lipofectamine™ 2000
(Invitrogen, Carlsbad, CA, USA) according to the manufactur-
er's instructions. After 48 h, the knockdown effects of RRM2
expression were confirmed by qRT-PCR.

gRT-PCR. Quantitative real-time PCR (qRT-PCR) was
performed using an ABI 7500 Real-Time PCR System
(Applied Biosystems, Foster City, CA, USA) with SYBR Premix
(Takara Bio, Otsu, Japan). Primer pairs used for real-time PCR
analysis of RRM2 were 5'-CACGGAGCCGAAAACTAA
AGC-3' and 5"TCTGCCTTCTTATACATCTGCCA-3'. The
PCR reaction was performed in conditions: Initiation 30 sec
at 95°C, amplification 5 sec of 40 cycles at 95°C and 34 sec at
60°C. The experiments were performed in triplicate. Data was
normalized to GAPDH using the AACt method.
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Table I. Correlation between RRM2 and clinicopathological
parameters of the neuroblastoma patients.

No. of Expression of

Characteristics cases RRM2 (fold) P-value
Sex

Male 29 2.512+0.104

Female 38 2.934+0.197 0.190
Age (years)

=5 22 2.856+0.290

<5 45 2.016+0.245 0.542
TNM stage

I+11 27 1.462+0.187

I+1V 40 2.872+0.231 0.016
Histology

Favorable 36 2.216+0.105

Unfavorable 31 3.010+0.321 0.672
Preoperative
chemotherapy

Yes 27 1.25+0.405

No 40 2.421+0.165 0.011

RRM2, ribonucleotide reductase M2; TNM, tumor-node-metastasis.

Western blotting. Protein was extracted from tissues using
RIPA (15). After centrifugation at 12,000 x g 10 min, protein was
collected and its concentration was measured by anenhanced BCA
protein assay kit (Beyotime Institute of Biotechnology, Haimen,
China). Protein (30 ug) of each sample was separated by 10%
SDS-PAGE, and then was transferred onto PVDF membranes
(Millipore, Billerica, MA, USA). After being blocked in 5%
non-fat milk for 1 h, the membranes were then incubated with the
primary antibody anti-RRM2 (1:1,000; Abcam Biotechnology,
Cambridge, UK) overnight at 4°C. Then, horseradish peroxidase
(HRP)-conjugated secondary antibodies were used to incubate
the membranes for 1 h at room temperature. Anti-GAPDH
(1:1,000; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA)
was used as an internal control. The blots were visualized using
an enhanced ECL detection system (Thermo Fisher Scientific,
Inc., Waltham, MA, USA) and data were analyzed using ImageJ
software (NIH, Bethesda, MD, USA).

Cell proliferation. Cells (400/well) were placed in a 6-well
plate in triplicate. After transfection, the effect of RRM2 on
SH-5Y5Y cell proliferation was performed using the Cell
Counting Kit-8 (CCK-8; Beyotime Institute of Biotechnology).
In brief, at various time points (1, 2, 3 and 4 days), CCK-8
(10 pl) was added to each well at 37°C for 1.5 h. Then, the cells
were harvest and the absorbance at 450 nm was detected by a
microplate spectrophotometer.

Cell apoptosis and cell cycle. Cell cycle and cell apoptosis
were measured using flow cytometry. In brief, after transfec-
tion, cells were washed with PBS, trypsinized and resuspended
in ice-cold PBS. After centrifugation at 300 x g, 5 min, at 4°C,
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Figure 1. Expression of RRM2 in 67 pairs of neuroblastoma (T) and matched
adjacent non-cancerous tissues (N). (A) Overexpression of RRM2 in neuro-
blastoma tissues was detected by qRT-PCR, compared with non-cancerous
tissues. (B) RRM2 protein level was assessed by western blotting and the
data were quantified. “P<0.01 vs. the non-cancerous tissues.

the cells were fixed and permeabilized by 70% ethanol at
-20°C. After incubation with a propidium iodide (PI) staining
solution (50 pg/ml PI and 100 ug/ml RNase A in PBS), in
the dark for 30 min, the PI fluorescence was measured using
flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).
The percentages of cells in the GO/GI, S and G2 phases were
analyzed using ModFit software (BD Biosciences).

The harvested cells also underwent apoptosis detection.
Cell apoptosis was performed using flow cytometry with the
Annexin V-FITC apoptosis detection kit (Sigma, St. Louis,
MO, USA). FITC(+) and PI(-) cells represent early apoptotic
cells, and FITC(+) and PI(+) cells represent late apoptotic cells.
Cell apoptosis was confirmed using Hoechst 33342 staining.

Statistical analysis. Data are presented as mean + SD from
at least three independent experiments. Differences were
compared using SPSS 15.0 statistical software (SPSS, Inc.,
Chicago, IL, USA) with the Student's t-test and one-way
analysis of variance (ANOVA). P-value <0.05 was indicative
of statistical significance.

Results

Upregulation of RRM?2 in neuroblastoma tissues. RRM2 levels
in all 67 pairs of neuroblastoma and adjacent non-cancerous
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Figure 2. RRM2 expression in SH-5Y5Y cells. (A) RRM2 mRNA expres-
sion levels in SH-5Y5Y and N7800-200 cells were detected by qRT-PCR.
(B) RRM2 protein level was detected by western blotting and data were
quantified; “P<0.01 vs. N7800-200 cells.

tissues were detected using qRT-PCR and western blotting.
Among the 40 patients that did not receive preoperative treat-
ment, RRM2 mRNA expression in the neuroblastoma tissues
was significant higher than that noted in the non-cancerous
tissues (P<0.01) (Fig. 1A). The RRM2 protein levels in
neuroblastoma tissues were also higher than levels in the
non-cancerous tissues (Fig. 1B).

Correlation between RRM?2 and clinicopathological charac-
teristics. The RRM2 mRNA level was significantly associated
with the clinical stage of the neuroblastoma patients. The
RRM?2 mRNA expression in stage III and IV neuroblastoma
tissues was significant higher than that in stage I and II tissues
(P=0.016) (Table I). There was no significant association
between RRM2 mRNA expression and sex, age and histo-
logical classification (Table I).

Effect of chemotherapy on RRM?2 expression. We investigated
the RRM?2 expression level after chemotherapy. Results
showed that in stage III and IV neuroblastoma tissues, the
chemotherapy subgroup (27 cases) expressed lower RRM2
than the preoperative non-chemotherapy subgroup (13 cases)
(P=0.011) (Table I).

RRM?2 expression in SH-5Y5Y cells. We detected RRM2
mRNA expression in SH-5Y5Y and N7800-200 cells by
gRT-PCR.RRM2 mRNA expression in the SH-5Y5Y cells was
significant higher than that in the N7800-200 cells (Fig. 2A).
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Figure 3. Effect of RRM2 siRNA on RRM2 expression in SH-5Y5Y cells.
(A) RRM2 mRNA expression was detected using qRT-PCR; (B) RRM2
protein level was confirmed using western blotting and data were quantified.
“P<0.01 vs. wild-type cells (control).

The RRM2 protein level was measured by western blotting.
The RRM2 protein level in SH-5Y5Y cells was also significant
higher than that in the N7800-200 cells (Fig. 2B).

RRM?2 siRNA inhibits the viability of SH-5Y5Y cells. To
investigate the function of RRM2 in SH-5Y5Y cells, we trans-
fected cells with RRM2-siRNA, with non-functional siRNA
as the negative control (NC). RRM2 mRNA expression in
the RRM2-siRNA transfected cells was less than that in the
wild-type group (Fig. 3A). The RRM2 protein level was also
inhibited by RRM2 siRNA (Fig. 3B).

The cell viability of the transfected cells was assessed by
CCK-8 assay (Fig. 4). At 72 h, cell viability was significantly
inhibited by RRM2 siRNA compared with the control and NC
groups (P<0.05).

RRM? siRNA induces cell cycle arrest in the GO/GI phase. To
determine whether RRM2 siRNA decreases the cell viability
by decreasing cell proliferation, the cell cycle was performed
by flow cytometry (Fig. 5). The percentage of cells in the
GO0/G1 phase was significantly increased by RRM2 siRNA
compared with the percentage in the control and NC groups
(P<0.05), while the proportion of cells in the S phase was
significantly decreased (Fig. 5SA and B). Thus, RRM2 siRNA
induced cell arrest in the GO/G1 phase.

RRM?2 siRNA induces cell apoptosis in SH-5Y5Y cells. To
further determine whether RRM2 siRNA decreases the
cell number by promoting cell apoptosis, cell apoptosis
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Figure 4. RMP2 siRNA inhibits cell viability. The viable cells at 12, 24, 48
and 72 h were quantified by CCK-8 assay. Differences were analyzed by
ANOVA; “P<0.05 vs. control.

was evaluated using flow cytometry and Hoechst 33342
staining (Fig. 6). The early and late apoptosis rates were
significantly increased by RRM2 siRNA compared with the
control and NC groups (Fig. 6A and B) (P<0.05). Similar to
the flow cytometry results, Hoechst 33342 staining showed
that RRM2 siRNA promoted cell apoptosis (Fig. 6C). Thus,
RRM2 siRNA promoted cell apoptosis in the SH-5Y5Y cells.

Discussion

Ribonucleotide reductase M2 (RRM2), a rate-limiting enzyme
for DNA synthesis and repair (16,17), was found to be highly
expressed in various diseases including gestational tropho-
blastic disease, breast, pancreatic and gallbladder cancer,
which is related to the growth, invasion and chemoresistance
of malignant tumors (11,18-20). In the present study, RRM2
was detected in 67 pairs of neuroblastoma tissues and adjacent
non-cancerous tissues. When patients did not receive preop-
erative treatment, RRM2 expression at the mRNA and protein
levels was significant higher in neuroblastoma tissues than that
in the adjacent non-cancerous tissues.

It was previously demonstrated that RRM?2 is overex-
pressed in gastric carcinoma tissues compared to that noted
in normal gastric mucosa, and it was associated with sex,
depth of invasion, EB virus infection, but not with age, tumor
size, histological type and lymph node metastasis (21). The
high expression of RRM2 in tumor specimens from patients
with bladder cancer suggests that RRM?2 may be an indi-
cator and potential target of early diagnosis and treatment
of bladder cancer (22). In the present study, a high level of
RRM?2 was significantly associated with the clinical stage in
patients with neuroblastoma. The RRM2 mRNA expression in
stage III and IV tissues was significant higher than that noted
in stage I and II tissues. RRM2 mRNA expression was not
associated with sex, age, and histological classification. Thus,
RRM?2 may a diagnostic indicator and a therapeutic target for
neuroblastoma.

It was demonstrated that drug resistance in tumor cells
is associated with a prolonged DNA replication phase, and
that downregulation of RRM?2 expression can increase cell
apoptosis induced by chemotherapeutic agents (23). In the
present study, tissues from the chemotherapy subgroup had
suppressed RRM2 levels in stage III and I'V tumors, compared
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staining. RRM2 siRNA induced cell apoptosis; “P<0.05 vs. control.

with the preoperative non-chemotherapy subgroup, indicating
the RRM2 may be associated with chemotherapy. The effects
of the reduction or blocking of RRM2 expression levels on
the proliferation and apoptosis of SH-5Y5Y cells exposed to
chemotherapy drugs may be evaluated in the future.

A high level of RRM2 is closely correlated with increased
resistance to chemotherapy in cancer cells, and the reduc-
tion or blocking of the RRM2 expression levels by various
techniques can improve the sensitivity to chemotherapeutic
agents in cancer cells (12,24). At present, the method used for
suppression of the expression level of RRM2 mainly includes
antisense oligonucleotides or specific drugs (25,26). Recently,

studies have reported that blocking RRM2 expression by
RNAIi may be a new strategy for the gene therapy of malignant
tumors (27,28).

Studies have found that cancer cells with a high RRM2
expression level have induced VEGF mRNA expression, which
then confers cancer cells with increased growth, invasion and
metastasis characteristics, and thus a poor prognosis (18).
RRM2 serves as a rate-limiting enzyme for DNA synthesis,
and its role is closely related to cell survival (29,30). We
detected the RRM2 levels in SH-5Y5Y and N7800-200 cells.
The results found that the RRM2 mRNA and protein levels in
the SH-5Y5Y cells were significant higher than levels in the
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N7800-200 cells, confirming the overexpression of RRM2 in
neuroblastoma cells. To explore the biological role of RRM2
in SH-5YS5Y cells, we transfected cells with RRM2-siRNA or
negative control non-functional siRNA (NC). The cell viability
was significantly inhibited by RRM2 siRNA compared
with the control and NC groups. RRM2 siRNA induced
cell cycle arrest in the GO/GI1 phase, suggesting that RRM2
siRNA decreased the cell number by decreasing proliferation.
RRM2 siRNA promoted cell apoptosis in the SH-5Y5Y cells,
suggesting that RRM2 siRNA also decreased the cell number
by promoting cell apoptosis. The research showed that there
is a direct correlation between RRM2 and tumor biological
behavior. Its high expression has clinical value for early diag-
nosis and treatment of malignant tumors. Therefore RRM?2 is
expected to become a new index for malignant tumor diagnosis
and prognostic evaluation.

In conclusion, the RRM2 level in neuroblastoma tissues
was found to be correlated with clinical stage, and its over-
expression was suppressed by chemotherapy. Knockdown of
RRM2 decreased cell viability, induced cell cycle arrest in the
GO0/G phase and promoted cell apoptosis. Our findings suggest
that RRM2 may play a vital role in the progression of neuro-
blastoma and could be a promising therapeutic target.
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