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Abstract. Evidence suggests that RING1 and YY1 binding 
protein (RYBP) functions as a tumor suppressor. However, 
its role in breast cancer remains unclear. In the present study, 
the expression of RYBP was assessed in breast cancer patients 
and cell lines. Disease-free survival durations of breast cancer 
patients with high RYBP expression were determined based on 
the ATCG dataset. The effects of RYBP overexpression on cell 
growth, migration and invasive potency were also assessed. 
Nude mouse xenograft and lung metastasis models were also 
used to confirm the role of RYBP. The involvement of SRRM3 
in RYBP-mediated breast cancer suppression was explored 
using SRRM3 siRNA. The potential relationship between 
RYBP, SRRM3, and REST-003 was examined by qPCR. 
The results showed that RYBP was downregulated in breast 
cancer patients and in several breast cancer cell lines. Breast 
cancer patients with high expression levels of RYBP displayed 
better disease-free survival. Overexpression of RYBP in 
MDA-MB-231 and SK-BR-3 cells significantly decreased cell 
proliferation, migration, and invasion ability, and increased 
the proportion of cells arrested in S-phase compared with the 
negative control cells. Additionally, upregulation of prolifer-
ation-related cell cycle proteins (cyclin A and cyclin B1) and 
E-cadherin, and downregulation of snail were observed in 

RYBP-overexpressing cells. Overexpression of RYBP reduced 
tumor volume and weight as well as metastatic foci in the 
lungs of nude mice. SRRM3 knockdown by siRNA, which 
is downregulated after RYBP overexpression, suppressed 
cell growth and metastasis in MDA-MB-231 and SK-BR-3 
cells. Furthermore, qPCR analysis revealed that REST-003 
ncRNA was downregulated in cells overexpressing RYBP 
and in SRRM3-inhibited cells. Moreover, cell invasion ability 
and growth were increased after SRRM3 upregulation in 
RYBP-overexpressing cells, but they were decreased following 
si-REST-003 transfection. In conclusion, overexpression of 
RYBP suppresses breast cancer growth and metastasis both 
in vitro and in vivo. SRRM3 and REST-003, which are down-
regulated in cells overexpressing RYBP, may be involved in 
RYBP-mediated breast cancer progression.

Introduction

Breast cancer is the most common form of cancer in women. 
According to the World Cancer Report, there are more than 
1.6 million new cases annually in women (1). In China, breast 
cancer was estimated to account for 15% of all newly diagnosed 
cancers in women in 2015 and is thought to be the leading 
cause of cancer death in women under the age of 45 years (2). 
Although the overall mortality rate has declined due to the 
greater efficacy of therapeutic interventions, recurrence and 
metastasis are still major challenges in tackling the disease (3). 
Therefore, investigations of progression-related molecular 
mechanisms will significantly benefit targeted breast cancer 
therapy and improve disease outcomes.

RYBP (RING1- and YY1-binding protein) has been shown 
to interact with RING1, RNF2 and YY1 (4), and is a member 
of the polycomb (PcG) group of proteins  (5). It has been 
shown to be downregulated in several types of tumors (6-8). 
Overexpression of RYBP using an adenovirus-based system has 
been shown to decrease cell proliferation in various cancer cell 
lines, including U2OS, SAOS2, A549, TOV112 and TOV21 (9). 
In a study of integrative genomic profiling of human prostate 
cancer, RYBP was implicated as a potential cooperative tumor 
suppressor (10). Regarding its role in prognosis, an integra-
tive analysis of gene expression in cervical cancer indicated 
that patients with low expression levels of RYBP have shorter 
progression-free survival rates (11). Recently, downregulation 
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of RYBP has been found to decrease cell sensitivity to chemo-
therapy, and is associated with poor prognosis in patients 
with non-small cell lung cancer (NSCLC) and hepatocellular 
carcinoma (HCC) (8,12). However, whether RYBP plays a role 
in breast cancer progression remains unclear.

Recent studies have demonstrated that REST-003, a non-
coding RNA, is expressed at low levels in weakly invasive 
breast cancer cells but at elevated levels in highly invasive 
cancer cells, and REST-003 expression is controlled by 
an uncharacterized serine/arginine repeat-related protein 
(SRRM3)  (13). The research revealed that REST-003 and 
SRRM3 played an important role in regulating cell invasive-
ness and emphasized their potential novel therapeutic value in 
breast cancer.

In the present study, we hypothesized that RYBP may 
function as a novel molecular target in breast cancer therapy. 
We investigated the expression level of RYBP and explored 
the effect of RYBP overexpression on tumor growth and 
metastasis in both breast cancer cell lines and in a nude mouse 
model. We also analyzed the potential molecular mechanism 
involved in this process.

Materials and methods

Cell culture. Normal 76N and tumor SK-BR-3, ZR-75-1, T47D, 
MDA-MB-231 and MCF-7 breast cells were used in this study. 
All cells were purchased from the Type Culture Collection of 
the Chinese Academy of Sciences (Shanghai, China). Cells 
were maintained in Dulbecco's modified Eagle's medium 
(DMEM) containing 10% fetal bovine serum (10% DMEM) 
and cultured in 5% CO2 at 37˚C.

Patients and samples. Thirty-three paired primary tumors 
and matched peritumoral tissues of breast cancer samples 
were collected from patients who underwent surgical resec-
tion in the First Affiliated Hospital of Sun Yat-sen University, 
Guangzhou, China, between January 2014 and January 2016. 
Patients diagnosed with distant metastasis were excluded.

Quantitative RT-PCR (qRT-PCR). Total RNA was extracted 
from pretreated cells using TRIzol reagent (Life Technologies, 
Carlsbad, CA, USA) according to the manufacturer's protocol. 
The RNA samples were reverse-transcribed into cDNA using 
the PrimeScript™ RT reagent kit (Takara Co., Ltd., Tokyo, 
Japan). The resulting cDNAs were amplified with GoTaq® 
qPCR Master Mix (Promega, Madison, WI, USA) following 
standard procedures, and the experiment was performed on a 
MiniOpticon™ real-time PCR detection instrument (Bio-Rad 
Laboratories, Hercules, CA, USA). The primers used in this 
study are shown in Table I.

Immunohistochemistry (IHC). Breast cancer tissues and the 
paired peritumoral tissues were fixed in 10% formalin and 
embedded in paraffin. The blocks were cut into 4-mm sections 
and then dewaxed and hydrated. After endogenous peroxi-
dase was blocked with 3% hydrogen peroxide, the sections 
were incubated with RYBP primary antibody (HPA053357; 
Sigma-Aldrich, Schnelldorf, Germany) and diluted 1:500 
at 4˚C overnight. Subsequently, the sections were washed to 
remove unbound antibody and incubated with the secondary 

antibody (sc-2055, 1:10,000; Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) at room temperature for 1 h. The sections 
were visualized using the Vectastain ABC Peroxidase Elite kit 
(Vector Laboratories, Burlingame, CA, USA) and 3,3'-diami-
nobenzidine (DAB) tetrahydrochloride (Sigma-Aldrich) as a 
substrate.

Western blot analysis. Fresh breast cancer tissues and paired 
peritumoral tissues were washed with phosphate-buffered 
saline (PBS) and stored at -80˚C after surgical resection. Cell 
lysates were prepared using the NucBuster™ Protein Extraction 
kit (Novagen, Darmstadt, Germany) according to the manufac-
turer's instructions. The protein concentration was quantified 
using the Bradford assay, separated by 10% SDS-PAGE elec-
trophoresis and transferred to PVDF membranes. The PVDF 
membranes were blocked with 5% skim milk powder for 1 h at 
room temperature and then incubated with primary antibody 
against RYBP (1:400 dilution), E-cadherin (sc-7870, 1:2,000 
dilution; Santa Cruz Biotechnology), snail (sc-393172, 1:200 
dilution; Santa Cruz Biotechnology), cyclin A (ab38, 1:1,000 
dilution; Abcam, Cambridge, MA, USA) and cyclin  B1 
(ab32053, 1:2,500 dilution; Abcam) at 4˚C overnight. The 
samples were then incubated with the secondary antibody 
(sc-2006, 1:1,000 dilution; Santa Cruz Biotechnology) at 
room temperature for 1 h, and the blots were visualized using 
chemiluminescence (ECL; Forevergen Biosciences Center, 
Guangzhou, China). GAPDH (sc-365062, 1:1,000 dilution; 
Santa Cruz Biotechnology) was used as a reference.

Stable cell line generation and transfection. RYBP (Gene 
ID: 23429) was cloned into the EcoRI and XbaI sites of the 
LV-003 lentivirus vector (Forevergen Biosciences Center). 
The resulting lentivirus vector was co-transfected with pack-
aging vectors into HEK-293T cells, and the cell supernatant 
was then collected after 48 h of transfection and subjected 
to ultracentrifugation at 25,000 rpm for 1.5 h. The lentivirus 
was then re-suspended in PBS, and 5-10 µg/ml of polybrene 
was added to the RYBP lentivirus for MDA-MB-231 and 
SK-BR-3 cell infection. After a 48-h incubation, the cells were 
cultured in 10% DMEM with 2 µg/ml puromycin for 72 h to 
generate MDA-MB-231-RYBP and SK-BR-3-RYBP cells. 
The cell cycle distribution, cell migration and cell invasion 

Table I. Primers used in the present study.

Primer name	 Sequence (5'-3')

H-REST F	G AACTCATACAGGAGAACGCC
H-REST R	G AACTGCCGTGGGTTCACA
H-REST003 F	 AGTGTCGGGGCGACTCCCG
H-REST003 R	GG CATTCCTAACTGAAATAGG
H-SRRM3 F	 TCCTGGAGCTCCAGCCGCTCGCCC
H-SRRM3 R	 CTCAGAGTGCCTTGCGCGGCCCTCG
H-RYBP-F	 CGCAGACGAAGGGTTTTGG
HRYBP-R	 GAATTGATCCGAGGTTTTCTGGT
H-GAPDH-F	 GAGTCAACGGATTTGGTCGT
H-GAPDH-R	 GACAAGCTTCCCGTTCTCAG
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of MDA-MB-231-RYBP and SK-BR-3-RYBP cells were then 
analyzed to evaluate cell growth and metastasis.

RYBP (Gene ID: 23429) and SRRM3 (Gene ID: 222183) 
was cloned into the EcoRI and XbaI sites of the pCMV vector. 
The si-SMMR3 (5'-AGAAGAAGAGUGUGAAGAAUU-3') 
and si-REST003 (5'-GCAGCAGCACGGAGGAAUU-3') were 
purchased from Shanghai GenePharma, Co., Ltd., (Shanghai, 
China). Cells were seeded into 6-well plates 12 h prior to trans-
fection. A final concentration of 100 nM of siRNA (Shanghai 
GenePharma) and 2 µg of plasmid were transfected into the 
cells according to standard procedures. After 48 h of culture, 
the cells were collected for mRNA expression and cell metas-
tasis analysis.

Clonogenic assay of cells in vitro. After treatment, the cells 
were seeded into 6-well plates at a density of 1.5x105 cells/well 
and cultured in 10% DMEM. The cell colonies were fixed 
with glutaraldehyde (6.0% v/v), stained with crystal violet 
(0.5% w/v) and counted after 15 days. Clone formation ratios 
were calculated as colonies/total cells. A colony was defined 
as consisting of at least 50 cells (14). The experiments were 
repeated three times.

MTS assay. Cell viability was measured using the MTS 
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium] assay. The cells were 
cultured in 96-well flat-bottomed plates at a density of 
1x103 cells/well 24 h prior to the MTS assay. The cells were 
then stained with MTS reagent in 10% DMEM for 4 h and 
subjected to a microplate reader (Diatek) to determine the OD 
value of each well at a wavelength of 490 nm. Three biological 
replicates were evaluated.

Flow cytometry. Stable RYBP-overexpressing cell lines 
(MDA-MB-231-RYBP and SK-BR-3-RYBP) and their corre-
sponding cells (MDA-MB-231-NC and SK-BR-3-NC) were 
fixed with 1 ml of 70% ice-cold ethanol overnight at 4˚C. 
The cells were washed twice with PBS and centrifuged for 
10 min at 1,000 rpm; the cell pellets were then stained with 
50 µg/ml of propidium iodide and 100 U/ml of RNase A, and 
incubated in PBS for 30 min at room temperature in the dark. 
A flow cytometer (BD Biosciences, San Jose, CA, USA) with 
CellQuest software was used to analyze the cell cycle distribu-
tion, and the proportions of cells in different phases of the cell 
cycle were determined based on the DNA content.

Transwell assay. Cell migration and invasion assays were 
performed using the transwell assay (Transwell; Cambridge, 
MA, USA) (15). The cells were cultured in the upper compart-
ment of the transwell at a density of 2x104 cells/50 µl/well. 
The cells in the upper compartment migrated to the lower 
compartment through an 8 µm membrane (for the migration 
assay) or a Matrigel-coated membrane (for the invasion assay) 
(Becton-Dickinson, Bedford, MA, USA). Cells in the upper 
compartment were cultured in serum-free DMEM, while 10% 
DMEM was added to the lower compartment. After 48 h of 
cell culture, the cells in the upper compartment were removed, 
and the migrated/invasive cells in the lower compartment 
were fixed in methanol and stained with 10% Giemsa solution 
(Sigma-Aldrich). The cell numbers in four high-power fields 

were counted under a microscope. Three biological replicates 
were evaluated.

Nude mouse model. For tumor xenograft model establishment, 
4- to 6-weeks-old BALB/c nude mice were obtained from the 
animal center laboratory of Sun-Yat sen University. The 
Institute Research Medical Ethics Committee of Sun Yat-sen 
University granted approval for this study. Approximately 
5x106 MDA-MB-231-RYBP, SK-BR-3-RYBP, and their control 
cells (MDA-MB-231-NC and SK-BR-3-NC) were subcutane-
ously injected into each group (n=5/group) (16). The tumor 
volume and general physical condition of the mice were 
monitored every 6 days. The tumor volume was calculated as 
the width2 x length/2. After 42 days of modification, the mice 
were sacrificed and the xenograft tumors were removed. For 
the nude mouse model of breast cancer metastasis to the lung, 
5x106 MDA-MB-231-RYBP, SK-BR-3-RYBP and their control 
cells (MDA-MB-231-NC and SK-BR-3-NC) were injected into 
the mammary fat pad of mice as previously described (17) (n=5 
per group). Six weeks after the cell implantation, when signs of 
disease (weight loss and decreased grooming) were observed 
in the mice, the lungs of each mouse were dissected, and meta-
static foci in the lungs were counted. Hematoxylin and eosin 
(H&E) staining was also performed to facilitate review.

Ethical standards. All human studies were approved by Sun 
Yat-sen University. All human studies were performed in 
accordance with the 1975 Helsinki Declaration and its subse-
quent amendments. All subjects signed an informed consent 
form prior to inclusion in the study.

Statistical analysis. The SPSS 18.0 software (IBM, Armonk, 
NY, USA) was used for the statistical analysis. The results are 
presented as the mean ± SD. The Student's t-test method was 
used to analyze differences between the two groups. For the 
disease-free survival (DSF) analysis, the expression data for 
RYBP mRNA z-Scores (RNA Seq V2 RSEM) from 350 cases 
were downloaded from The Cancer Genome Atlas (TCGA) 
dataset [Breast Invasive Carcinoma (TCGA, Cell 2015)] and 
analyzed using GraphPad Prism v.6 (Graphpad Software Inc., 
La Jolla, CA, USA). DSF curves were generated using the 
Kaplan-Meier method, and the log-rank chi-square test was 
used to analyze the significance of the correlation between 
patients with high and low RYBP expression. P<0.05 was 
considered a statistically significant difference.

Results

RYBP is downregulated in clinical samples of breast cancer 
patients and cell lines and is associated with poor survival in 
breast cancer patients. To determine whether the expression of 
RYBP was altered in breast cancer tumors, qPCR and western 
blot analysis were conducted. As shown in Fig. 1, both RYBP 
mRNA (Fig. 1A) and protein (Fig. 1B) were downregulated 
in the tumor tissues compared with the peritumoral tissues of 
breast cancer patients.

To assess whether RYBP expression is associated with 
longer survival in breast cancer patients, DFS was determined 
in the TCGA dataset breast cancer patient cohort. The survival 
analysis showed that DFS differed between patients with high 
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and low RYBP expression. Patients with high RYBP expres-
sion had significantly longer DFS than those with low RYBP 
expression (Fig. 1C).

The expression levels of RYBP mRNA (Fig.  1D) and 
protein (Fig. 1E) were also evaluated in normal 76N and tumor 
SK-BR-3, ZR-75-1, T47D, MDA-MB-231 and MCF-7 breast 
cells. As shown in Fig. 1D and E, the qPCR and western blot 
results showed that RYBP was downregulated in all analyzed 
breast tumor cells. Of these cells, SK-BR-3 and MDA-MB‑231 
cells exhibited the first and second lowest expression, and were 
therefore selected for subsequent analysis of RYBP function.

Overexpression of RYBP suppresses cell growth and 
metastasis in MDA-MB-231 and SK-BR-3. The differential 
expression of RYBP between tumorous and peritumor breast 
cancer tissues led us to investigate its role in breast cancer 
development and metastasis. Because RYBP was significantly 
downregulated in SK-BR-3 and MDA-MB-231 cells, we 
applied lentiviral-mediated overexpression of RYBP in these 
two tumor cell lines. As shown in Fig. 2A, lentivirus-mediated 
stable RYBP overexpressing cell lines, MDA-MB-231-RYBP 
and SK-BR-3-RYBP, were established, as evidenced by the 

upregulation of RYBP and apparent in the western blots 
compared with their corresponding negative controls of 
MDA-MB-231-NC and SK-BR-3-NC cells. Cell proliferation 
was then determined using clonogenic and MTS assays. The 
clonogenic assay of cells showed that RYBP-overexpressing 
cells (MDA-MB‑231-RYBP and SK-BR-3-RYBP) had a lower 
rate of clone formation compared with NC cells (Fig. 2B). The 
MTS assay also revealed consistently decreasing OD values 
in MDA-MB-231-RYBP and SK-BR-3-RYBP cells compared 
with negative control cells (Fig. 2C). Furthermore, flow cyto-
metric analysis of the cell cycle distribution revealed a higher 
proportion of S-phase cells in MDA-MB-231-RYBP compared 
with MDA-MB-231-NC cells. A higher proportion of S-phase 
cells was also observed in SK-BR-3-RYBP cells (Fig. 2D).

Transwell assays were performed to evaluate the effects of 
RYBP overexpression on cell migration and invasive ability in 
breast cancer cells. As shown in Fig. 3A and B, the number of 
migrated cells and invasive cells in MDA-MB-231-RYBP was 
significantly lower than that in MDA-MB-231-NC. Similar 
results were observed in SK-BR-3-RYBP cells.

Western blot analysis of proliferation-related proteins 
(cyclin  A and cyclin  B1) and EMT-related markers 

Figure 1. Expression of RYBP in breast cancer clinical samples and cell lines and its association with DFS durations. (A) qRT-PCR results of the relative 
expression of RYBP mRNA in peritumor and tumor tissues of breast cancer patients (n=33). **P<0.01 vs. peritumor. (B) Representative sample of peritumor 
and tumor tissues detected by IHC. (C) Kaplan-Meier plots of DFS in the TCGA cohort according to the expression of RYBP. (D) Relative expression of RYBP 
mRNA (E) and protein in normal 76N and SK-BR-3, ZR-75-1, T47D, MDA-MB-231 and MCF-7 tumor cells. Results represent 3 independent experiments. 
*P<0.05 vs. 76N, **P<0.01 vs. 76N.
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(E-cadherin and snail) revealed that E-cadherin was 
upregulated while snail, cyclin A and cyclin B1 were down-
regulated in MDA-MB‑231‑RYBP and SK-BR-3-RYBP cells 
(Fig. 3C and D).

Overexpression of RYBP suppresses cell growth and metas-
tasis of MDA-MB-231 and SK-BR-3 cells in nude mice. Cell 
growth and metastasis were further analyzed in nude mice. 
MDA-MB-231-RYBP and MDA-MB-231-NC cells were 

xenografted subcutaneously into nude mice. Twelve days 
after subcutaneous implantation, the nude mice bearing 
MDA-MB‑231-RYBP tumors showed a significantly lower 
tumor volume compared with the mice with MDA-MB-231-NC 
cell implantation. A smaller tumor size and lower tumor 
weight were also observed in the nude mice with subcutaneous 
MDA-MB-231-RYBP implantation after 42 days (Fig. 4A).

To assess the effect of RYBP on tumor metastasis 
in vivo, MDA-MB-231-RYBP cells and negative control cells 

Figure 2. Overexpression of RYBP suppresses cell growth in MDA-MB-231 and SK-BR-3 cells. (A) Western blot analyis demonstrating overexpression of 
RYBP in RYBP-overexpressing MDA-MB-231 (MDA-MB-231-RYBP) and SK-BR-3 (SK-BR-3-RYBP) cells. MDA-MB-231-NC and SK-BR-3-NC were the 
corresponding negative control cells. (B) Clonogenic assay of MDA-MB-231-RYBP and SK-BR-3-RYBP cells. The results are represented as the clone form 
ration. (C) The OD values for MDA-MB-231-RYBP and SK-BR-3-RYBP cells were determined using the MTS assay. (D) Cell cycle distribution in each group; 
cell proportions in each cell cycle phase were evaluated. **P<0.01 vs. MDA-MB-231-NC or SK-BR-3-NC. *P<0.05 vs. S-phase of the NC group, #P<0.05 vs. 
GO/G1-phase of the NC group.
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(MDA-MB-231-NC) were injected into the mammary fat 
pads of mice to mimic the metastatic process in breast cancer 
patients. Six weeks after cell implantation, the cells metasta-
sized to the lungs. Metastatic foci were observed in the lungs 
of MDA-MB-231-NC-treated nude mice. However, barely any 
metastatic foci were observed in the lungs of MDA-MB‑231-
RYBP-treated nude mice. H&E staining revealed a mass 
of tumor cells in the lungs of MDA-MB-231-NC mice, 
whereas reduced metastases were observed in the lungs of 
MDA-MB‑231-RYBP-treated nude mice (Fig. 4B).

Knockdown of SRRM3, which is downregulated after RYBP 
overexpression, suppresses cell growth and metastasis in 
MDA-MB-231 and SK-BR-3 cells. SRRM3 has been reported 
to suppress MDA-MB-231 Matrigel invasiveness  (13), and 
therefore its role was investigated in the present study. As 

shown in Fig.  5A, the qPCR results showed that SRRM3 
was downregulated in both RYBP-overexpressing cell lines 
(MDA-MB-231-RYBP and SK-BR-3-RYBP). The transwell 
assay showed that knockdown of SRRM3 mRNA expression 
by siRNA in MDA-MB-231 and SK-BR-3 cells resulted in a 
significant reduction of the quantity of migrated and invasive 
(Fig. 5B and C). Cell growth inhibition was observed using 
the MTS assay. The OD values were significantly lower in 
the si-SRRM3-treated MDA-MB-231 and SK-BR-3 cells 
compared with the si-NC-treated cells (Fig. 5D).

REST-003 ncRNA levels are downregulated in RYBP-
overexpressing and SRRM3-inhibited cells. REST-003 ncRNA 
is thought to be regulated by SRRM3 (13). Determination 
of REST-003 ncRNA expression by qRT-PCR revealed that 
REST-003 ncRNA was downregulated in MDA-MB-231-

Figure 3. Overexpression of RYBP suppresses cell migration and invasion in MDA-MB-231 and SK-BR-3 cells. (A) The numbers of migrating and invasive 
cells was detected and compared between MDA-MB-231-RYBP and MDA-MB-231-NC cells. (B) Migrating and invasive cells were detected and compared 
between SK-BR-3-RYBP and SK-BR-3-NC cells. Cell proliferation-related proteins (cyclin A and cyclin B1) and EMT-related markers (E-cadherin and snail) 
were analyzed by western blotting in MDA-MB-231-RYBP (C) and SK-BR-3-RYBP (D) cells. **P<0.01 vs. MDA-MB-231-NC or SK-BR-3-NC.
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RYBP and SK-BR-3-RYBP cells (Fig. 6A). Because SRRM3 
downregulation was also observed after RYBP overexpres-
sion, as mentioned above, the expression of REST-003 ncRNA 
was subjected to further analysis in si-SRRM3 cells. As shown 
in Fig. 6B, REST-003 ncRNA was significantly reduced in the 
si-SRRM3 cells of MDA-MB-231 and SK-BR-3 cells when 
compared with the negative control si-NC cells.

RYBP overexpression suppresses cell migration, invasion 
and growth by downregulating SRRM3/REST-003. To 
further explore the molecular mechanisms of RYBP, SRRM3 
and REST-003 in breast cancer, we constructed an RYBP 
and SRRM3-overexpressing plasmid (PCMV-RYBP and 
PCMV-SRRM3). We also downregulated REST003 expres-
sion in the cells that were transfected with PCMV-RYBP 
and PCMV-SRRM3. The results revealed that overexpres-
sion of RYBP suppressed the migration and invasion of 
tumor cells (MDA-MB-231 and SK-BR-3), and increased 
tumor cell migration and invasion was observed in the 
PCMV-RYBP+PCMV-SRRM3+siNC group compared 
with the PCMV-RYBP+siNC group (Fig. 7A). Furthermore, 
cell migration and invasion were suppressed in the pCMV-
RYBP+pCMV-SRRM3+siREST003 group compared with 
the pCMV-RYBP+pCMV-SRRM3+siNC group (Fig.  7A). 
The MTT assay showed similar results. A higher OD value 
was obtained for MDA-MB-231 and SK-BR-3 cells in the 

PCMV-RYBP+PCMV-SRRM3+siNC group compared with 
the pCMV-RYBP+siNC group, and a lower value was deter-
mined for the pCMV-RYBP+pCMV-SRRM3+siREST003 
group (Fig. 7B). These results demonstrated that RYBP could 
influence the migration and growth of breast cancer cells by 
downregulating SRRM3/REST003. This molecular mecha-
nism plays an important role in the function of breast cancer 
cells.

Discussion

RYBP belongs to the PcG family of proteins and is considered 
to function as a transcriptional suppressor via epigenetic modi-
fication of chromatin (18). Downregulated expression of RYBP 
has been reported in HCC cell lines and clinical samples. In 
the present study, we enhanced our knowledge of the expres-
sion of RYBP in breast cancer and demonstrated that RYBP is 
downregulated in breast cancer cell lines (SK-BR-3, ZR-75-1, 
T47D, MDA-MB-231 and MCF-7), as well as in clinical breast 
cancer samples.

To date, the inhibitory role of RYBP in tumor progression 
has only been confirmed in HCC and NSCLC. Low expression 
levels of RYBP have been shown to correlate with a poor prog-
nosis in patients with HCC and NSCLC and are also associated 
with shorter survival durations in patients with cervical cancer 
who received chemoradiotherapy (8,11,12). By overexpressing 

Figure 4. Overexpression of RYBP suppresses cell growth and metastasis in nude mice. (A) The tumor volume of MDA-MB-231-RYBP and MDA-MB‑231-NC 
cell xenografted nude mice was measured every 6 days. Xenografted tumors were resected, and the tumor weight in each group was calculated after 6 
weeks of implantation. **P<0.01 vs. MDA-MB-231-NC. (B) Representative lung metastasis image and H&E staining image of MDA-MB-231-RYBP and 
MDA‑MB‑231-NC cells in xenografted nude mice at week 6. Metastatic foci in each group were calculated.
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RYBP, we observed suppressed cell proliferation, migration 
and invasion in two breast cancer cell lines (MDA-MB-231 
and SK-BR3). Our results for the nude mouse xenograft tumor 
experiment as well as our assessment of metastatic tumor foci, 
showed that RYBP suppressed MDA-MB-231 cell growth and 
metastasis in vivo. Survival analysis of breast cancer patients 
with low or high RYBP expression provided additional support 

for the contention that high RYBP expression correlates with 
longer 5-year survival rates in breast cancer patients. Taken 
together, these animal model and survival studies suggest that 
increased RYBP expression plays a demonstrable role in the 
repression of tumor growth and metastasis in breast cancer.

Analysis of the cell cycle distribution by flow cytometry 
revealed that cells were arrested at the S phase in the RYBP-

Figure 5. SRRM3 is involved in RYBP-mediated cell growth and metastasis inhibition in MDA-MB-231 and SK-BR-3 cells. (A) qRT-PCR detection of the 
relative expression levels of SRRM3 in MDA-MB-231-RYBP and SK-BR-3-RYBP cells. (B) Knockdown of SRRM3 mRNA using siRNA reduced SRRM3 
expression in MDA-MB-231 and SK-BR-3 cells. (C) Cell migration and invasion in SRRM3 knockdown cells (si-SRRM3) and negative control cells (si-NC) 
were assessed using the transwell assay. The migrated and invasive cells per field were counted. (D) The OD values in si-SRRM3 and si-NC cells were 
determined using the MTS assay.
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Figure 6. qRT-PCR analysis of RES-003 in RYBP-overexpressing cells (A) and SRRM3-suppressed cells (B).

Figure 7. RYBP overexpression suppresses cell migration, invasion and growth by downregulating SRRM3/REST-003. Cell migration, invasion (A) and 
growth (B) was reduced in the pCMV-RYBP+pCMV-SRRM3+siNC group compared with the pCMV-RYBP+siNC group and increased in the pCMV-RYBP+ 
pCMV-SRRM3+siREST003 group. 
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overexpressing groups, which suggests that S-phase arrest 
contributes to the observed cell growth inhibition by RYBP. 
Cyclin A levels normally peak in G2/M-phase of the cell cycle. 
Cyclin B1 has been reported to be involved in regulating the 
initiation of mitosis, and increased expression of cyclin B1 has 
been suggested to be a negative prognostic marker of prolifera-
tion in breast cancer (19-21). Downregulation of cyclin A and 
cyclin B1 expression was confirmed by western blot analysis, 
and these results suggested that RYBP disrupted the cell cycle 
and inhibited proliferation.

Epithelial-mesenchymal transition (EMT) has been found 
to regulate breast cancer cell metastasis. EMT converts 
epithelial cells into migratory cells that are able to traverse 
the extracellular matrix. This process results in a loss of 
epithelial cell traits and a gain of the properties of mesen-
chymal cells  (22), leading to the establishment of distant 
metastases  (23,24). E-cadherin and Snail are important 
markers of the EMT process. Research has showed that a 
central event in EMT is the downregulation of E-cadherin 
expression, which leads to a loss of cell-to-cell contact (25). 
Additionally, the transcription factor Snail has been reported 
to be a major suppressor of E-cadherin in many tumor types. 
Increased Snail expression leads to more aggressive tumor 
features, which enhances tumor cell migration and invasion 
(26,27). Our evaluation of E-cadherin and snail1 revealed 
upregulated E-cadherin expression and reduced activation of 
snail1 in RYBP-overexpressing breast cancer cells, suggesting 
a potential role for RYBP in reducing invasive and migrating 
phenotypes in breast cancer cells. Thus, E-cadherin and snail1 
may be involved in reversing the EMT process.

The mRNA abundance of SRRM3 was decreased in 
response to RYBP overexpression. Reduced cell growth and 
migration as well as invasive ability were also observed in 
RYBP-overexpressing MDA-MB-231 and SK-BR-3 cells (13), 
and our results confirmed the ability of SRRM3 to promote cell 
invasion and cell migration in breast cancer. Moreover, because 
SRRM3 was downregulated in RYBP-overexpressing cells, 
we constructed an SRRM3-overexpressing plasmid (pCMV-
SRRM3) and transfected it into the RYBP-overexpressing cells 
lines. The results revealed increased migration and growth of 
cancer cells, suggesting that RYBP may regulate SRRM3 and 
thus inhibit breast cancer cell metastasis.

An alternatively spliced RE1-silencing transcription 
(REST) factor, REST-003, which is regulated by SRRM3, 
has been shown to be positively associated with breast 
cancer cell invasion  (13). We found a reduced mRNA 
abundance of REST‑003 in response to RYBP overexpres-
sion. Downregulation of SRRM3 resulted in a decrease in 
REST‑003 ncRNA, consistent with the results of a previous 
study (13). We also observed suppressed migration and growth 
in response to REST-003 downregulation in cells transfected 
with pCMV-RYBP and pCMV-SRRM3 compared with the 
pCMV-RYBP+pCMV-SRRM+siREST003 group. Thus, cell 
migration and growth were promoted following the upregula-
tion of REST-003 by SRRM3 overexpression, and this process 
could be suppressed by the downregulation of REST-003. 
These results suggest that REST-003 ncRNA is mediated by 
SRRM3, and that SRRM3 is positioned downstream of RYBP.

In conclusion, in the present study, we focused on the role 
of RYBP in breast cancer. In addition to the findings related to 

HCC and NSCLC showing that RYBP inhibits tumor progres-
sion, this study provides novel evidence that RYBP inhibits 
tumor growth and metastasis in breast cancer. Furthermore, 
our results suggest that SRRM3 and REST-003 lie downstream 
of RYBP. In future research, we will continue to explore the 
precise molecular mechanisms of RYBP, SRRM3, REST-003, 
and other potential molecules that may be involved in this 
process. We would also like to explore the epigenetic changes 
induced by overexpression of RYBP in breast cancer cells. Our 
findings support the notion that RYBP may offer a potential 
therapeutic target in breast cancer.
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