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Abstract. Breast cancer is the second leading primary cause 
for cancer-related mortality among women and metastasis 
to the brain is a disastrous event for patients with increasing 
incidence. A previous study confirmed the critical function of 
RRM2 in breast cancer cell growth. Unfortunately, the role and 
fundamental molecular mechanism of RRM2 in breast cancer 
metastasis remains elusive. In the current study, higher RRM2 
expression was validated in breast cancer tissues, especially 
in the brain metastasis group. Simultaneously, the expression 
of RRM2 was increased in breast cancer cells relative to the 
normal breast epithelial cell line MCF-10A, concomitant with 
higher levels of RRM2 in the highly metastatic MDA-MB-231 
cell line relative to the weakly metastatic MCF-7 cell line. 
Knockdown of RRM2 by small interfering-RRM2 transfection 
notably suppressed the malignant metastatic behavior of breast 
cancer cells, including invasion and migration. Simultaneously, 
RRM2 downregulation also restrained the transcription and 
release of vascular endothelial growth factor (VEGF) in breast 
cancer cells. Moreover, inhibition of RRM2 dampened the 
activation of phosphatidylinositol 3 kinase (PI3K)/protein 
kinase B (AKT) signaling by decreasing phosphorylated-AKT 
and downstream matrix metalloproteinases-2 expression. 

Intriguingly, reactivation of the PI3K/AKT pathway with its 
agonist insulin-like growth factor-1 reversed the adverse effects 
of RRM2 suppression on cancer cell invasion, migration and 
VEGF expression. Together, these findings suggest that RRM2 
may act as a pro-metastatic factor to facilitate breast cancer 
metastasis by evoking cell invasion, migration and VEGF 
expression through the PI3K/AKT signaling pathway. This 
study may provide an attractive target for metastatic interven-
tion in breast cancer.

Introduction

Breast cancer represents the second leading cause of 
cancer-associated mortality among women and accounts for 
25.1% of all carcinomas around the world (1). Breast cancer 
affects ~1.2 million women worldwide each year and exhibits 
higher incidence in developed countries, including the USA (2). 
Breast cancer constitutes a global threat to public health due 
to its rapidly increasing prevalence and mortality. Decades 
of research have successfully broadened multidisciplinary 
therapeutic strategies for those diagnosed with breast cancer, 
including microsurgical removal and radiochemotherapy. 
Unfortunately, the survival of patients who underwent surgery 
for breast cancer is still limited to several months due to the 
high incidence of tumor cell metastasis to distant organs (3,4). 
A total of ~15-25% of breast cancer patients with brain metas-
tasis will develop into central nervous system metastases, 
leading to a poor 1-year survival rate of 20% (3). Therefore, 
better understanding of the mechanism responsible for the 
progression of breast cancer metastasis is urgently needed to 
develop a more effective therapeutic strategy.

Ribonucleotide reductase (RR) is a rate-limiting enzyme 
used to induce 2'-deoxyribonucleoside 5'-diphosphates 
that is essential for DNA replication and repair. RRM2 is a 
critical RR subunit and has received significant attention in 
carcinoma research because its expression is dysregulated in 
multiple cancer types, including breast cancer (5,6). Patients 
with high RRM2 often suffer from poor prognoses and tumor 
recurrence in several cancers, such as non-small cell lung 
cancer, colorectal cancer, adrenocortical cancer and breast 
cancer (5-8). RRM2 can act as a proliferation-related oncogene 
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and its overexpression is positively correlated with higher grade 
in cancers (5,9). A recent study has focused on the function of 
RRM2 in breast cancer growth. For instance, upregulation of 
RRM2 by DSCAM-AS1 enhances breast cancer cell prolifera-
tion and inhibits apoptosis (10). Additionally, knockdown of 
RRM2 overturns protein kinase B (AKT)-induced tamoxifen 
resistance in breast cancer cells by regulating cell growth and 
DNA damage (11). Until now, information concerning the roles 
of RRM2 in breast cancer metastasis has been unavailable.

Given that the previous evidence corroborates the fact that 
RRM2 elevation is positively correlated with invasion depth, 
distant metastasis and tumor node metastasis stage in patients 
with colorectal cancer, indicating a pro-metastatic potential 
of RRM2 in colorectal cancer (8,12). Therefore, in the current 
study the expression of RRM2 in breast cancer tissues with 
metastasis and cells with various metastatic ability was 
detected. Furthermore, the effects of RRM2 knockdown 
on cell invasion, migration and VEGF expression were also 
investigated.

Materials and methods

Clinical specimens and ethics statement. Breast cancer 
tissues and matched adjacent normal specimens were enrolled 
and collected from 25 female patients with breast cancer 
(age range, 28-67 years; median age, 52 years), including 
10 cases with brain metastasis. Samples were surgically 
resected from patients who were diagnosed with breast cancer 
in the Department of Breast Disease of Beijing Tiantan 
Hospital, Capital Medical University between January 2015 
and December 2017. None of patients underwent systemic 
anti-carcinoma therapy before surgical treatment. All tissue 
acquisitions were approved by the Research Ethics Committee 
of the Beijing Tiantan Hospital, Capital Medical University 
and conducted according to the Declaration of Helsinki. 
Written informed consent was collected from all participants. 
The obtained samples were preserved in liquid nitrogen and 
stored at ‑80˚C until processing.

Antibodies. Mouse monoclonal antibodies to human RRM2 
(cat. no. ab57653) and rabbit monoclonal antibodies to human 
MMP-2 antibodies (cat. no. ab92536) were purchased from 
Abcam. Antibodies against human phosphorylated-AKT 
(p-AKT; cat. no. 4060) and AKT (cat. no. 9272) were obtained 
from acquired from Cell Signaling Technology, Inc.

Cell culture. Human breast cancer cell lines (MCF-7 
and MDA-MB-231) and the normal breast epithelial cell 
line MCF-10A were purchased from the American Type 
Culture Collection. For culture, all cells were incubated in 
Dulbecco's modified Eagle medium (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% (v/v) fetal bovine 
serum (HyClone; GE Healthcare Life Sciences) and 1X 
penicillin/streptomycin (Gibco; Thermo Fisher Scientific, 
Inc.). Cells were maintained in a humidified incubator with 
95% air and 5% CO2 at 37˚C.

Knockdown of RRM2 by small interfering RNA interference 
(siRNA). To silence the expression of RRM2, oligonucleotide 
sequences (Gene ID 6241) that target RRM2 (si-RRM2; cat. 

no. sc-36338) and scrambled siRNA (cat. no. sc-37007; used 
as a negative control; si-NC) were applied and purchased 
from Santa Cruz Biotechnology, Inc. For siRNA transfec-tion 
experiments, MDA-MB-231 cells (5x105 cells per well) were 
seeded into 6-well plates. Then, cells were transfected with 
100 nM siRNA using Lipofectamine RNAiMAX reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.). Approximately 
forty-eight hours later, the expression of RRM2 was evaluated 
by reverse transcription quantitative (RT-q)PCR and western 
blotting analysis. 

RNA extraction and RT‑qPCR. Total RNA from breast cancer 
tissue specimens and cells was extracted using the TRIzol 
reagents (Thermo Fisher Scientific, Inc.). Subsequently, the 
prepared RNA was used to synthesize the first strand cDNA in 
accordance with the protocol of RevertAid First Strand cDNA 
Synthesis kit (Thermo Fisher Scientific, Inc.). All reactions to 
prepare cDNA were performed at 42˚C for 1.5 h. Then, qPCR 
was performed in triplicate using a SYBR Premix Ex Taq™ II 
kit (Takara Bio, Inc.) according to the manufacturers' protocol. 
The PCR protocol was conducted using the following condi-
tions: 95˚C for 30 sec, followed by 40 cycles of amplification 
(95˚C for 5 sec and 60˚C for 30 sec). All reactions were 
performed with an ABI PRISM 7000 sequence detection 
system (Applied Biosystems). The specific primers for RRM2 
amplification were used as follows: Sense, 5'‑ACC TAT GGT 
GAA CGT GTT GTA G-3' and antisense, 5'-GGC ATC AGT 
CCT CGT TTC TT-3'. β-actin was used as a reference control 
to normalize the transcriptional levels of target gene and data 
was calculated using the 2-ΔΔCq method (13).

Western blotting assay. Cells were treated with si-RRM2 or 
PI3K/AKT signaling activator insulin-like growth factor-1 
(IGF-1) (10 nM), then were collected and rinsed with cold PBS. 
Subsequently, radio-immunoprecipitation assay lysis buffer 
(Sigma-Aldrich, Merck KGaA) was added to lyse cells for 
10 min and the extracted protein concentration was assessed 
using a bicinchoninic acid protein assay kit (Beyotime Institute 
of Biotechnology). To separate target protein, a total of 30 µg 
protein was loaded into each lane and subjected to 10% 
SDS-PAGE, followed by the transfer to PVDF membranes 
(EMD Millipore). Then, membranes were incubated with 
5% non-fat milk for 1 h at room temperature to interrupt the 
non‑specific signal. The primary antibodies against human 
RRM2 (1:1,500), p-AKT (1:2,000), AKT (1:1,000), MMP-2 
(1:1,000) and β-actin (cat. no. ab8227; 1:5,000; Abcam) were 
supplemented into membranes that were further incubated 
overnight at 4˚C. After culture with horseradish peroxidase 
(HRP)-conjugated secondary antibodies (cat. no. ab6721; 
1:10,000 dilution; Abcam) for 1 h at room temperature, the 
immunostained proteins were visualized with Western 
Blotting Luminol Reagent (Santa Cruz Biotechnology, Inc.). 
Densitometric analysis of binding bands was conducted using 
NIH IMAGE (ImageJ 2X software; National Institute of 
Health). To quantify protein expression, β-actin was enrolled 
as a loading control.

Cell invasion and migration measurement in vitro. Invasion 
and migration potential of breast cancer cells were assessed 
by Transwell system (Corning, Inc.). All protocols were 
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conducted according to the manufacturer's protocol. Briefly, 
for cell invasion experiments, the Transwell inserts with an 
8 µm pore size were pre-coated with Matrigel (1.5 mg/ml; 
BD Biosciences; Becton-Dickinson and Company). Then, 
MDA-MB-231 cells suspended in medium were seeded into 
the upper chamber at a density of 1x105 cells/well. Fetal bovine 
serum was added to lower chamber to act as a chemoattractant 
to induce cells through Matrigel-coated membranes. A total 
of ~48 h later, non-invasive cells were removed by wiping the 
top of the membrane with cotton swabs. Cell migration was 
analyzed using the Transwell chamber without Matrigel. Then, 
cells that passed through the lower surface were fixed with 
4% paraformaldehyde for 5 min at room temperature. After 
staining with hematoxylin for 15 min at room temperature, 
images were captured of the cells under a light microscope 
(magnification, x200) and 5 fields of each filter were counted 
to acquire an average.

ELISA detection for VEGF contents. Cells were transfected 
with si-RRM2 or IGF-1 and then the culture supernatants were 
collected. The concentration of VEGF in supernatants was 
determined using a commercial VEGF Quantikine ELISA 
kit (cat. no. SVE00; R&D Systems, Inc.). All assays were 
conducted according to the company's protocol.

Statistical analysis. Data from at least three independent 
experiments were analyzed by SPSS 19.0 (IBM, Corps) and 
are presented as the mean ± standard deviation. Differences 
were assessed for significance using Student t-test for two 
groups and one-way analysis of variance for three or more 
groups, followed by the Student-Newman-Keuls post hoc 
tests. P < 0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Expression of RRM2 is elevated in breast cancer tissues 
and cells. As presented in Fig. 1A, high expression of RRM2 
mRNA was detected in breast cancer tissues relative to adjacent 
normal tissues, concomitant with elevation of RRM2 protein in 
cancer tissues (Fig. 1B). Intriguingly, higher mRNA (Fig. 1C) 
and protein (Fig. 1D) levels of RRM2 were observed in cancer 
tissues from patients with brain metastasis, compared with 
tissues from non-metastatic groups. Additionally, in contrast to 
normal breast epithelial cell line MCF-10A, RRM2 transcript 
levels were significantly elevated in weakly metastatic MCF‑7 
and highly metastatic MDA-MB-231 cells (P<0.05; Fig. 1E). 
Moreover, higher mRNA levels of RRM2 were verified in 
MDA-MB-231 cells compared with MCF-7 cells (Fig. 1E). 
There was an analogous trend in RRM2 protein expression in 
the breast cancer cell lines. These results may imply a possible 
function of RRM2 in breast cancer metastasis.

Knockdown of RRM2 suppresses the metastatic potential of 
breast cancer cells in vitro. To investigate the role of RRM2 in 
breast cancer metastasis, the function of RRM2 in breast cancer 
cell invasion and migration was elucidated. The expression of 
RRM2 mRNA was significantly inhibited in MDA‑MB‑231 
cells when cells were transfected with si-RRM2 (P<0.05; 
Fig. 2A). Furthermore, si-RRM2 transfection also signifi-
cantly suppressed RRM2 protein expression (P<0.05; Fig. 2B). 
Simultaneously, the Transwell assay corroborated that the 
number of invaded cells declined to 46±11 from 115±7 after 
RRM2 knockdown (Fig. 2C). Additionally, compared with the 
control groups, RRM2 depression significantly inhibited cell 
migration ability; the number of migrated cells was reduced to 
64±12 (P<0.05; Fig. 2D).

Figure 1. Expression of RRM2 is elevated in breast cancer tissues and cells. (A) The mRNA and (B) protein levels of RRM2 in normal tissues and breast 
cancer tissues were determined by reverse transcription-quantitative PCR and western blotting. (C) The transcript and (D) protein expression of RRM2 in 
cancer tissues with brain metastasis and non-metastasis groups. *P<0.05. (E) mRNA and (F) protein expression of RRM2 in normal breast epithelial cell line 
MCF-10A, highly metastatic cell line MDA-MB-231 and weakly metastatic cell line MCF-7. *P<0.05 vs. MCF-10A; #P<0.05 vs. MCF-7.
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RRM2 suppression inhibits the transcript and release of 
VEGF in breast cancer cells. VEGF usually acts as a pivotal 
participator for angiogenesis that is essential for tumor growth 
and metastatic processes. Further evaluation confirmed that 
knockdown of RRM2 depressed the mRNA levels of VEGF 
in MDA-MB-231 cells, compared with the control and si-NC 
groups (Fig. 3A). Concomitantly, the contents of VEGF in the 
supernatants declined to 3.68±0.38 ng/ml/mg when cells were 
transfected with si-RRM2 (Fig. 3B).

Depression of RRM2 restrains the activation of PI3K/AKT 
signaling. Aberrant activation of PI3K/AKT pathway has been 
confirmed to be implicated in cancer metastasis. To elucidate 
the mechanism behind the RRM2-mediated metastatic 

potential of breast cancer cells, the effects on PI3K/AKT 
signaling were investigated. As shown in Fig. 4A, depres-
sion of RRM2 inhibited the expression of p-AKT, but not the 
expression of AKT. Moreover, the expression of the down-
stream protein MMP-2 was also dampened following RRM2 
knockdown. These findings suggest that RRM2 suppression 
abrogates the activation of the PI3K/AKT pathway in breast 
cancer cells.

Reactivating the PI3K/AKT pathway overturns the 
inhibitory effects of RRM2 deletion on metastatic potential 
in breast cancer cells. To further clarify the correlation 
between PI3K/AKT signaling and RRM2 in breast cancer 
cells, cells were preconditioned with the PI3K/AKT pathway 

Figure 2. RRM2 knockdown restrains cell invasion and migration in MDA-MB-231 cells. (A) Breast cancer MDA-MB-231 cells were transfected with 
si-RRM2 or si-NC, then the mRNA of RRM2 was analyzed by reverse transcription-quantitative PCR. (B) The effects on RRM2 protein expression was 
detected by western blotting. After transfection with si-RRM2, (C) cell invasion and (D) migration were evaluated by Transwell assay, and images were 
captured under a light microscope (magnification, x200). *P<0.05 vs. the control group. si, small interfering; NC, negative control.
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agonist IGF‑1. The western blotting assay confirmed that 
IGF-1 pretreatment restored the expression of p-AKT in 
RRM2-silenced breast cancer cells (Fig. 4C). Intriguingly, 
the suppressive function of RRM2 knockdown on breast 
cancer cell invasion was reversed following IGF-1 precondi-
tioning (Fig. 4D). Simultaneously, reactivating the PI3K/AKT 
pathway by IGF-1 attenuated RRM2 depression-evoked 
inhibition in cell migration (Fig. 4E). Additionally, the 
concentration of VEGF in the supernatant was elevated 
after IGF-1 pretreatment relative to the RRM2-silenced 
groups (Fig. 4F).

Discussion

As a common malignancy worldwide, breast cancer usually 
leads to over 3.7 million deaths annually in women. RR 
is a rate-limiting enzyme required for DNA synthesis. 
Accumulating evidence validates the involvement of RR 
in tumor progression and resistance to various stimulus 
including chemotherapeutic agents (14,15). RRM2, a common 
submit of RR, has been validated to be dysregulated in several 
cancers including breast cancer (5-8). However, previous 
studies primarily focused on its effects on breast cancer 
cell growth (10,11). Analogous with a previous study (9), the 

present study also verified that there was high expression of 
RRM2 in breast cancer tissues. Intriguingly, higher RRM2 
transcripts and protein expression were determined in cancer 
tissues with brain metastasis relative to non-metastatic groups. 
Simultaneously, in contrast to normal breast epithelial cell 
line MCF-10A, the expression of RRM2 was increased in 
breast cancer cells, concomitant with higher levels of RRM2 
in highly metastatic MDA-MB-231 cells compared with the 
weakly metastatic MCF-7 cells. Therefore, these findings 
prompted the present study to discover a potential function 
for RRM2 in the progression of breast cancer metastasis. 
Intriguingly, higher expression of RRM2 has been observed 
in colorectal cancer patients with lymph node and distant 
metastases, indicating the potential value of RRM2 to predict 
metastases (8).

Due to the high metastasis potential of malignant cells 
from the primary tumor to distant organs, breast cancer has 
become a global health threat associated with poor survival 
and quality of life. Brain metastasis is a disastrous event 
with increasing incidence and usually occurs in ~25% of 
patients with breast cancer (3). Metastasis is a complicated 
multistep process involving cell invasion, migration and 
angiogenesis. Based on previous results (10,11), the present 
study elucidated further the function of RRM2 on cell meta-
static potential in vitro by investigating the braintropic clone 
of MDA‑MB‑231 cells. Convincing evidence has confirmed 
that injection of MDA-MB-231 exhibits a stronger ability to 
form brain rather than bone metastases (16). Importantly, 
knockdown of RRM2 suppressed the invasion and migration 
ability of MDA-MB-231 cells, indicating that RRM2 may act 
as an oncogene for breast cancer cell metastasis. Analogously, 
RRM2 transactivation by E2F1 facilitates aggressiveness 
of human colorectal cancer by increasing cell invasion, 
migration and growth (17).

Angiogenesis is defined as the physiological process 
that can be formed by vascular endothelial or tumor cells. 
An anti-angiogenic approach has been widely accepted as 
a most encouraging strategy to control cancer growth and 
metastasis (18,19). VEGF is a critical driver of sprouting 
angiogenesis that functions by regulating vascular forma-
tion, remodeling and permeability. Aberrant expression 
and activation of VEGF usually occurs in most solid tumor 
microenvironments, including breast cancer (20,21). The 
present study next clarified the effects of RRM2 on VEGF 
levels and found that RRM2 knockdown dampened the 
expression and release of VEGF in breast cancer cells. 
Intriguingly, RRM2 overexpression increases VEGF expres-
sion to facilitate the angiogenic potential of oropharyngeal 
carcinoma cells, ultimately enhancing the generation of 
more vascularized tumor xenografts (22). Notably, elevated 
VEGF expression enhances the ability of breast cancer cells 
to form brain metastases (20). Nevertheless, discontinua-
tion of anti-VEGF therapy aggravates cancer metastasis via 
the revascularization mechanism (23). Therefore, RRM2 
may facilitate breast cancer metastasis by regulating 
VEGF-dependent angiogenesis.

The mechanism underlying RRM2-mediated breast 
cancer cell metastatic potential was next elucidated and it was 
found that suppression of RRM2 antagonized the activation 
of canonical PI3K/AKT signaling. Overexpression of the 

Figure 3. Depression of RRM2 suppresses the transcription and release 
of VEGF in breast cancer cells. (A) The si-RRM2 was transfected into 
MDA-MB-231 cells and the mRNA levels of VEGF was then assessed by 
reverse transcription-quantitative PCR. (B) The subsequent effects on VEGF 
contents in supernatant were measured by ELISA kits. *P<0.05 vs. the control 
group. si, small interfering; NC, negative control; VEGF, vascular endothe-
lial growth factor.
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PI3K/AKT axis has been substantiated in various carcinomas 
and possesses critical roles in carcinogenesis and drug resis-
tance (24). Compelling research confirms that activation of 
PI3K/AKT signaling is involved in multiple physiological 
processes of the carcinoma, including cancer cell prolifera-
tion, invasion, migration and apoptosis (11,25,26). Inhibition 
of RRM2 reverses AKT-induced tamoxifen resistance by 
suppressing cell proliferation and motility (11). Moreover, 
PI3K/AKT activation enhances breast cancer invasion and 
metastasis (27). The involvement of PI3K/AKT and RRM2 in 
breast cancer metastatic potential was therefore further inves-
tigated. As expected, reactivating the PI3K/AKT pathway 
with its agonist IGF-1 overturned the adverse effects of RRM2 
inhibition on cell invasion, migration and VEGF production 
in breast cancer cells. These findings suggest that PI3K/AKT 
activation may account for RRM2-mediated pro-metastatic 
function.

Collectively, the current findings corroborated the higher 
expression of RRM2 in breast cancer tissues with metastasis 
and highly metastatic cell lines. Importantly, knockdown of 
RRM2 restrained breast cancer cell invasion, migration and 
VEGF expression by regulating the PI3K/AKT signaling 
pathway. These data clarify a new option regarding how RRM2 
facilitates breast cancer metastatic potential by enhancing 
cancer cell invasion, migration and angiogenesis. Therefore, 
RRM2 may be an attractive target for breast cancer metastatic 
intervention.
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