
Abstract. Background: Accumulating evidence has shown
that hypoxia plays a key role in regulating proliferation of
breast cancer cells. However, the mechanism of how hypoxia
regulates breast cancer remains unclear. We sought to
investigate if hypoxia regulated proliferation through
circular RNA. Materials and Methods: Western blot was
used to detect hypoxia-inducible factor 1 alpha (HIF1α)
levels in breast cancer cells under hypoxic conditions.
Candidate circular RNAs (circRNAs) were selected and
quantified by quantitative real-time polymerase chain
reaction (qRT-PCR) after hypoxia induction. CCK8 assay
was used to investigate the changes of proliferation after
interfering circDENND4C and HIF1a. Results: In breast
cancer cells, circDENND4C was increased under hypoxic
conditions and decreased after knocking-down HIF1α. In
addition, knocking-down circDENND4C inhibited
proliferation of breast cancer cells in a hypoxic environment.
Finally, tumors with a large size had higher circDENND4C
expression levels than those of small size. Conclusion:
CircDENND4C is a HIF1α-associated circRNA promoting
the proliferation of breast cancer cells under hypoxia.

Hypoxia is a key feature of most solid tumors and affects a
variety of tumor cell properties, such as proliferation,
angiogenesis, metastasis, metabolism and autophagy (1-5). To
adapt to hypoxia stress, cancer cells respond by increasing the
expression of hypoxia-inducible factor 1 alpha (HIF1α).

HIF1α, which works as a transcription factor, extensively
regulates transcriptions of coding genes, such as VEGF, IL-6,
and non-coding genes, such as lncRNAs and miRNAs (6-8),
that promote angiogenesis, proliferation and metastasis of
cancer cells. Hypoxia level is reported to be positively
correlated to prognosis of patients with cancer (9). However,
the role of HIF1α in regulating some novel molecules, such
as circular RNA (circRNA), remains unknown. 

CircRNA is a novel type of RNA that forms a covalently
closed continuous loop. CircRNAs were typically considered
to be molecular flukes or byproducts of transcription.
However, in recent years, a number of studies have indicated
that circRNAs exhibited powerful functional potential in
regulating proliferation and metastasis (10-12), suggesting
that circRNAs may be important regulatory molecules in
cancer. CircRNAs are very interesting in that, due to lack of
5’ cap and 3’ ends, they are not easily degraded by RNase R
and are more stable than parent linear RNAs (13). Compared
to HIF1α, HIF1α-associated circRNAs are, thus, more
stable. In addition, circRNAs are abundant and conserved in
mammalian cells, indicating circRNAs are ideal biomarker
candidates for disease, including cancer, and several articles
have identified certain circRNAs as biomarkers for
predicting the prognosis of cancers, including esophageal,
gastric and colon cancers (14-16). Therefore, identifying
HIF1α-associated circRNAs with functional roles in cancer
will have important clinical significance in translational
medicine for biomarker-based clinical trials of cancer. 

In the present study, we identified the existence of a
hypoxia-associated circRNA, circDENND4C, in breast
cancer cells and found that its expression was increased after
hypoxia induction and decreased after knocking-down
HIF1α. Knocking-down circDENND4C inhibited
proliferation of breast cancer cells in a hypoxic environment.
In addition, the clinical relevance between circDENND4C
expression and clinicopathological features were also
analyzed in human breast cancer samples. Our findings
indicated that circDENND4C is an HIF1α-associated
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circRNA and its expression level is associated with the
progress of the tumor and may be a substitutive biomarker
for HIF1α in predicting the clinical impact of breast cancer.

Materials and Methods

Patients and tissue samples. Primary invasive ductal carcinomas of
breast and adjacent non-cancerous breast tissues (referred to tissues
more than 2 cm from tumors) were obtained from 30 female
patients with breast cancer at the Breast Tumor Center, Sun Yat-Sen
Memorial Hospital, Sun Yat-Sen University, from January 2016 to
April 2017. Patients were divided into several groups based on age
(13 cases ≥50 years, 17 cases <50 years), tumor size (12 cases ≥5
cm, 18 cases <5 cm), lymph node (LN) status (16 cases with
negative LN, 14 cases with positive LN), estrogen receptor (ER)
status (17 cases for ER-positive, 13 cases for ER-negative), human
epidermal growth factor receptor 2 (HER2) status (12 cases for
HER2-positive, 18 cases for HER2-negative). 

Cell lines, experimental conditions and treatment. MCF-7 and
MDA-MB-231 cell lines were purchased from American Type
Culture Collection (Manassas, VA, USA) and cultured according to
the recommended protocols. Cells were subjected to hypoxia by
placing in a CO2 incubator and maintaining 20%,10%,1%,0.2% O2
by flushing nitrogen gas and 5% CO2 at 37˚C in automatic
intelligent anaerobic culture system (MART II, Amsterdam, the
Netherlands) for every 12 h. For knock down the circDENND4C or
HIF1α, specific siRNAs (Suzhou Jima Company, Suzhou City,
China) were transfected with lipofectamine 3000 (Invitrogen,
Carlsbad, CA, USA) into the cancer cells and 0.1 nmol siRNA was
used for each well of 6-well culture plates.

CCK-8 kit assay. Four groups of MDA-MB-231 cells were divided
into mock (transfected with only lipo3000), nc (transfected with
lipo3000 and nc siRNA), si-1 and si-2 (transfected with lipo3000
and specific siRNA1 or siRNA2). Cells were cultured in 6-well
plates and digested by 0.25% trypsin (Introvigen) with siRNA
transfection for 24 hours and added to 96-well plates with 100 μl
of 3,000 cells. CCK-8 kits (Dojindo, Kumamoto, Japan) were used
as inductions to evaluate the proliferation for four consecutive days
and growth curves were drawn to show proliferation of cells

dynamically. The first day’s data were not detected because cancer
cells were not attached to culture plates. 

RNA isolation and quantitative real-time polymerase chain reaction
(PCR). Total RNA was isolated using the TR RNA isolation kit
(Invitrogen) and RNA was reversely transcribed into cDNA with a
reverse transcription kit (Promega, Madison, WI, USA). CircDENND4C
and HIF1α were detected by quantitative real-time PCR using the
following primer sequences: CircDENND4C forward, 5’-CCCTTT
GTCCTCTTTCAC-3’ and reverse, 5’-ATAAGCCGTTCTTTCCCT-3’,
HIF1α forward, 5’-GAACGTCGAAAAGAAAAGT CTCG-3’ and
reverse, 5’-CCTTATCAAGATG CGAACTCACA-3’, β-actin forward,
TCATGAAGTGTGACG TGGACATC and reverse, 5’-CAGGAGGA
GCAATGATC TTGATCT-3’. β-actin was included as an internal
control and the relative expression level of circDENND4C and HIF1α
were normalized to β-actin. The data were analyzed using the 2–∆∆Ct
method, where Ct represents the threshold cycle number which each
amplified product was initially detected. This method, together with
the 2–∆∆Ct method, was used to calculate the relative changes seen in
gene expression from the real-time quantative PCR experiments.

Western blot analysis. Protein expression was detected by western
blots as previously published (6). Antibodies against HIF1α were
purchased from Abcam (Cambrige, England, UK) (Concentration 5
μg/ml, Cat. # GR194781-3) and antibody against β-actin was from
Cell Signaling Technology (Danvers, MA, USA) (Concentration
1:1,000, Cat. # 20536-1-AP).

Statistical analysis. All statistical analyses were carried out using
SPSS 16.0 (New York, NY, USA). All in vitro experiments were
performed independently for at least three repeats. Analysis of variance
(ANOVA) analysis was used to evaluate the differences of 4 groups
in proliferation assays each day. Student’s t-test was used to evaluate
the comparison of two independent groups in in vitro experiments or
clinical subgroups. Linear regression analysis was used to analyze the
correlation between expression of circDENND4C and HIF1α.

Results

HIF1α expression was up-regulated in breast cancer cells
under hypoxia induction. Since HIF1α is the marker of the
hypoxia process, we used western blotting to evaluate the
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Figure 1. Protein levels of HIF1α detected by western blot analysis in MDA-MB-231 and MCF-7 cells under various hypoxic environments. 
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Figure 2. Hypoxia-associated or HIF1α-associated circRNAs selection by quantitative real-time polymerase chain reaction (qRT-PCR). A: Expression
of candidate circRNAs in MCF-7cells in hypoxic and normoxic environments, ***p<0.001. B: Expression of candidate circRNAs in MDA-MB-231
cells in hypoxic and normoxic environments, ***p<0.001. C: HIF1α mRNA level after knocked down by siRNAs, ***p<0.001. D: HIF1α protein
level after knocked-down by siRNAs. E: Expression of candidate circRNAs after silencing HIF1α, ***p<0.001.



expression changes of HIF1α in MDA-MB-231 and MCF-7
cells under various oxygen concentrations (20%, 5%, 1%, 0.2%
O2) after 24-h treatments. The degree of HIF1α in both MDA-
MB-231 and MCF-7 cells increased when the O2 concentration
was reduced (Figure 1). The results showed that HIF1α was a
hypoxia-dependent protein in breast cancer cells with different
molecular phenotypes. Because 0.2% O2 was the most effective
concentration for hypoxia induction, we carried out our
following experiments under 0.2% O2 concentration.

CircDENND4C is a HIF1α-associated circRNA under
hypoxia induction in breast cancer cells. From published
literature we found that circRNAs circZNF292, circAFF1,
circTHSD1, circDENND4C, circSRSF4 and circFOXJ3 were
reported previously as hypoxia-associated circRNAs in
endothelial cells after hypoxia induction (17). Here, to
identify hypoxia-associated circRNAs, we detected these six
circRNAs in MDA-MB-231 cells after hypoxia induction
using qRT-PCR. We found that circZNF292, circSRSF4 and
circDENND4C were up-regulated as oxygen concentration
decreased, while the other three circRNAs did not display
significant change (Figure 2A-B). To further detect whether
circZNF292, circSRSF4 and circDENND4C were affected
by HIF1α, we knocked down HIF1α by specific siRNA in
MDA-MB-231 cells in a hypoxic environment. Before
subjecting the cells to hypoxia experiment, we confirmed
that HIF1α-specific siRNAs successfully knocked down
HIF1α at both mRNA and protein levels in MDA-MB-231
cells after hypoxia induction (Figure 2C-D). Compared to
negative control groups, only circDENND4C expression was
decreased after silencing HIF1α, while circZNF292 and
circSRSF4 showed no obvious difference (Figure 2E). These
results suggested that CircDENND4C was a HIF1α-
associated circRNA after hypoxia induction.

CircDENND4C mediates proliferation of breast cancer cells
in hypoxic environment. Since hypoxia is an essential factor
that affects proliferation in cancer (1, 10-12) and expression
of circDENND4C was increased after hypoxia induction or
decreased after knocking down HIF1α, we hypothesized
that circDENND4C could mediate the proliferation of breast
cancer cells. To explore the effect of circDENND4C on
proliferation, we firstly used cell counting kit-8 to detect
proliferation viability of MDA-MB-231 cells after silencing
circDENND4C by two specific siRNAs, which were
confirmed to silence circDENND4C (Figure 3A). We found
that circDENND4C did not affect proliferation of cancer
cells in normoxic conditions (Figure 3B). We went on to
subject the cells to a hypoxia condition in that the oxygen
concentration was 0.2% O2, as indicated earlier. We found
that in this experimental setting, compared to the negative
controls, silencing of either circDENND4C or HIF1α
resulted in decreased proliferation of cancer cells (Figure

3C-D). These results indicated that circDENND4C
manifested its function in regulating proliferation only in
HIF1α-dependent-hypoxia but not normoxic environments. 

CircDENND4C expression level is positively correlated to
HIF1α level and tumor size in breast cancer patients. To
further explore the clinical significance of circDENND4C in
breast cancer patients, we firstly detected the expression
level of circDENND4C in 30 paired cancer tissues and the
adjacent normal tissues and found, by qRT-PCR, that tumor
tissues highly expressed circDENND4C compared to the
adjacent normal tissues (Figure 4A). Then, we detected the
expressions of circDENND4C and HIF1α in 30 cases of
breast cancer tissue, also by qRT-PCR, and analyzed their
correlations. We found that the expression level of
circDENND4C was positively correlated to HIF1α mRNA
level (Figure 4B). Since our functional assay showed that
circDENND4C affected the proliferation of cancer cells in
vitro, we next analyzed the relationship between
circDENND4C and clinicopathological features of breast
cancer patients (Table I). We found that circDENND4C level
was associated with tumor size (Table I & Figure 4C), while
there was no significant correlation with the other
clinicopathological features (Table I). All these clinical
correlations were consistent with our finding in vitro and the
already reported results that large tumors suffer more
hypoxic damage than smaller ones (18). Our clinical
analyses suggested that circDENND4C is a hypoxia-
associated circular RNA and has a clinical impact on breast
cancer patients.

Discussion

In the present study, our in vitro assays revealed that
circDENND4C expression was increased after hypoxia
induction and decreased after silencing HIF1α. Knocking-
down circDENND4C inhibited proliferation of breast cancer
cells in hypoxia environment. In clinical specimens of breast
cancer, circDENND4C expression was more abundant in the
tumor tissues than that of adjacent non-cancerous tissues and
tumors with large size had increased circDENND4C
expression level than those with small size. Our findings
indicated that circDENND4C is a HIF1α-associated
circRNA and its expression level is associated with the
progression of tumor.

As increased cell proliferation of tumor promotes
increased oxygen consumption (19-21), hypoxia is a feature
of most solid tumors. To overcome hypoxic stress, cancer
cells respond by increasing expression of HIF1α, a
transcriptional factor in the nucleus responsible for
transcription regulation of certain angiogenic and oncogenic
factors. HIF1α is unstable in a normoxic environment and
rapidly degrades through the ubiquitin-proteasome pathway;
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Figure 3. CircDENND4C affected proliferation of MDA-MB-231 under hypoxic conditions. A: CircDENND4C was silenced by specific siRNAs. B:
Proliferation of MDA-MB-231 cells by interfering circDENND4C in nomoxic environment. C: Proliferation of MDA-MB-231 cells by interfering
circDENND4C in hypoxic environment, **p<0.05, ***p<0.001. D. Proliferation of MDA-MB-231 cells by interfering HIF1α in hypoxic environment,
**p<0.05, *** p<0.001.

Figure 4. CircDENND4C expression detected in breast cancer tissues and correlation to HIF1α mRNA expression. A: CircDENND4C expressions
in subgroup of tumor size, ***p<0.001. B: Correlation between mRNA levels of HIF1α and circDENND4C by linear regression analysis. C.
CircDENND4C expression was detected by qRT-PCR in tumors and matched adjacent non-cancerous breast tissues, ***p<0.001.



however, a hypoxic environment can stabilize HIF1α, as
HIF1α is always detected for hypoxic level of tumor tissues.
In this study, we confirmed that, in MDA-MB-231 and
MCF-7 cells, the expression of HIF1α was very low in a
normoxic environment, but much more in an hypoxic
environment, which was consistent with findings that HIF1α
is a transcriptional factor and helps cancer cells avoid
hypoxic damage through regulating downstream genes, such
as VEGF, MMPs, and some lncRNAs, such as GAPLINC (6-
8). However, some literature focuses on the relationship
between circRNAs and HIF1α-dependent hypoxia. We
detected 6 potential hypoxia-associated circRNAs, including
circZNF292, circAFF1, circTHSD1, circDENND4C,
circSRSF4 and circFOXJ3, which were reported for the first
time in endothelial cells (17), and found that circZNF292,
circDENND4C, circSRSF4 increased after hypoxia
treatment, while in all of these three circRNAs, only
circDENND4C was decreased after knocking down HIF1α
by specific siRNAs. These preliminarily data suggest that

circDENND4C was associated with HIF1α in a hypoxic
environment. Further functional assays in vitro confirmed
that circDENND4C affected proliferation of cancer cells
only in a hypoxic environment instead of in normoxic
conditions demonstrating that HIF1α might regulate the
function of cancer cells via circDENND4C. 

According to published articles, circRNAs are abundant
and stable in cells and exhibit disease specificity, which made
them ideal characteristics for diagnostic and therapeutic
biomarkers (13, 22-24). In our study, compared to the
matched non-cancerous tissue, primary breast cancer tumors
have higher circDENND4C levels, indicating that
circDENND4C might be a cancer-specific circRNA. As
neovascularization occurs around edges of tumors, internal
parts of larger breast cancer tissues always suffer from severe
hypoxia; smaller tumors suffer slightly because the total
tissues absorb enough oxygen and nutritional materials (18-
20). To some extent, the larger size of tumors sometimes
means a faster proliferation. Therefore, tumor size can be an
independent factor for hypoxia damage and results of
proliferation. Indeed, we detected expression of
circDENND4C in samples of human breast cancer and found
that increased circDENND4C was associated with larger
tumor size, rather than other indices, such as age, lymph node
status, ER status and HER2 status. This clinical relevance
suggests that circDENND4C may be a hypoxia-associated
molecule having regulatory function in proliferation. 

Hypoxia often occurs in the tumor environment,
particularly in rapid growth of tumors and tumors of larger
size. As a hallmark of hypoxia, HIF1α has been a biomarker
in predicting the clinical relevance in cancer; however, its
predictive performance in clinics is limited, partly due to its
instability in both normoxic and hypoxic environments. In
contrast, circRNAs are abundant, stable and tissue-specific.
Identifying HIF1α-associated circRNAs will provide more
reliable and new biomarker candidates for clinical
application. Our study discovered an HIF1α-associated
circRNA and demonstrated its functional role and clinical
relevance in breast cancer. These data provide evidence that
circRNAs may be alternative biomarkers for predicting the
clinical outcomes in cancer. However, there is still a long
way to go in evaluating circRNAs’ role as clinical predictors
and the substitution of its parental genes. 
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Table I. Correlation between clinicopathological features and
circDENND4C expression in 30 cases of breast cancer tissues. 

Parameter                                 CircDENND4C expression

                                        n                  Mean (10–4)*               p-Value#

Age                                   
   >50 years                    13                       6.969                              
   <50 years                    17                       6.918                        0.9339
Tumor size                                                                                        
   >5 cm                          12                       8.358                              
   <5 cm                          18                       5.994                       <0.0001
Lymph node&                                                                                  
   pN0                             16                       6.971                              
   pN1-3                          14                       6.913                         0.924
ER status$                                                                                         
   ER (+)                         17                       7.189                              
   ER (–)                         13                       6.509                         0.283
HER2 status@                                                                                  
   HER2 (+)                    12                       6.621                              
   HER2 (–)                    18                       7.219                         0.329

*The mean of circDENND4C expression was estimated using the
2–∆∆Ct method or by equation, power (2, - ∆Ct). #Student’s t-test was
used to analyze statistic differences in each subgroup. &Lymph node
status: pN0 indicates no lymph node metastasis and pN1-3 indicates at
least one lymph node metastasis. $ER status shows estrogen receptor
expression in breast cancer. ER (+) means that at least 10% of breast
cancer cells express ER detected by immunohistochemistry (IHC), while
ER (–) demonstrates a percentage less than 10%. @HER2 status reveals
expression of human epidermal growth factor receptor-2 in breast
cancer. HER2 (+) denotes strong (+++) HER2 expression by IHC and/or
HER2 overexpression by fluorescence in situ hybridization (FISH).
HER2 (–) represents a weak (-~+) or moderate (++) HER2 level as
reported by IHC and no HER2 overexpression by FISH. 
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