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Introduction

Breast cancers are the most frequently diagnosed cancer and the 
second leading cause of cancer-related death among women in 
both economically developed and developing countries, account-
ing for 23% of the total cancer cases and 14% of the cancer 
deaths.1 Despite research endeavors and resources dedicated to 
elucidating the molecular mechanisms of breast cancers, and 
numerous genetic variants and genes with irregular expression 
discovered over the past decades,2 the precise molecular mecha-
nisms of initiation and progression of this heterogeneous cancer 
still remain largely unclear. This ambiguity hampers the design 
of efficient and personalized chemotherapy and biotherapy strat-
egies. Thus, finding new breast cancer-related genes and elucidat-
ing their function and clinical implication in breast cancers are 
urgently demanded.

During our efforts to discover new novel targets significantly 
associated with breast cancer patient prognosis by integrative anal-
ysis of existing public data, we found that C2ORF40 (chromosome 
2 open reading frame 40, also called esophageal cancer-related gene 
4 (ECRG4) or augurin) is one at the top of the list of genes, the 
transcriptional levels of which are dramatically reduced in breast 
cancers and are significantly correlated with patient survival.

Recently, it has been suggested that C2ORF40 is a candidate tumor suppressor gene in breast cancer. However, the 
mechanism for reduced expression of C2ORF40 and its functional role in breast cancers remain unclear. Here we show 
that C2ORF40 is frequently silenced in human primary breast cancers and cell lines through promoter hypermethylation. 
C2ORF40 mRNA level is significantly associated with patient disease-free survival and distant cancer metastasis. 
Overexpression of C2ORF40 inhibits breast cancer cell proliferation, migration and invasion. By contrast, silencing 
C2ORF40 expression promotes these biological phenotypes. Bioinformatics and FACS analysis reveal C2ORF40 functions 
at G2/M phase by downregulation of mitotic genes expression, including UBE2C. Our results suggest that C2ORF40 acts 
as a tumor suppressor gene in breast cancer pathogenesis and progression and is a candidate prognostic marker for this 
disease.

C2ORF40 suppresses breast cancer cell 
proliferation and invasion through modulating 

expression of M phase cell cycle genes
Jing Lu,1,† Mingxin Wen,1,† Yurong Huang,2,† Xiuquan He,1,† Yunshan Wang,1 Qi Wu,1 Zengchun Li,3 Andres Castellanos-Martin,4 

Mar Abad,5 Juan J. Cruz-Hernandez,6 Cesar A. Rodriguez,6 Jesus Perez-Losada,4 Jian-Hua Mao2,* and Guangwei Wei1,2,*

1Department of Anatomy and Key Laboratory of Experimental Teratology; Ministry of Education; Shandong University School of Medicine; Jinan, Shandong, P.R. China;  
2Life Sciences Division; Lawrence Berkeley National Laboratory; Berkeley, CA USA; 3East Hospital; Tongji University; Shanghai, P.R. China; 4Instituto de Biology Molecular y 

Celular del Cancer (IBMCC); Instituto Mixto Universidad de Salamanca/CSIC; Campus Miguel de Unamuno s/n; Salamanca, Spain; 5Department of Pathology;  
Hospital Universitario de Salamanca; Salamanca, Spain; 6Department of Medical Oncology; Hospital Universitario de Salamanca; Salamanca, Spain

†These authors contributed equally to this work.

Keywords: C2ORF40, DNA methylation, breast cancer, proliferation, metastasis, mitosis

C2ORF40 was initially identified and cloned from human 
normal esophageal epithelium by comparing differential gene 
expression between normal human esophageal epithelia and 
ESCC from high incidence families in China.3 Although the 
expression of C2ORF40 was ubiquitously detected in normal 
tissues,4,5 it is frequently downregulated or absent in esopha-
geal cancer, colorectal carcinomas and glioma, probably due to 
promoter hypermethylation,6,7 and its expression is thought to 
be a prognostic factor for ESCC and prostate cancer patients.8,9 
Restoration of C2ORF40 expression in cell lines could inhibit 
esophageal, colorectal and glioma tumor cell growth7,9-11 and 
glioma cell migration.10 Together with these reports, our pre-
liminary results obtained by analysis of gene expression database 
suggest that C2ORF40 may also play a tumor suppressor role in 
breast cancers. Recently, one study suggested that C2ORF40 is 
a candidate tumor suppressor gene in breast cancer.12 However, 
the mechanism for reduced expression of C2ORF40 and its func-
tional role in breast cancers have not been reported.

In this study, we first evaluated C2ORF40 expression and its 
clinical prognostic significance in breast cancer patients. Then, 
we examined the possibility that C2ORF40 was epigenetically 
inactivated through promoter hypermethylation in human breast 
cancer cell lines and primary breast cancer tissues. Further, we 
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promoter was hypermethylated in 45% (10 out of 22) of these 
breast cancer cell lines (Table 1). Moreover, promoter hyper-
methylation status in these cell lines was correlated with its 
expression (Fig. 2D). Selected cell lines were then treated with 
demethylation drug 5-aza-dC. 5-aza-dC treatment significantly 
increased C2ORF40 mRNA levels in hypermethylated BT549 
and MDAMB231 and partially hypermethylated AU565 cell 
lines (Fig. 2E). In contrast, C2ORF40 expression in cell lines 
such as HCC70 and SKBR3 without C2ROF40 promoter hyper-
methylation did not change after 5-aza-dC treatment (Fig. 2E). 
Next, we examined whether C2ORF40 is methylated in human 
primary breast cancers by methylation specific PCR. Indeed, 
C2ORF40 promoter was hypermethylated in 38.5% (37 out of 96) 
of primary breast cancer tissues we collected. Furthermore, this 
hypermethylation status was tightly correlated with C2ORF40 
expression (Fig. 2F). These results clearly demonstrated that pro-
moter hypermethylation could be the main mechanism leading 
to silencing of C2ORF40 gene in breast cancers.

Restoration of C2ORF40 expression inhibits breast cancer 
cell growth and invasion. To clarify whether C2ORF40 func-
tions as a tumor suppressor in breast cancer pathogenesis and 
progression, we examined the effect of C2ORF40 on cell pro-
liferation and migration-invasion by ectopic expression of 
C2ORF40 in breast cancer cell lines. BT549 and MDAMB231 
cell lines were selected based on that C2ORF40 promoter was 
hypermethylated and its expression was low in these two cell lines 
(Fig. 2E and Table 1). Stable restoration of C2ORF40 expression 
was achieved in these two cell lines by retroviral transduction  
(Fig. 3A). As evidenced by MTT assays, proliferation rates 
of BT549 and MDAMB231 cells with forced expression of 
C2ORF40 were significantly reduced to 43.7% and 63.7% 
respectively in comparison to their control cells (Fig. 3B and C). 
Moreover, BT549 and MDAMB231 cells with overexpression of 
C2ORF40 formed fewer colonies than their controls (Fig. 3D 
and E).

We next examined whether C2ORF40 could modulate the 
metastatic capacities of breast cancer cells. Confluent BT549 
and MDAMB231 cells with or without forced C2ORF40 expres-
sion were scratched and cell migration was observed. BT549 and 
MDAMB231 cells with ectopic expression of C2ORF40 statisti-
cally significantly delayed closure of wound area compared with 
their own control cells (Fig. 3F and G). Their invasive ability was 
assessed using Matrigel assay. Cells growing in the log phase were 
collected and cultured in Boyden chamber with Matrigel. After 
16 h incubation, BT549 and MDAMB231 cells with C2ORF40 
showed a significant decrease in invasiveness, compared with 
their own controls (Fig. 3H and I). These results clearly dem-
onstrated that restoration of C2ORF40 expression inhibits the 
migration and invasion of breast cancer cells.

Knockdown of C2ORF40 expression promotes breast cancer 
cell growth and invasion. The findings described above impli-
cate C2ORF40 as breast cancer suppressor gene. We next further 
investigated the biological consequences of silencing of C2ORF40 
in breast cancer cells. We designed two C2ORF40 specific short 
hairpin RNA (designated as shA and shB respectively) and gen-
erated stable transfectants in SKBR3 and MDAMB468 cells. 

investigated the tumor suppressing function of C2ORF40 in 
terms of cell proliferation, migration and invasion in breast can-
cer cells. Finally we explored the possible molecular mechanisms 
through which C2ORF40 might be involved in suppression of 
breast cancers. The present work is part of our effort to under-
stand the linkage between gene expression profiles and breast 
cancer outcomes in order to find new diagnostic and prognostic 
biomarkers and new molecular therapy targets.

Results

Loss of C2ORF40 expression associates with poor prognosis 
in breast cancer patients. We first analyzed C2ORF40 expres-
sion in primary breast cancer and normal breast tissues using all 
gene expression profile data sets that can be found in the Gene 
Expression Omnibus (GEO) database (Table S1). Of 100 breast 
cancer samples and 164 normal breast tissues in Data set 1 to 3, 
C2ORF40 transcript level in tumors is dramatically and consis-
tently reduced compared with normal breast tissues (Fig. 1A–C).

To evaluate the clinical implication of reduction of C2ORF40 
expression in breast cancers, we assessed the association of 
C2ORF40 mRNA levels with breast cancer patient survival using 
all GEO microarray data sets of primary breast cancer patients 
with available clinical information (Table S1). When C2ORF40 
expression levels were divided into three groups (low = bottom 
third, moderate = middle third and high = top third), we found, 
in all of 4 data sets (data set 4 to 7 in Table S1), patients with lower 
C2ORF40 mRNA levels had significantly shorter disease-free 
survival (Fig. 1D–G). In addition, analyses of two independent 
cohorts of breast cancer patients with available distant metastasis 
information showed that patients with lower C2ORF40 mRNA 
levels had more chances of distant metastasis in comparison 
to patients with higher level of C2ORF40 expression (Fig. 1H  
and I). All these results clearly indicate that C2ORF40 is a poten-
tial tumor suppressor gene and its mRNA level is a potential 
prognostic biomarker for breast cancers.

Reduction of C2ORF40 expression in breast cancers is due 
to promoter hypermethylation. To elucidate possible mecha-
nisms mediating the loss of C2ORF40 expression in breast can-
cers, we first examined genomic aberrations in C2ORF40 gene 
locus by analyzing the previously reported comparative genomic 
hybridization (CGH) data of 130 primary breast cancers13 and 
54 human breast cancer cell lines,14 and observed no frequent 
genetic alterations in C2ORF40 locus (Fig. S1), such as deletion 
or gain determined as described by Chin13 and Neve,14 which 
led us to hypothesize that the alteration of C2ORF40 expression 
might be due to epigenetic modification, since hypermethyl-
ation of CpG islands of gene promoter often causes transcrip-
tional silencing of tumor suppressor genes. To clarify whether 
loss of C2ORF40 expression was due to hypermethylation of 
its promoter, we analyzed the sequence 0.42 kb upstream and  
0.22 kb downstream of the transcription initiation site of 
C2ORF40 gene. Sixty-one CpG sites were identified throughout 
this region (Fig. 2A) and the methylation status of each of these 
CpGs was examined in 22 cell lines by bisulfite sequence analy-
sis and methylation specific PCR (Fig. 2B and C). C2ORF40 
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was confirmed using Matrigel assay, in which the SKBR3 and 
MDAMB468 cells with C2ORF40 knockdown showed a signifi-
cant increase in cell invasion through Matrigel than their control 
cells (Fig. 4F and G). Again, we found a dose-dependent effect 
of C2ORF40 on cell migration and invasion since shA and shB 
showed some differences (Fig. 4F and G). Taken together, these 
results clearly indicate that knockdown of C2ORF40 increases 
the proliferation and the migration-invasion of breast cancer cells.

C2ORF40 suppresses mitosis and mitosis-associated gene 
expression in breast cancers. In attempts to explore the molecular 
mechanisms that C2ORF40 regulates breast cancer progression, 
the genes whose expressions were correlated with the downregu-
lation of C2ORF40 expression were searched in three data sets 

As shown in Figure 4A, both shA and shB significantly reduced 
expression of C2ORF40, but shA knocked down C2ORF40 more 
efficiently than shB. A scrambled shRNA was served as a con-
trol (shCtrl). SKBR3 and MDAMB468 cells with shA exhib-
ited a consistent and significant increase in cell proliferation, 
whereas SKBR3 and MDAMB468 cells with shB had less degree  
(Fig. 4B and C), indicating dose-dependent effect of C2ORF40 
on cell proliferation.

Next, we investigated the effect of C2ORF40 knockdown 
on cell migration using a wound-healing assay. As shown in  
Figure 4D and E, SKBR3 and MDAMB468 cells with C2ORF40 
knockdown had faster closure of the wound area compared with 
their control. The inhibitory effect of C2ORF40 on cell invasion 

Figure 1. Reduced C2ORF40 mRNA expression was a significant prognostic factor for disease-free and metastasis-free survival. C2ORF40 expression 
assessed by Affymetrix microarray in human breast cancers and normal tissues in data set 1 to 3 (Table S1) was shown in panel (A–C). The significant 
association between C2ORF40 mRNA level and disease-free survival was analyzed in four independent cohorts of breast cancer patients (data set 4 to 
7 in Table S1) (D–G). The patients from each cohort were divided into groups with high (top one-third), moderate (middle one-third) and low (bottom 
one-third) level of C2ORF40 expression. Panels (D–G) show the Kaplan-Meier survival curves for disease-free survival in the four data sets respectively. 
Panels (H and I) show the Kaplan-Meier survival curves for metastasis-free survival in Data set 4 (NKI) and Data set 7 (GSE6532) respectively. C2ORF40 
mRNA is measured as log2 (probe intensities) as in the microarray. The P-values shown were obtained from Mann-Whitney U (A and B), Kruskal-Wallis 
(C) or long-rank tests (D–I).

©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.



574	 Epigenetics	 Volume 8 Issue 6

the core list of genes among them. This process defined a network 
comprised of 918 Affymetrix probes representing 693 known 
genes that reach the criteria (absolute correlation coefficient ≥ 0.3  

(GSE1456, GSE3494 and GSE6532, Table S1). Selection of 
these three data sets was due to all data generated from the same 
platform of Affymetrix microarray, which allowed us to define 

Figure 2. Loss of C2ORF40 expression due to promoter hypermethylation. (A) Schematic map of the 5'-CpG islands located in the C2ORF40 promoter 
region around the transcription start site (ATG). CpG dinucleotides are depicted. PCR primers used for sodium bisulfite sequencing (SF1, SF2, SR1 and 
SR2) and for detecting methylation (MF and MR) and non-methylation (UF and UR) are indicated as arrows. The sequences of these primers are listed 
in Materials and Methods. (B) The representative sequence traces show the methylation of C2ORF40 promoter. (C) Analysis of C2ORF40 promoter 
methylation using MSPCR. U indicates unmethylated, M indicates methylated. (D) The relationship between C2ORF40 expression and its promoter 
methylation in a panel of human breast cancer cell lines. (E) qRT-PCR shows C2ORF40 expression is lower in promoter hypermethylated MDAMB231 
and BT549 cells than in unmethylated SKBR3, HCC70 cell lines and 5-aza-dC treatment restored C2ORF40 expression in MDAMB231 and BT549 cell 
lines. (F) The relationship between C2ORF40 expression and its promoter methylation in human primary breast cancers. Each experiment in (B, C and 
E) was repeated at least three times. Data were presented as boxplot based on C2ORF40 promoter methylation status in (D and F) and mean ± SD in 
(E). The P-values shown in (D and F) were obtained from nonparametric test. *p < 0.05 and **p < 0.01 in (E) obtained from Student’s t-test as compared 
with control groups.
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recurrence or survival of breast cancer patients. Consistent with 
that C2ORF40 has been proposed to be an independent prog-
nostic factor for ESCC patients;8,9 we confirmed that this gene 
is a potential prognostic marker for breast cancers in this study, 
which has been suggested by a recent study.12 C2ORF40 mRNA 
level was analyzed in 3 independent cohorts of microarray data 
sets including total 164 normal breast tissues and 100 breast 
tumors and was consistently found lower in tumors than in nor-
mal tissues. Furthermore, Kaplan-Meier analysis of more than 
1,000 cases of breast cancers in four different cohorts of patients 
indicated that the disease-free survival and metastasis-free sur-
vival of breast cancer patients are associated with C2ORF40 
expression levels. These analyses suggest that downregulation 
of C2ORF40 levels might be an index for breast cancer patient 
outcomes. Further detailed analyses are required to validate the 
clinical utility of C2ORF40 as a prognostic biomarker for breast 
cancers.

The downregulation of tumor suppressor gene expression in 
cancers could be caused by genetic mutations, loss of heterozygos-
ity (LOH) or epigenetic modification. We analyzed the existing 
CGH data and found few genomic alterations in C2ORF40 loci 
in breast cancer, suggesting DNA loss is not main mechanism 
for downregulation of C2ORF40 expression, which is consistent 
with the recent report.12 We then analyzed methylation status of 
total 61 CpG sites around the transcriptional start site. Frequent 

and FDR < 0.01 in all three data set) (Table S2). IPA analy-
sis of the 693 genes revealed enrichment for genes involved in 
cell cycle, cellular assembly and organization, DNA replication, 
recombination and repair (Fig. 5A) and cellular movement, can-
cer, cardiovascular system development and function (Fig. 5B). 
These are in agreement with the above biological findings that 
C2ORF40 inhibits cell proliferation and cell migration-invasion. 
Gene ontology (GO) analysis revealed that the top-ranked GO 
terms are involved in mitotic processes (Fig. 5C; Table S3).

In order to confirm the role of C2ORF40 in mitotic process, 
cell cycle analysis was performed by flow cytometry. Indeed, 
forced expression of C2ORF40 arrested breast cancer cells at 
G

2
/M phase of cell cycle since the G

2
/M population in both 

BT549 and MDAMB231 cells with C2ORF40 was signifi-
cantly increased in comparison to their respective control cells  
(Fig. 5D–F).

Ubiquitin-conjugating enzyme E2C (UBE2C), an important 
component of anaphase-promoting complex/cyclosome (APC/c), 
was significantly and negatively correlated with C2ORF40 expres-
sion in the four data sets we analyzed (Fig. 6A–D; Table S2). To 
further conform that C2ORF40 regulates UBE2C expression, 
we examined UBE2C expression in the cells with ectopic expres-
sion and knockdown of C2ORF40. Restoration of C2ORF40 in 
BT549 and MDAMB231 cells markedly decreased the expres-
sion levels of UBE2C (Fig. 6E and F). In contrast, knockdown 
of C2ORF40 in SKBR3 and MDAMB468 cells significantly 
increased the expression of UBE2C (Fig. 6G–J). Taken together, 
our data clearly suggested that C2ORF40 might block cell cycle 
progression at M phase through inhibiting mitosis promoting 
gene expression such as UBE2C.

Discussion

We were prompted to study C2ORF40 gene because it repeat-
edly appeared on the top of the list of genes whose expression are 
associated with breast cancer patient survival when we reanalyzed 
publicly accessible microarray data sets of primary breast cancers 
previously deposited in GEO database. Our data not only dem-
onstrate that C2ORF40 expression is downregulated in breast 
cancers and is highly correlated with patient disease-free sur-
vival, which is consistent with a recent study showing the clini-
cal implication of C2ORF40 in breast cancers,12 but also show 
that C2ORF40 expression is highly correlated with breast cancer 
metastasis, which is further supported by our biological studies. 
The downregulation of C2ORF40 in breast cancer is mainly due 
to its promoter hypermethylation. Furthermore, C2ORF40, as a 
potential tumor suppressor, inhibits cell proliferation and migra-
tion-invasion by blocking cell cycle progression at G

2
/M phase 

through suppressing mitosis-regulating genes such as UBE2C.
Human breast cancers are heterogeneous in pathologies and 

molecular profiles. Thus, breast cancer patients have different 
prognostic outcomes. The current clinical staging systems and 
molecular classification for breast cancers have limitations in 
predicting clinical prognosis.15 Finding new prognostic markers 
has important clinical implications in identifying breast cancer 
patients at high risk of metastasis and in predicting postsurgical 

Table 1. C2ORF40 promoter methylation status in human breast cancer 
cell lines

Cell lines Promoter methylation status*

AU565 +

BT549 ++

HBL100 -

HCC1187 +

HCC1937 +

HCC3153 ++

HCC70 -

HS578T ++

LY2 ++

MCF10A +

MCF7 ++

MDAMB231 ++

MDAMB361 ++

MDAMB415 +

MDAMB435 ++

MDAMB468 +

SKBR3 -

SUM149PT +

SUM185PE +

SUM52PE +

T47D ++

ZR75B ++

*++, hypermethylation; +, partial methyaltion; -, no methylation of 
C2ORF40 promoter.
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Figure 3. Ectopic expression of C2ORF40 inhibits breast cancer cell growth and migration-invasion. (A) C2ORF40 is stably overexpressed in retroviral 
transduced BT549 and MDAMB231 cells as indicated by RT-PCR (upper panel) and western blotting (lower panel). Overexpression of C2ORF40 inhibits 
BT549 and MDAMB231 cell proliferation assessed by MTT method (B and C) and colony formation assay (D and E). (B and D) for BT549 and (C and E) 
or MDAMB231 cells, respectively. Representative photographs show ectopic expression of C2ORF40 inhibits migration of BT549 (F) and MDAMB231 
(G) cells in a scratch-wound healing model on cultured cells. Ectopic expression of C2ORF40 in BT549 (H) and MDAMB231 (I) cells decreases cancer cell 
invasive abilities using Matrigel assay. All experiments were repeated at least three times in two independently retrovirally transduced cell lines. Data 
were presented as mean ± SD, *p < 0.05 and **p < 0.01 obtained from Student’s t-test as compared with control groups. Ctrl, empty vector infected 
control groups.
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Figure 4. Knockdown of C2ORF40 promotes breast cancer cell growth and migration-invasion. (A) Knockdown of C2ORF40 in SKBR3 and MDAMB468 
cells as indicated by RT-PCR (upper panel) and western blotting (lower panel). Knockdown of C2ORF40 promotes SKBR3 and MDAMB468 cell prolifera-
tion assessed by MTT method (B and C). Representative photographs show knockdown of C2ORF40 promotes migration of SKBR3 (D) and MDAMB468 
(E) cells in a scratch-wound healing model on cultured cells. Knockdown of C2ORF40 promotes the invasive ability of SKBR3 (F) and MDAMB468 (G) cells 
using Matrigel assay. Images in (D–G) show representative field of views. All experiments were repeated at least three times. Data were presented as 
mean ± SD, *p < 0.05 and **p < 0.01 obtained from Student’s t-test as compared with control groups. shCtrl: scrambled vector infected control groups.
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Figure 5. C2ORF40 regulates mitosis-associated gene expression and M phase progression of cell cycle. IPA networks of genes significantly correlated 
with C2ORF40 invoked cell cycle, cellular assembly and organization, DNA replication, recombination and repair (A) and cellular movement, cancer, 
cardiovascular system development and function (B). GO terms associated with lists of genes that are significantly correlated with C2ORF40 (C). Cell 
cycle progression in control vector (left panels) and C2ORF40 (right panels) transfected BT549 (D) and MDAMB231 (E) cells was determined by FACS 
Caliber cytometry. There is a significant increase in G2/M cell population in the cells with enforced expression of C2ORF40 (F). The experiments in  
(D–F) were repeated at least three times in two independently retrovirally transduced cell lines and data in (F) were presented as mean ± SD.  
P-values shown in (F) were obtained from Student’s t-test. *p < 0.05 and ** < 0.01. Ctrl: empty vector infected control groups.
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this hypothesis, we showed that downregulation of C2ORF40 
is negatively correlated UBE2C expression in more than 1,000 
primary breast cancer tissues from five independent cohorts of 
patients and overexpression of C2ORF40 in breast cancer cells 
markedly suppresses UBE2C expression.

As C2ORF40 gene product was reported as a secretary mole-
cule5 and can be detected in cell culture medium,7 it is very likely 
that C2ORF40 exerts its inhibitory function through binding to 
cell membrane surface molecules to transduce inhibitory signals 
into adjacent cells.20 Moreover, further processing of this 148-
amino acid molecule into smaller peptides is reportedly required 
for its inhibitory function24 and smaller processed peptides are 
found in cell culture medium.25,26 Thus, C2ORF40 is not only 
a prognostic biomarker and potential therapy target in breast 
cancer; C2ORF40 gene product or C2ORF40-derived peptide 
might potentially be a suitable biotherapeutic reagent for breast 
and other types of tumors. Restoring C2ORF40 expression in 
tumors, either by epigenetic therapy or application of recombi-
nant C2ORF40-derived peptide, may represent a promising ther-
apeutic approach for breast cancers.

Materials and Methods

Cell lines and breast tumor samples. All breast cancer cell lines 
used in this study were obtained from ATCC and were propa-
gated in the media according to the conditions recommended by 
ATCC at 37°C in a 5% CO

2
 atmosphere. The human primary 

breast tumors were collected at the time of surgical resection at 
Hospital Universitario of Salamanca, Salamanca, Spain. The can-
cer tissues were snap-frozen down and storage at −80°C freezer. 
Collection and the use of patient samples were approved by the 
institutional ethics review board of the Hospital Universitario 
of Salamanca. Written informed consent was obtained from all 
patients for research using these tumor samples.

Transcriptional data sets used in study. We used three pre-
viously published transcriptional profiling data sets that con-
tained both normal and breast cancer samples and four breast 
cancer data sets that included clinical and gene expression data  
(Table S1). The normal and primary human breast tumor 
samples in these data sets had been profiled with an Affymetrix 
microarray assay (either HG-U133B or HG U133 Plus 2.0) or 
Agilent oligo microarray (Table S1) since only HG-U133B, HG 
U133 Plus 2.0 and Agilent oligo microarrays contains the probes 
for C2ORF40. A lot of data sets were excluded in this study due 
to the lack of microarray probes for C2ORF40. The processed 
data from GEO website were downloaded for analysis.

Establishment of breast cancer cell line stably expressing or 
silencing C2ORF40. Human C2ORF40 cDNA was cloned into 
retroviral pBabe-puro plasmids to make overexpression retroviral 
vector. Two shRNAs against AAC GAG AAG CAC CTG TTC 
C and GAC TAA AGT GGC CGT TGA T sequences of human 
C2ORF40 respectively were synthesized and cloned into pSuper 
vector according to instruction to generate C2ROF40 specific 
shRNA vectors (designated as shA and shB). Retroviral particles 
were produced as described previously.27,28 Briefly, C2ORF40 (or 
control empty) retroviral vectors along with packaging system 

methylation of these CpG sites was found in primary cancer tis-
sues and commonly used cell lines.16 Furthermore, this hyper-
methylation strongly correlates with expression of C2ORF40 
in breast cancers. C2ORF40 expression could be reactivated 
by demethylating treatment, which is a known feature of epi-
genetically silenced tumor suppressor genes.17 In addition, copy 
number analysis of C2ORF40 gene by qPCR found that only 7 
cancers have deletion in our 96 primary breast cancer samples 
(data not shown). Therefore, we, for the first time, demonstrate 
that promoter hypermethylation is the main mechanism for loss 
of C2ORF40 gene expression since few genomic alterations of 
C2ORF40 gene are found in human breast cancers.

DNA hypermethylation constitutes a major cause of abnor-
mal gene silencing in cancers.18 However, not all aberrant gene 
silencing plays functional roles in tumor development, some 
methylation events might be epigenetic passengers.19 Therefore, 
each candidate tumor suppressor gene identified by methylation 
and bioinformatics analysis methods has to be carefully evaluated 
for its functional roles in tumor development and progression. 
To examine whether C2ORF40 plays a suppressive role in breast 
cancers, we restored C2ORF40 expression in C2ORF40 promoter 
hypermethylated breast cancer cells to investigate its biological 
function. Subsequent MTT and colony formation assays dem-
onstrated that overexpression of C2ORF40 led to significant 
decrease in cell growth in vitro. Inhibitory effects of C2ORF40 
on migration-invasion were also evidenced. Silencing C2ORF40 
expression promoted breast cancer cell proliferation, migration 
and invasion. These are consistent with the findings by Li et al.9,11 
that upregulation of C2ORF40 inhibits cell proliferation and 
invasiveness in ESCC and our bioinformatics analysis of clinical 
information of breast cancer patients. Our data provided the first 
biological evidence that C2ORF40 may serve as a tumor suppres-
sor in breast cancers.

Cell cycle analysis further indicated that C2ORF40 might act 
as a tumor suppressor gene in breast cancers by inhibiting tumor 
cell growth through inducing cell cycle arrest at G

2
/M phase, 

which differs with previous reports in other types of cancers 
such as ESCC in which C2ORF40 was reported to block G

1
/S 

transition.9,20 We do not have any clues for this disparity at this 
moment; the intrinsic differences in each type of tumors might 
be a possible explanation. Supporting our cell cycle analysis, more 
multinucleated cells were observed in C2ORF40-overexpressing 
cell lines.

C2ORF40 target genes still remain discovery. Correlation of 
gene expression from more than 1000 primary breast cancer cases 
indicated that half of the genes whose expressions are negatively 
correlated with C2ORF40 expression are M-phase promoting 
factors. This further implied that C2ORF40 might be mainly 
related with mitosis regulation. Among these M-phase promot-
ing genes, UBE2C is of particular interest as the expression of this 
gene was found to be critical during spindle assembly, cytokinesis 
and progression through mitosis,21,22 and loss of UBE2C leads to 
severe spindle defects and a strong mitotic delay, arresting cell 
cycle at G

2
/M phase.22,23 Thus, we speculated C2ORF40 might 

suppress breast cancer cell growth and block G
2
/M phase pro-

gression by regulating the UBE2C expression. Consistent with 
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Figure 6. C2ORF40 suppresses UBE2C expression. There is a highly significant and negative correlation between C2ORF40 and UBE2C in mRNA levels 
within human breast cancer tissues from GEO database Data set 5 (A), Data set 6 (B), Data set 7 (C), Data set 4 (D). Ectopic expression of C2ORF40 in 
BT549 and MDAMB231 cells downregulates the mRNA (E) and protein (F) levels of UBE2C. Knockdown of C2ORF40 in SKBR3 (G and I) and MDAMB468 
(H and J) cells increases the mRNA (G and H) and protein (I and J) levels of UBE2C. The experiments in (E–J) were repeated at least three times and 
data were presented as mean ± SD. R is Pearson correlation coefficient. P-values shown in (A–D) were obtained from Pearson correlation test and in 
(E, G and H) were obtained from Student’s t-test. *p < 0.05 and ** < 0.01. Ctrl, empty vector infected control groups; shCtrl, scrambled vector infected 
control groups.
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bisulfite-treated DNA was amplified by PCR for region of −420 
to +220 of C2ORF40 gene using four sets of primers as follows: 
5'-GGT TTT GGA GTT TAG GGG T-3', 5'-ACC CCT TAA 
CCC TAC CTA A-3', 5'-AAA TCC TCC CTC TAA ATA ACC 
A-3' and 5'-GGG TTT TAG TAT AGG AGT AGG A-3'. The 
PCR products were then sequenced.

Methylation-specific polymerase chain reaction (MSPCR) 
analysis was used for qualitative analysis of methylation. PCR 
amplification of the bisulfate-treated genomic DNAs was per-
formed in two separate reactions with primer pairs specific for 
either the unmethylated (U) or the methylated (M) sequence. 
MSPCR primers are: M-forward primer: 5'-AGA GGA TTT 
CGG TGG TAT TCG TTC-3'; M-reverse primer: 5'-GAC 
CGC GAA TTA TCC CTA CG-3'. U-forward primer: 5'-GAG 
AGA GGA TTT TGG TGG TAT TTG TTT G-3'; M-reverse 
primer: 5'-AAC AAA CAA ACA CAA CCA CAA ATT ATC 
CCT ACA-3'. If the sample only had unmethylated PCR band, it 
was called unmethylated. If the sample only had methylated PCR 
band, it was called methylation [denoted as methylation (++)]. If 
the sample had both unmethylated and methylated PCR band, 
it was called partial methylation [denoted as methylation (+)].

5-aza-2'-deoxycytidine treatment. Breast cancer cells were 
cultured in medium supplemented with 5-aza-2'-deoxycytidine 
(5-aza-dC, Sigma-Aldrich) at a concentration of 15 μM for three 
days and then subjected to RNA or genomic DNA extraction as 
described previously.

Cell proliferation and cologenic assay. Cell proliferation was 
measured by thiazolyl blue tetrazolium bromide (MTT) assay. 
Breast cancer cells transduced with C2ORF40 containing and 
control retroviruses were plated in 96-well cell culture plates  
(2 × 103 cells per well). Approximately 72 h later, MTT reagent 
was added to each well at 5 mg/ml in 10 μl and incubated for 
another 4 h at 37°C. One hundred and fifty microliters of DMSO 
was added to each well and mix vigorously to solubilize colored 
crystals produced within the living cells. Optical density was 
measured at 490 nm for the absorbance values. Cologenic assay 
was performed as described.29 Cells transduced with C2ORF40 
or control retroviruses were plated in 60-mm dishes. After incu-
bation at 37°C for 15 d, formed colonies were fixed in methanol 
and stained with Giemsa solution (Sigma-Aldrich). A cluster of a 
minimum of 50 cells is considered a colony.

Wound healing and invasion assay. Transduced cells at 100% 
confluency were mechanically scratched using a 200 μL pipette 
tip to create the wound. Scratched cells were washed with PBS 
to remove the debris, and fresh culture media were added to 
allow wound healing. Phase-contrast images of the wound were 
taken at 0 and 48 h after the scratch to examine the cell migra-
tion into wounded areas. In invasion assay, transduced cells were 
seeded into 24-well Matrigel invasion chambers at 1 × 105 cells 
per well in triplicate (BD Biosciences). Inserts were placed into 
falcon companion plates containing 10% fetal bovine serum 
and incubated for 16 h for cell invasion. After the incubation, 
non-migrated cells in the top chamber were removed with a cot-
ton swab. Cells on the underside of the membranes were fixed 
with paraformaldehyde, stained with 2.5% crystal violet, washed 
with PBS and photographed under the microscope. Numbers of 

pHit60 and pVSVG vectors were co-transfected into the HEK 
293 Phoenix ampho packaging cells (ATCC). The virus contain-
ing supernatant was filtered through a 0.22 μm syringe filter. 
Retroviral transduction was performed by adding filtered super-
natant to cultured cell lines in the presence of 2 μg/ml of poly-
brene (Sigma-Aldrich) and transduced cell lines were selected 
with 2 μg/ml puromycin. The expression level of C2ORF40 was 
confirmed by RT-PCR and western blotting analysis.

RT-PCR and quantitative Real-time RT-PCR. Cells at 
50% to 70% confluence were trypsinized and total RNA was 
extracted with TRIzol Reagent (Invitrogen Life Technologies). 
One microgram of total RNA was reverse transcribed using a 
First Strand Synthesis kit (Fermentas). RT-PCR and quantita-
tive real-time RT-PCR (qRT-PCR) were performed to measure 
the expression of C2ORF40 and UBE2C. The primers designed 
for C2ORF40 were 5'-GGT ACC AGC AGT TTC TCT ACA 
TG-3' as forward and 5'-CAG CGT GTG GCA AGT CAT GGT 
TAG T-3' as reverse. The primers for UBE2C were 5'-TGA TGT 
CTG GCG ATA AAG GG-3' as forward and 5'-TGA TAG CAG 
GGC GTG AGG AA-3' as reverse. GAPDH gene was used as an 
internal control using the forward primer 5'-GCC GCA TCT 
TCT TTT GCG TCG C-3' and reverse primer 5'-TCC CGT 
TCT CAG CCT TGA CGG T-3'. RT-PCR was performed for 
30 cycles. Each of the PCR products was directly loaded onto 2% 
agarose gel containing ethidium bromide and visualized under 
UV transilluminator. qRT-PCR was performed for 40 cycles and 
each PCR cycle including denaturing at 94°C for 30 s, annealing 
for 30 s at 54°C and extension at 72°C for 45 s. PCR reactions 
were performed in triplicate for each sample and experiments 
were repeated a minimum of three times. Ct values were nor-
malized against GAPDH RNA (ΔCt = Ct of C2ORF40/UBE2C 
− Ct of GAPDH). The relative C2ORF40 or UBE2C expres-
sion was calculated by 2(−ΔΔCt), where ΔΔCt = (ΔCt of sample) −  
(average ΔCt of three normal controls).

Western immunoblots. Cells in culture at 50% to 70% con-
fluence were washed in ice-cold phosphate buffered saline (PBS) 
and lysed in RIPA lysis buffer (containing 25 mM TRIS-HCl, 
pH 7.6, 5 mM Hepes, 150 mM NaCl, 1% Nonidet-P40, 1% 
sodium deoxycholate, 0.1% SDS) supplemented with 1 x pro-
tease inhibitor cocktail (Roche Molecular Systems). Protein 
concentrations were determined using the Bio-Rad BCA pro-
tein assay kit (Bio-Rad Laboratories). For Western immunob-
lots, 30 μg of protein extracts per lane were electrophoresed 
with denaturing SDS-polyacrylamide gels (12%), transferred to 
PVDF membranes (Millipore). The membrane were blocked in 
TBST/5% skim milk for 1 h at room temperature, incubated 
with C2ORF40 (Santa Cruz Biotechnology) or UBE2C (Sigma-
Aldrich) antibody at 1:500 dilution and then washed three times 
with TBST followed by incubation with HRP-conjugated sec-
ondary antibody. The signal was visualized using ECL detection 
reagent (Millipore).

DNA Extraction, sodium bisulfite modification and meth-
ylation analysis. Genomic DNA was extracted by standard SDS/
proteinase K digestion followed by phenol-chloroform extraction 
and ethanol precipitation. Genomic DNA was converted with 
the EZ DNA Methylation Direct Kit (Zymo Research). Sodium 
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used to determine differences among disease free and distant 
metastasis free survival curves according to C2ORF40 expres-
sion levels using publicly available data sets (Table S1). In addi-
tion, the relation between C2ORF40 expression and survival was 
explored in microarray data sets by dividing the cases from each 
cohort into a group with high (top one-third), moderate (middle 
one-third) and low (bottom one-third) level of expression. All 
analyses were performed by SPSS 11.5.0 for Windows. A two-
tailed P value of less than 0.05 was considered to indicate statisti-
cal significance.
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migrated cells on the underside side in five random fields from 
each well were counted under microscope.

Flow cytometric analysis of cell cycle. For cell cycle assay,28,29 
cells at proliferative log phase were trypsinized and rinsed twice 
with ice-cold PBS solution, then fixed by 75% ice-cold ethanol. 
The fixed cells were washed with ice-cold PBS and incubated at 
37°C for 30 min in 1 ml of PBS solution containing 20 μg/ml 
RNase A (Fermentas) and stained with 20 μg/ml of propidium 
iodide (Sigma-Aldrich) at room temperature for 10 min. DNA 
content was then determined by flow cytometric analysis. The 
percentages of cells in G

0
/G

1
, S and G

2
/M phases were deter-

mined on BD FACS Calibur (Becton Dickinson) and data were 
analyzed with FlowJo software (Tree Star, Inc.).

Functional annotation and pathways analysis. A list of genes 
were defined to be significantly correlated (Pearson Correlation) 
with the mRNA expression levels of C2ORF40 by the criteria 
(absolute correlation coefficient ≤ 0.3 and FDR < 0.01 in all three 
data sets (GSE1456, GSE3494 and GSE6532), which were pro-
filed by same platform of Affymetrix microarray. Pathways were 
identified with Ingenuity Pathway Analysis (IPA). The enrich-
ment of specific functional groups [Gene Ontology (GO) terms] 
was analyzed by The Database for Annotation, Visualization and 
Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/).

Statistical analysis. The difference in C2ORF40 mRNA 
expression levels between normal and breast cancers was ana-
lyzed by Mann-Whitney U (two groups) or Kruskal-Wallis 
(three groups) test using publicly available data sets (Table S1). 
Spearman’s correlation coefficient and test were used to examine 
the relationship between C2ORF40 and UBE2C mRNA levels. 
Kaplan-Meier plots were constructed and a long rank test was 
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