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RNA circ-0000437 functions as a negative regulator in
endometrium tumor angiogenesis
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Circular RNAs (circRNAs) are a novel class of widespread
noncoding RNAs that regulate gene expression in mammals.
Recent studies demonstrate that functional peptides can be
encoded by short open reading frames in noncoding RNAs,
including circRNAs. However, the role of circRNAs in various
physiological and pathological states, such as cancer, is not
well understood. In this study, through deep RNA sequencing
on human endometrial cancer (EC) samples and their paired
adjacent normal tissues, we uncovered that the circRNA
hsa-circ-0000437 is significantly reduced in EC compared
with matched paracancerous tissue. The hsa-circ-0000437
contains a short open reading frame encoding a functional
peptide termed CORO1C-47aa. Overexpression of CORO1C-
47aa is capable of inhibiting angiogenesis at the initiation
stage by suppressing endothelial cell proliferation, migration,
and differentiation through competition with transcription
factor TACC3 to bind to ARNT and suppress VEGF.
CORO1C-47aa directly bound to ARNT through the PAS-B
domain, and blocking the association between ARNT and
TACC3, which led to reduced expression of VEGF, ultimately
lead to reduced angiogenesis. The antitumor effects of
CORO1C-47aa on EC progression suggest that CORO1C-
47aa has potential value in anticarcinoma therapies and
warrants further investigation.

Endometrial cancer (EC) is the fifth most common malig-
nancy in women worldwide accounting for 1% to 2% of all
deaths from cancer (1, 2). The incidence of EC has steadily
increased and is noted to be much higher in developed
countries than in developing countries in the past 10 years, and
nearly 11.7% of the cases occur in China (3). The risk factors
for developing EC include age, high socioeconomic status, and
factors related to an excess of estrogen exposure, diabetes, or
hypertension, but relatively little is known about inherited risk
factors for this disease (4). Thus, there is a need for a deeper
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understanding of the molecular pathways involved in the
occurrence and development of EC.

Noncoding RNAs (ncRNAs) represent the majority of
transcripts in a cell and are known to be involved in the
development of EC (5, 6). Circular RNAs (circRNAs) are a
novel class of widespread ncRNAs that regulate gene expres-
sion in mammals. They are closed RNA transcripts generated
by back-splicing of a single pre-mRNA. About 85% of circR-
NAs are aligned in sense orientation to known protein-coding
genes and span 1 to 5 exons of the housed protein-coding
genes. The expression of circRNAs is often highly conserved
across species (7). They are naturally resistant to degradation
by exonucleases, thus representing a class of stable RNAs
(8, 9). Some circRNAs are known to harbor microRNAs
(miRNAs) and function as a sponge to neutralize miRNA
(8, 10). For instance, the circRNA CiRS-7 can function as a
sponge of miR-7, and the circRNA of testes-specific Sry gene
acts as a sponge for miR-138 in mice (11). Besides this, some
circRNAs have also been reported to bind to and sequester
RNA-binding proteins. For example, circ-Foxo3 interacted
with both p21 and CDK2 to form a ternary complex, resulting
in the inhibition of cell cycle progression (12). However, the
biological function of most circRNAs is still undetermined.

With the development of ribosome nascent-chain complex-
bound mRNAs sequencing (RNC-seq) and Ribosome foot-
prints profiling (Ribo-seq), recent studies have demonstrated
that functional peptides can be encoded by short open reading
frames (sORFs) in ncRNAs (13, 14). Consequently, owing to its
cytoplasmic location, the sORFs of some circRNAs can be
translated through the internal ribosome entry sites by N6-
methyladenosine (15). For example, both circZNF609 and
circMbl were reported to be translatable (16). Circ-FBXW7,
driven by an internal ribosome entry site, encodes a novel
21-kDa protein (17). circPINTexon2, generated from the long
ncRNA LINC-PINT, contains a sORF encoding a tumor-
suppressive peptide in human cells (18).

In this work, we generated deep RNA sequencing data from
four EC samples and their paired adjacent normal tissues and
identified approximately 3169 circRNA candidates. We found
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CORO1C-47aa is a negative regulator in endometrium tumor
that the human circRNA hsa-circ-0000437 is differentially
expressed in cancer and paracancerous tissues. Hsa-circ-
0000437 contains a sORF encoding a peptide that is termed
CORO1C-47aa. We further analyzed the functional role of this
peptide in EC development and determined that CORO1C-
47aa competes with TACC3 to interact with the PAS-B
domain of ARNT, leading to transcriptional suppression of
VEGF and inhibition of angiogenesis in EC.
Results

circRNAs expression in endometrial cancer and matched
noncancerous tissues

To identify the circRNAs that are potentially involved in the
pathogenesis of EC, we performed RNA-Seq analysis on the
ribosomal RNA-depleted total RNA from four human EC
samples and their paired adjacent noncancerous tissues. The
Figure 1. The characterization of circ-0000437. A, heat map of all differenti
expressions of circRNAs are shown in the volcano plot. The blue, red, and black
difference circRNAs in the endometrial cancer tissues compared with the adj
indicated chr17-25967597-26073249+. C, the expression level of circ-0000437
expressed at a low level in the endometrial cancer tissues compared with matc
independent experiments. D, divergent primers amplify circular RNAs in cDN
products from linear mRNA, which disappeared after RNase R digestion. Next, S
0000437 was resistant to RNase R treatment compared with the linear mRNA.
F, qRT-PCR for the abundance of circRNA and mRNA in cells treated with actin
three independent experiments. G, circ-0000437 was detected in different cell
were used for circ-0000437 detection. U6 was used as internal control of nuclear
represented as mean ± SD from three independent experiments. H, fluoresce
localization of circ-0000437 (the scale bars represent 100 μm). I, 1, exons of the
donor (SD) sequences with upstream flanking repeat sequences. 2, exon 4 and
both sides of flanking repeat sequences. 3, compared with vector 2, the putati
treated with RNase R and subjected to Northern blotting using circ-0000437 j
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number of candidate circRNAs identified from all samples
varied from 89 to 675 with the lower amount in three of four
tumors compared with their matched adjacent normal tissues
(Fig. S1A). About 65.9% (2087/3169) of the identified circR-
NAs is known circRNAs in the publicly available circRNA
database, circBase (http://www.circbase.org) (19) (Fig. S1B).
Most of all identified circRNAs originated from protein-coding
exons and others aligned with introns, intergenic region
(Fig. S1C). The median length of circRNAs is close to 600 nt,
and there was no significant difference between the tumor
group and the normal group (Fig. S1D). Next, we compared
the expression of circRNAs in EC and their matched adjacent
normal tissues. Unsupervised clustering of all identified
circRNAs results in clustering of tumors versus noncancerous
controls (Fig. 1A). The supervised analysis further identified
hsa-circ-0000437 as the top differentially expressed circRNA
that showed significant lower expression in tumors than
ally expressed circRNAs between normal and tumor tissues. B, the different
points represent downregulated, upregulated, and no statistically significant
acent normal tissues, respectively. The blue indicated circ-0000437. The red
was analyzed by qRT-PCR and normalized to GAPDH. The circ-0000437 was
hed adjacent normal tissues. Data are represented as mean ± SD from three
A but not genomic DNA (gDNA). Convergent primers amplified the PCR
anger sequencing was used to confirm the circ-0000437 junction. E, the circ-
Data are represented as mean ± SD from three independent experiments.
omycin D at indicated time point. Data are represented as mean ± SD from
fractions. Nuclear and cytoplasmic RNA was extracted, and junction primers
RNA, and GAPDH was used as internal control for cytoplasmic RNA. Data are
nce in situ hybridization with junction-specific probes indicates the cellular
circ-0000437 gene were cloned between splicing acceptor (SA) and splicing
5 sequences of the circ-0000437 gene were cloned between SA and SD with
ve internal ribosomal entrance site sequences were mutated. Total RNA was
unction probes.



CORO1C-47aa is a negative regulator in endometrium tumor
matched normal control (log2FC = −4, p < 0.05, Fig. 1B), and
circRNA chr17-25967597-26073249+ as the most significantly
elevated circRNA in tumors versus normal controls (log2FC =
3, p < 0.05) (Fig. 1B).

Expression of circ-0000437 is reduced in EC tissues

To validate whether circ-0000437 is differentially expressed
in EC compared with their matched adjacent noncancerous
tissues, we performed RT-qPCR assay using two divergent
primer sets that amplify only the circular product of hsa-circ-
0000437 to determine the levels of circ-0000437 in a total of
198 paired EC samples and matched noncancerous tissues.
Circ-0000437 was significantly underexpressed in EC
compared with their matched adjacent noncancerous tissues
(Fig. 1C, n = 198, p < 0.05). However, the other circRNA
chr17-25967597-26073249+ cannot be detected by qRCR (data
not shown). Circ-0000437 originates from the circularization
of the seventh and eighth exons of its host gene CORO1C. To
determine whether circ-0000437 is expressed in EC, we
designed two sets of primers for hsa-circ-0000437 locus: a
divergent set that amplifies only the circular transcript and a
convergent set that amplifies the linear transcript. Our results
showed that the circular form was amplified using the diver-
gent primers. cDNA and genomic DNA of EC were used as
templates, and as expected, no amplification was observed with
the divergent primers on genomic DNA (Fig. 1D). Further-
more, in contrast to the linear control RNAs, the circRNA was
resistant to the treatment of RNase R (Fig. 1E), a highly
processive 30 to 50 exoribonuclease that does not act on
circRNAs (20, 21), thus validating the circular nature of circ-
0000437. Sanger sequencing of the circular PCR product of
hsa-circ-0000437 confirmed the sequence of circ-0000437
(Fig. 1D, lower panel) that matched the reported sequence in
circbase database.

Biological characterization of circ-0000437

Next, we investigated the stability of transcripts from the
hsa-circ-0000437 locus. Cells were treated with actinomycin D,
a transcription inhibitor, and harvested at indicated time
points for total RNA isolation. There was little change in circ-
0000437 levels following incubation with actinomycin D for
24 h, while the quantity of the linear transcript from the same
locus decreased dramatically with only 10% to 20% remaining
24 h after treatment (Fig. 1F).

To determine the cellular localization of circ-0000437, we
isolated the cytoplasmic and nuclear fraction of EC cells. The
levels of the nuclear control transcript (U6) and cytoplasmic
control transcript (GAPDH mRNA) were also quantitated by
RT-qPCR, which indicated a successful fractionation of the
nuclear and cytoplasmic fractions (Fig. 1G). The qRT-PCR
analysis of circ-0000437 by real-time RT-qPCR showed that
the circ-0000437 was mostly present in the cytosol (Fig. 1G).
Next, RNA fluorescence in situ hybridization (FISH) assays
were performed to verify the cellular localization of circ-
0000437. In agreement with the cellular fractionation data,
circ-0000437 was mainly detected in the cytoplasm of EC cells
via FISH assays (Fig. 1H). Endogenous circ-0000437 was
further detected using a junction-specific biotin-labeled probe
in Northern blotting (Fig. 1I, EV). We also overexpressed circ-
0000437 using a synthetic circRNA expression vector, which
was induced by side flanking repeat sequences with splicing
acceptor and donor. However, the control vector that lacked
the downstream flanking sequences was not overexpressed
(Fig. 1I).

It is known that circRNAs can act as miRNA sponges to
regulate gene expression in different cell types (22). To
determine whether circ-0000437 regulates EC development
through the same mechanism, we performed RNA immuno-
precipitation assays using an anti-AGO2 antibody. CDR1as, a
molecular sponge of miR-7 (16), was enriched in AGO2
immunoprecipitate (Fig. S2A), validating a successful pull-
down of AGO2–RNA interaction complexes. However, circ-
0000437 was not detected in AGO2 immunoprecipitate
(Fig. S2A), suggesting that circ-0000437 may regulate the
occurrence and development of EC tumors through other
mechanisms.
Circ-0000437 encodes a peptide

As some circRNAs have been reported to encode functional
peptides, we searched the genomic sequence of cir-0000437
and found a putative 144-nt sORF with the potential to
encode a 47-aa peptide in circ-0000437, spanning from the
AUG codon in the exon 8 of the host gene over the splice
junction to a STOP codon in the exon 7 of the host gene,
which we termed as CORO1C-47aa (Fig. 2A and Fig. S3, A and
B). Moreover, no homologous nucleotide sequences with the
human 144-nt ORF sequences that encode CORO1C-47aa
peptide were found in any other species. To determine
whether this putative sORF (circORF) is functional, we first
used sucrose gradient fractionation to test circ-0000437
loading onto polysomes. The mRNA-protein particles
(mRNPs) were separated into three fractions: nonribosome
(mRNPs without any ribosome), 40S-80S (mRNPs associated
with ribosome but not being translated), and polysome
(mRNPs being actively translated). Quantitation of HRPT1
and a circRNA with no ORF, circ-HIPK3, in these three
fractions by qRT-PCR showed that HRPT1, but not circ-
HIPK3, was abundantly detected in the polysome fraction
(Fig. 2B), indicating a successful fractionation of mRNPs.
Accordingly, a small but significant portion of circ-0000437
was sedimented in the polysome fraction (Fig. 2B), suggesting
that cicr-0000437 may be actively translated.

Recent studies have demonstrated that the translation of
circRNAs depends on the presence of an internal ribosomal
entrance site (IRES), a translation regulatory sequence that is
required for 50-cap independent translation (23). circ-000437
was matched in circRNADb, one database for human circR-
NAs. circRNADb provided the IRES elements of circ-000437.
Accordingly, we identified a putative IRES upstream of the
translation start site of circ-0000437 (Fig. 2A, bottom panel,
sequence in green color; Fig. S3C). To verify whether this
candidate IRES is functional, we cloned the full-length
J. Biol. Chem. (2021) 297(5) 101182 3



Figure 2. The coding ability of circ-0000437. A, the circular RNA sequence of circ-0000437 and the putative open reading frame (ORF) in circ-0000437. The
green sequence is the internal ribosomal entrance site (IRES) and the red one is the sequencer of ORF. B, fraction of circ-0000437 or HPRT mRNA (positive
control) and circHIPK3-1 (negative control) associated with mRNP, 40S-80S and polysome as measured by qRT-PCR after sucrose fractionation of C2C12
lysates. The values are represented as mean and standard error of three independent fractionations. C, the putative IRES activity in circ-0000437 was tested.
The relative luciferase activity of Luc/Rluc in the above vectors was tested. Values are the average ± SD of three independent experiments. D, the vector set
for detecting circ-0000437 encoded protein. 1, endo-circ-0000437, illustration showing how endogenous circ-0000437 formed. 2, non-circRNA FLAG: exons of
circ-0000437 were cloned without splicing acceptor, splicing donor, FLAG tag was moved to the stop codon of the ORF. 3, circ-0000437-FLAG: exons of circ-
0000437 were cloned between splicing acceptor, splicing donor, and side flanking repeat sequences. FLAG tag was moved to the stop codon of the ORF.
4, circ-000043747aa FLAG: 47-aa ORF was cloned downstream of a linear CMV promoter. E, left, diagram of the FLAG fusion constructs used for transfection.
The start codon ATG of the circ-0000437 ORF is mutated to ATT. Right, ORF-FLAG fusion protein levels were determined by Western blotting with anti-FLAG
antibody. F, relative expression levels of circ-0000437 as determined by qPCR in HEC-1-B cells transfected with circ-0000437 or circ-0000437-targeting siRNAs.
Results are shown as means ± SD relative to vector control. G, the protein level of CORO1C-47aa were detected by Western blot in HEC-1-B cells transfected
with circ-0000437 or circ-0000437-targeting siRNAs. H, immunofluorescence microscopy images of the cellular localization of the CORO1C-47aa protein in
HEC-1-B and Ishikawa cells (the scale bars represent 50 μm).

CORO1C-47aa is a negative regulator in endometrium tumor
wildtype or mutated putative circ-0000437 IRES sequences
between the Renilla luciferase (Rluc) and Firefly luciferase
(Luc) reporter genes of a dual-luciferase vector system (Fig. 2C
and Fig. S3B). Therefore, the ratio of Luc/Rluc activity will
indicate the efficiency of the translation of firefly luciferase.
Consequently, the luciferase assay results showed that cells
transfected with the full-length wildtype circ-0000437 IRES
induced the Luc/Rluc activity dramatically compared with the
empty control (Fig. 2C). In contrast, mutation or partial
deletion of the IRES significantly reduced the activity of firefly
luciferase induced by wildtype IRES (Fig. 2C), suggesting that
the IRES of circ-0000437 is bioactive.
4 J. Biol. Chem. (2021) 297(5) 101182
To test the protein-coding ability of circ-0000437, we cloned
the full-length circ-0000437 into a pLCDH-ciR vector (plasmid
3) that was able to produce circular transcripts. We also
constructed two more FLAG-tagged plasmids: one has dis-
rupted splicing site (plasmid 2) and the other has linearized
circ-0000437-aa sequencing (plasmid 4) (Fig. 2D, upper panel).
As the FLAG-coding sequence is put immediately upstream of
the STOP codon, a flagged protein can be produced only upon
the formation of a circular transcript in plasmids 2 and 3.
Transfection of the wildtype circ-0000437 overexpression (OE,
plasmid 3) increased the expression of circ-0000437 by 4.6-fold
in HEC-1B and Ishikawa EC cells (Fig. 2F, left panel; Fig. S2C),
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which was not impacted by introducing a mutation into the
IRES. Consequently, the CORO1C-47aa can be detected in
either circ-0000437 OE vector (plasmid 3) or its linearized
counterpart (plasmid 4) transfected cells by anti-FLAG anti-
body. Moreover, we generated an antibody against the 47-aa
peptide, which detected the expression of both endogenous
and FLAG-tagged proteins (Fig. 2D, down panel). Next, we
determined whether an in-frame mutation of the ATG codon
of CORO1C-47aa can impair the initiation of translation. We
constructed an ORF mutation expression vector, in which the
sequences encoding start codons ATGGTG were mutated to
ATTGTT, and a FLAG-tag to the C terminus of CORO1C-
47aa. Expression of CORO1C-47aa was detected in cells
transfected with the wildtype CORO1C-47aa-FLAG plasmid,
but not in cells transfected with the plasmid carrying ORF
mutation, by anti-FLAG Western blotting (Fig. 2E). Because
CORO1C-47aa is downregulated in EC tissues compared with
normal EC tissues (Fig. S2E), we generated cell lines with
stable overexpression of either wildtype circ-0000437 OE
vector or a circ-000043 OE plasmid with IRES mutation.
Although the IRES mutation did not influence the expression
of circ-0000437 (Fig. 1I), only overexpression of wildtype circ-
0000437 OE plasmid led to upregulation of CORO1C-47aa
(Fig. 2G). Through FLAG-labeling immunofluorescence
assay, we found that CORO1C-47aa was predominantly
localized inside the nucleus of both HEC-1-B and Ishikawa EC
cells (Fig. 2H).

Furthermore, we used two siRNAs that specifically target
the circular junction of circ-0000437. These two siRNAs suc-
cessfully reduced both circ-0000437 expression (Fig. 2F, right
panel) and the CORO1C-47aa peptide level with no significant
impact on the expression of the host gene CORO1C (Fig. S2, F
and G). The expression of neither circ-0000437 nor the 47-aa
peptide was altered by two siRNAs specifically designed to
target and silence CORO1C gene. Furthermore, stable over-
expression of CORO1C did not elevate CORO1C-47aa
expression (Fig. S2, H and I). Taken together, these results
demonstrated that the circ-0000437 encodes the peptide
CORO1C-47aa independently of its host gene.
Effects of ectopic CORO1C-47aa expression on EC cell
proliferation

To determine the impact of CORO1C-47aa on cell prolif-
eration, we first performed CCK-8 assays on the HEC-1B and
Ishikawa cells that stably expressed CORO1C-47aa. The re-
sults from the CCK-8 assays revealed no significant difference
in the cell proliferation of cells overexpressing either wildtype
or IRES mutant circ-0000437 compared with the control cells
(Fig. 3A). Next, we examined the biological effect of CORO1C-
47aa overexpression on tumor growth in mice. The subcu-
taneous xenografts of EC cells overexpressing the wildtype
circ-0000437 plasmid significantly grew slower than those of
their counterparts expressing empty vector or IRES mutant
circ-0000437 plasmid (Fig. 3B, n = 5), suggesting that
CORO1C-47aa overexpression, but not the circRNA transcript
itself, suppressed the tumor growth. The tumor volume
doubling time (200 mm3 → 400 mm3) increased from 5 days in
control HEC-1B cells to 8 days in CORO1C-47aa over-
expression cells (p < 0.05). The tumor volume doubling time
(200 mm3 → 400 mm3) increased from 6 days in control
Ishikawa cells to 9 days in CORO1C-47aa overexpression cells
(p < 0.05).

Given that CORO1C-47a decreased the growth of EC cells
in vivo but not in vitro, we speculated that CORO1C-47aa may
negatively regulate tumor development via controlling the for-
mation of blood vessels running through endometrium tumors.
To address whether the growth inhibition by CORO1C-47aa
was attributed to the disruption of angiogenesis, we analyzed
the expression of CD31, amarker of microvessel density (24), by
immunofluorescence. Compared with the IRES mutated and
control groups, the expression of CD31 was significantly
reduced in the CORO1C-47aa overexpression group (Fig. 3C).
In addition, an endothelial tube formation assay was performed
to determinewhetherCORO1C-47aa overexpression influences
endothelial network formation on matrix matrigel. The results
showed that CORO1C-47aa overexpression significantly
impaired the ability of HUVEC cells to form capillary tubes
compared with the control (Fig. 3D).
CORO1C-47aa represses tumor angiogenesis

Angiogenesis was inseparable from endothelial cell prolif-
eration, migration, and differentiation. Therefore, we cultured
endothelial cells in condition medium from HEC-1-B and
Ishikawa cells transfected with CORO1C-47aa overexpression
vectors. First, we performed HUVEC cells proliferation assay.
The endothelial cell proliferation was significantly decreased in
the condition medium collected from either cell line over-
expressing CORO1C-47aa (Fig. 3E). Next, to investigate the
influence of CORO1C-47aa expression on HUVEC cell
migration, we conducted wound healing assays and transwell
assays using HUVEC cells cultured in conditioned medium. As
shown in Figure 3, F and G, both the wound healing assays and
transwell assays demonstrated that the migration capabilities
of HUVEC cells were significantly suppressed in the condi-
tioned medium collected from cells with CORO1C-47aa
overexpression compared with those transfected with an
empty vector or an IRES mutation plasmid.

Furthermore, we next determined the effect of CORO1C-
47aa on the endothelial cell cytoskeleton. In HUVEC cells
cultured in condition medium from empty vector–expressing
cells, F-actin fluorescent staining showed that the skeleton
surrounding the cells formed into a nest column (Fig. 4H),
which is not conducive to cell migration (25). In contrast,
the skeleton of HUVEC cells treatment with CORO1C-
47aa-overexpressing medium failed to form apparent rear-
rangement of F-actin (Fig. 3H). We next determined the
intercellular junction of HUVEC cells by electron microscopy.
Tight intercellular connections were detected in both the
control and IRES mutation groups, whereas the intercellular
connections of HUVEC cells were significantly induced with
decreased intercellular spacing when cultured in medium from
CORO1C-47aa-overexpressing cells (Fig. 3I).
J. Biol. Chem. (2021) 297(5) 101182 5



Figure 3. Biological functions of CORO1C-47aa. A, cell proliferation analysis of circ-0000437 OE, circ-0000437 IRES mutation, and control endometrial
cancer cells at different time points (mean ± SD, n = 3). B, tumor growth in xenograft mice subcutaneously implanted endometrial cancer cells that were
transfected with indicated constructs (mean ± SD, n = 5, *p < 0.05). C, CD31 staining was performed on xenograft mice tumor tissue sections from circ-
0000437 OE, circ-0000437 IRES mutation, and control groups. CD31 staining was quantified using ImageJ. Each value is the mean ± SD of three independent
experiments (the scale bars represent 100 μm). D, an endothelial tube formation assay was performed using HUVEC and conditioned media from HEC-1-B
and Ishikawa cells that stably express circ-0000437 OE, circ-0000437 IRES mutation (mean ± SD, n = 3, *p < 0.05) (the scale bars represent 100 μm). E, cell
proliferation analysis of circ-0000437 OE, circ-0000437 IRES mutation, and control HUVEC cells at different time points (mean ± SD, n = 3). F, a wound healing
assay was performed using HUVEC and conditioned media from HEC-1-B and Ishikawa cells that stably express circ-0000437 OE, circ-0000437 IRES mutation
(mean ± SD, n = 3, *p < 0.05) (the scale bars represent 200 μm). G, an endothelial migration assay was performed using HUVEC and conditioned media from
HEC-1-B and Ishikawa cells that stably express circ-0000437 OE, circ-0000437 IRES mutation (mean ± SD, n = 3, *p < 0.05) (the scale bars represent 100 μm).
H, phalloidine-FITC staining of microfilament and immunofluorescence staining for HUVEC cells and conditioned media from HEC-1-B and Ishikawa cells
that stably express circ-0000437 OE, circ-0000437 IRES mutation. The nucleus was counterstained with DAPI (the scale bars represent 50 μm). I, representative
photographs of electron microscopy in the indicated experimental conditions (the scale bars represent 200 nm). J, representative photographs of Matrigel
plugs in the indicated experimental conditions (the scale bars represent 5 mm). K, representative microphotographs of spheroids incubated with CORO1C-
47aa (the scale bars represent 100 μm). IRES, internal ribosomal entrance site; OE, overexpression.

CORO1C-47aa is a negative regulator in endometrium tumor
To further support the notion that CORO1C-47aa can
suppress angiogenesis, Matrigel plug assays were performed to
measure neovascularization in mice. As shown in Figure 3J, the
neovascularization in mice injected subcutaneously with
Matrigel is significantly inhibited in the CORO1C-47aa over-
expression group (Fig. S4, A and B). Finally, the effect of
CORO1C-47aa was evaluated in an in vitro tridimensional
6 J. Biol. Chem. (2021) 297(5) 101182
model of angiogenesis in which HUVEC spheroids invade a
three-dimensional fibrin matrix, generating endothelial
sprouts as a result of the localized breakdown of the extra-
cellular matrix that occurs together with HUVEC migration
and growth (26). As shown in Figure 3K and Fig. S4C,
CORO1C-47aa caused a reduction of HUVEC sprouting.
Taken together, these results indicated that CORO1C-47aa is



Figure 4. CORO1C-47aa competitively binds to ARNT and inhibits the binding of TACC3 to its PAS-B ligand. A, diagram of the coimmunoprecipitation
experiments. B, mass spectrometric analysis of the coimmunoprecipitation experiments. C, top, CORO1C-47aa-FLAG plasmid was transfected into cells, and
the CORO1C-47aa-FLAG complexes were coimmunoprecipitated by anti-FLAG antibody, and only ARNT was detected. Bottom, CORO1C-47aa-FLAG and
ARNT-HA plasmids were transfected into cells, and the ARNT-HA complexes were coimmunoprecipitated by anti-HA antibody, and CORO1C-47aa-FLAG was
detected. D, coimmunoprecipitation assays revealed the interaction of CORO1C-47aa with ARNT via the PAS-B region of ARNT.

CORO1C-47aa is a negative regulator in endometrium tumor
capable of inhibiting angiogenesis at the initiation stage by
suppressing endothelial cell proliferation, migration, and
differentiation.
Mass spectrometry identified the interaction between
CORO1C-47aa and ARNT

To explore the potential molecular mechanisms underlying
the antiangiogenesis functions of CORO1C-47aa, we per-
formed coimmunoprecipitation using an anti-FLAG antibody
in HEC-1-B and Ishikawa cells overexpressing CORO1C47aa-
FLAG to identify the interacting molecules of CORO1C-47aa
by mass spectrometry (Fig. 4A). We identified 76 and 7 spe-
cific CORO1C-47aa-interacting proteins in Ishikawa and
HEC-1B cells, respectively (Fig. 4B and Table S3). Only one
protein, Aryl hydrocarbon receptor nuclear translocator
(ARNT), interacted with CORO1C-47aa-FLAG in both cell
lines. Subsequent IP using the anti-FLAG antibody confirmed
the interaction between CORO1C-47aa-FLAG and endoge-
nous ARNT in both cell lines (Fig. 4C, upper panel). The
reciprocal IP using an anti-HA antibody in cells cotransfected
with ARNT and CORO1C-47aa also identified FLAG-tagged
CORO1C-47aa (Fig. 4C, bottom panel), further confirming
the interaction between CORO1C-47aa and ARNT.

ARNT is the obligate heterodimeric partner for the basic
helix–loop–helix (bHLH)-PAS (PER-ARNT-SIM) proteins
aryl hydrocarbon receptor (AhR) and hypoxia-inducible fac-
tor-α (HIF-α), which serve as environmental sensors for xe-
nobiotics and hypoxia, respectively (27). To identify the key
functional domain that mediates the interaction, we con-
structed plasmids expressing truncated ARNT proteins with
deletion of bHLH or PAS domains (Fig. 4D, left panel). We
divide the functional domains of ARNT into three parts: 1 to
458 contains bHLH, PAS-A, PAS-B, three functional domains;
269 to 458 contains the PAS-B domain; 143 to 269 contains
the PAS-A domain; 1 to 143 contains the bHLH domain.
J. Biol. Chem. (2021) 297(5) 101182 7



Figure 5. CORO1C-47aa suppressing VEGF expression. A, coimmunoprecipitation assays revealed that CORO1C-47aa competitively bound to ARNT
inhibits the binding of TACC3 to its PAS-B ligand. B, chromatin immunoprecipitation (ChIP) assays showed enrichment of ARNT and TACC3 at VEGF in circ-
0000437 OE, circ-0000437 IRES mutation, and control EC cells. Coprecipitated DNA was analyzed by qPCR using amplicons C1 to C4 (mean ± SD, n = 3, *p <
0.05). C, luciferase reporter assay for VEGF promoter in circ-0000437 OE, circ-0000437 IRES mutation, and control EC cells. The reporter constructs expressing
the luciferase gene under full-length VEGF gene promoter (mean ± SD, n = 3, *p < 0.05). D, luciferase reporter assay for VEGF promoter in circ-0000437 OE,
circ-0000437 IRES mutation, and control EC cells. The reporter constructs expressing the luciferase gene under VEGF promoter deleted (mean ± SD, n = 3,
*p < 0.05). E, luciferase reporter assay for VEGF promoter in circ-0000437 OE, circ-0000437 IRES mutation, and control EC cells. The reporter constructs
expressing the luciferase gene under downregulated ARNT cells (mean ± SD, n = 3, *p < 0.05). F, luciferase reporter assay for VEGF HRE promoter in the
indicated vectors. G, the inhibitory effect of CORO1C-47aa on VEGF secretion in cancer cells. H, the mRNA level of VEGF in circ-0000437 OE, circ-0000437 IRES
mutation, and control EC cells. I, the protein level of ARNT, VEGFA, VEGFR2 in circ-0000437 OE, circ-0000437 IRES mutation, and control EC cells. EC,
endometrial cancer; IRES, internal ribosomal entrance site; OE, overexpression.
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These truncated proteins were expressed at comparable levels
as the wildtype ARNT protein, but deletion of the PAS-A and
PAS-B domains abrogated the interaction (Fig. 4D, right
panel). Moreover, only in PAS-B, but not PAS-A, the domain
itself is sufficient for maintaining the interaction with FLAG-
CORO1C-47aa, suggesting that CORO1C-47aa bound to
ARNT through its PAS-B domain (269–458 aa) (Fig. 4D).

CORO1C-47aa competes with TACC3 to bind to ARNT and
suppress VEGF via its PAS-B domain

Previous research has shown that the PAS-B domain of
ARNT interacts directly with the coactivator transforming
acidic coiled-coil 3 (TACC3) and promotes tumor angiogen-
esis through upregulating the expression of the HIF target
gene VEGF (28, 29). To determine whether CORO1C-47aa
competes with TACC3 to bind to ARNT and suppress
8 J. Biol. Chem. (2021) 297(5) 101182
VEGF expression, we performed IP assays using anti-ARNT
antibody in EC cells overexpressing either an empty vector
or the circ-0000437 vector with or without the capability to
translate CORO1C-47aa. In both HEC-1B and Ishikawa cells,
overexpression of wildtype circ-0000437, but not empty vector
or the circ-0000437 with mutant IRES, significantly reduced
the interaction between ARNT and TACC3 (Fig. 5A). To
further investigate the interactions between cis-regulatory
elements in the HRE promoter and the ARNT and TACC3
proteins, we performed chromatin immunoprecipitation
(ChIP) in EC cells. Both ARNT and TACC3 bound to the
promoter of VEGF with significant enrichment around the
regions of the VEGF HRE in HEC-1-B cells, which was
downregulated by overexpression of CORO1C-47aa (Fig. 5B).

To evaluate the effect of CORO1C-47aa on VEGF tran-
scription, we then cloned the proximal promoter region of
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VEGF (HRE) into the pGL3-basic luciferase vector to
construct a reporter plasmid (pGL3-VEGF HRE). We also
constructed another plasmid, pGL3-VEGF ΔHRE, with the
HRE sequences being mutated. The luciferase activity of EC
cells cotransfected with pGL3-VEGF HRE and an empty vector
was 2-fold higher than that of EC cells transfected with pGL3-
VEGF ΔHRE and an empty vector (Fig. 5, C and D, gray bar),
indicating that the VEGF HRE is functional. Accordingly,
re-expression of CORO1C-47aa by transfecting the wildtype
circ-0000437 vector significantly reduced the luciferase activity
driven by VEGF HRE without any effect on that of pGL3-
VEGF ΔHRE (Fig. 5C). Furthermore, the same experiment
was performed in ARNT downregulated cells, and no signifi-
cant difference was found in the luciferase activity (Fig. 5E).
Because TACC3 depletion significantly decreased the activa-
tion of a VEGF hypoxia response element luciferase reporter
(29), we cotransfected the pGL3-VEGF HRE reporter vector
together with or without TACC3, ARNT, and CORO1C-47aa.
The result showed that coexpression of HIF1a and ARNT
activated the transcription of luciferase and simultaneous
overexpression of TACC3 dramatically increased the luciferase
activity, which was completely attenuated by CORO1C-47aa
overexpression (Fig. 5F), suggesting that CORO1C-47aa
competes with TACC3 in the activation of VEGF promoter.

To explore if CORO1C-47aa can decrease the secretion of
VEGFA in the cell microenvironment, the level of VEGFA was
determined by ELISA. The results showed that CORO1C-47aa
upregulation resulted in decreased VEGFA secretion in HEC-
1-B and Ishikawa cells, whereas CORO1C-47aa down-
regulation led to higher VEGFA production (Fig. 5G). The
mRNA level of VEGF also decreased in the CORO1C-47aa-
overexpressing cells (Fig. 5H). We finally performed Western
blot assays to examine the protein levels of VEGFA and
VEGFR2 in EC cells. As shown in Figure 5I, the expression
levels of VEGFA and VEGFR2 proteins were reduced in the
CORO1C-47aa-overexpressing cells, whereas the expression
levels of ARNT protein were not altered. These observations
support that CORO1C-47aa competitively binds to ARNT and
inhibits the coactivator effect of TACC3 on VEGF promoter,
resulting in the suppression of VEGF expression.
Discussion

Accumulating evidence indicates that large numbers of
circRNAs exist in the human transcriptome, which may have
important roles in regulating cellular function (8, 30, 31).
However, their involvement in the development of tumors,
especially endometrial cancer, remains mostly undescribed.
Emerging studies have indicated the coding potential of some
circRNAs, and their translated proteins may have a role in the
pathogenesis of cancer. Most of the circRNAs reported so far
are exon-containing circRNAs. Our profiling of four EC and
their adjacent normal tissues identified that circ-0000437 was
underexpressed in EC and could encode one 47aa peptide.

Some circRNAs possess miRNA-binding sites and function
as sponges to arrest miRNA functions. CDR1as serves as a
molecular sponge of miR-7 and conducts important functions
in different biological or pathological progress (32). circNT5E
functions as an oncogenic circRNA and a sponge of miR-422a
in glioblastoma (33). When we overexpressed circ-0000437,
the mRNA expression level of its host gene CORO1C was not
changed. Meanwhile, our AGO2 RNA immunoprecipitation
assays showed that circ-0000437 could not bind to AGO2 and
form the RISC complex, suggesting that it does not function as
a miRNA sponge.

Recently, several lines of evidence suggest that ncRNAs may
encode functional peptides. It has been discovered that the
lncRNA HOXB-AS3 encodes a conserved 53-aa peptide that
suppresses colon cancer growth (34). Circ-ZNF609 has also
been reported to contain an open reading frame spanning from
the start codon and terminating at an in-frame stop codon,
created upon circularization (16). It has been further suggested
that circRNAs can be translated in vitro and in vivo in a cap-
independent manner (35). In our study, we identified and
validated a 144-nt small ORF that encodes a highly conserved
47-aa peptide termed CORO1C-47aa in circ-0000437, span-
ning the splice junction from the putative AUG of the host
gene to a STOP codon. In agreement with the notion that an
IRES is required for translation initiation in 50-cap-indepen-
dent coding RNAs (17, 18), we further verified the existence of
a functional IRES inside the circ-0000437, spanning from the
termination to the initiation codons, that drives IRES-
dependent translation of CORO1C-47aa. Thus, it remains
possible that additional peptides are encoded in the many
RNAs that are currently annotated as ncRNAs (36).

In our study, based on a number of experiments we found
that expression of CORO1C-47aa repressed HUVEC cell
proliferation and tumor angiogenesis. Angiogenesis plays a
major role in EC tumor growth, development and progression,
and metastasis (37, 38). It has been reported that anti-
angiogenic therapy holds promise for treating malignancies,
including endometrial cancer (39). As an angiogenic factor,
VEGFA plays a crucial role in promoting the proliferation and
migration of endothelial cells and increasing the permeability
of tumor-related blood vessels through binding the tyrosine
kinase receptors flt-1 (VEGFR-1) and KDR (VEGFR-2) (40).
Our Western blotting results verified that the expression levels
of VEGFA and VEGFR2 proteins were decreased significantly
by overexpressing CORO1C-47aa. Microvascular density has
been commonly used to measure tumor-related angiogenesis
(41). In comparison with control nude mice, those in the
CORO1C-47aa upregulated group had decreased CD31–
microvascular density, suggesting that CORO1C-47aa can
inhibit angiogenesis. Future studies are necessary to determine
whether high levels of circ-0000437 correlate with a better
prognosis in endometrial cancer as well as other cancer types.
Given that CORO1C-47aa is very small in size, it may also hold
the potential for further therapeutic development.

HIF1 is the key transcriptional effector of the hypoxia
response in eukaryotes, coordinating the expression of genes
involved in angiogenesis (42). The regulation of HIF1 target
genes including VEGF depends on the participation of several
transcription cofactors (29). Although the C-terminal trans-
activation domain of HIF-α subunit plays a major role in this
J. Biol. Chem. (2021) 297(5) 101182 9



CORO1C-47aa is a negative regulator in endometrium tumor
process by directly interacting with the global transcription
coactivator CBP/p300, the PAS-B domain of ARNT (HIF1-β)
provides an additional recruitment site by binding to the
coactivator transforming TACC3 (43). Our IP-MS study in
CORO1C47aa-FLAG overexpressing cells identified ARNT as
the only common interactor of CORO1C-47aa. Immune
coprecipitation assays by using anti-ARNT antibody showed
that the enrichment of TACC3 was remarkably reduced in
CORO1C-47aa-overexpressing cells. The luciferase reporter
result showed that TACC3 facilitates the recruitment of ARNT
protein to HRE sites and promotes VEGF gene transcription,
which was attenuated by overexpression of CORO1C-47aa,
suggesting that CORO1C-47aa competes with TACC3 to
bind to the PAS-B domain of ARNT and suppress VEGF
transcription and secretion. Thus, our study identified an
additional mechanism of how VEGF expression is regulated
during hypoxia response, which warrants further testing in
other cell types to ascertain whether this is a common regu-
lation pathway for hypoxia–VEGF biology.

In summary, we have demonstrated that CORO1C-47aa
may function as a negative regulator in tumor angiogenesis
via blocking the association between ARNT and TACC3 and
then reduces the expression of VEGFA. This process leads to
a decrease in both expression and secretion of VEGFA, which
ultimately leads to reduced angiogenesis (Fig. 6). These
findings show a new correlation between CORO1C-47aa and
tumor angiogenesis and unveil the mechanisms of CORO1C-
47aa in protecting against carcinogenesis. As revealed by this
research, it is emphasized that CORO1C-47aa is an impor-
tant target in conceiving effective antiangiogenesis treatment
of EC.
Figure 6. Graphical representation of the function of CORO1C-47aa in EC.
in tumor angiogenesis via blocking the association between ARNT and TACC3 a
both expression and secretion of VEGFA, which ultimately leads to reduced a
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Experimental procedures

Study subjects

The subjects participating in this study are homogenous
groups of ethnic Han Chinese. To validate the RNA expression
data, we analyzed a total of 198 paired EC tissues and matched
noncancerous tissues obtained during surgical resection from
the Peking University Third Hospital (Beijing, China) and
affiliated hospitals of Soochow University (Suzhou, China).
Four pairs of human EC and matched noncancerous tissues for
RNA-Seq were obtained from the affiliated hospitals of Soo-
chow University. None of the patients received chemotherapy
or radiotherapy treatment before the surgery. The Medical
Ethics Committee of Peking University Third Hospital and
Soochow University approved this study. These studies abide
by the Declaration of Helsinki principles. The clinical char-
acteristics of all the patients are listed in Table S1.

RNA extraction and real-time quantitative polymerase chain
reaction

RNase R treatment was performed as follows: 1 to 10 mg of
total RNA was diluted in 20 ml of water with 4u RNase R/mg
unless differently stated and 2 ml of enzyme buffer (Epicenter),
then incubated 15 min at 37 �C and purified by phenol–
extraction. Quantitative RT-PCR was performed to examine
the expression level of mRNA as described (6). The primer
sequences are shown in Table S2.

RNA-Seq and chimeric transcripts detection

RNA-Seq was performed on RNAs extracted from four EC
samples and their peripheral normal tissues as described (8).
CORO1C-47aa translated from circ-0000437 functions as a negative regulator
nd then reduces the expression of VEGFA. This process leads to a decrease in
ngiogenesis.
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Briefly, total RNAs were treated with RNase R to degrade the
linear RNAs as described above and purified using RNeasy
MinElute Cleanup Kit (Qiagen). Next, a strand-specific library
was constructed by using a VAHTS Total RNA-seq (H/M/R)
Library Prep Kit from Illumina (Vazyme) and sequenced on
the Illumina HiSeq4000 platform according to the manufac-
turer’s instructions. The RNA-Seq data were analyzed using
the find-circ-enhance authentication tool. The 20-mers from
both ends of the unmapped reads were extracted and aligned
to the reference genome to find unique anchor positions
within the splice site. In order to ensure the reliability of
project analysis results, all circRNA identified should be
screened by basic conditions. The final circRNA (candidate
circRNA) identifications were output using the screening
conditions of numReads greater than 2 and numUniq greater
than 2 (HRA000058).

Animals and cell culture

Female BALB/c nude mice that were 4 to 5 weeks of age
were purchased from the Shanghai Laboratory Animal Center
at the Chinese Academy of Sciences. All the mice experiments
were conducted in accordance with the guidelines approved by
the Laboratory Animal Center of Soochow University.

Human EC cell lines (Ishikawa and HEC-1-B) were pur-
chased from the Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences and Shanghai Institute of Cell
Biology. The cell lines were passaged for less than 6 months
after resuscitation. Ishikawa and HEC-1-B cells were cultured
in RPMI-1640 medium (Hyclone), which was supplemented
with 10% fetal bovine serum (Gibco-BRL) and 1× antibiotics/
antimycotics (Solarbio), at 37 �C in the presence of 5% CO2.

Northern blot assay

Northern blot was performed using InvitrogenNorthernMax
according to themanufacturer’s instructions. In brief, total RNA
was extracted from the corresponding group of cells using
TRIzol. RNA with RNase R treatment was separated by 1%
formaldehyde denatured agarose gel and then transferred from
gel to nylon membrane (GEHealthcare). RNAwas immobilized
on the membrane by baking it at 80 �C for 2 h. Biotin-labeled
probes were prepared by Ribo RNAmax-T7 kit. The mem-
brane was hybridized by a denatured biotin-labeled probe at
68 �C overnight. The membrane was then washed with 2 × SSC
0.1% SDS twice 30 min, then once 30 min, and once 1 h with
0.2 × SSC0.1%SDS at the hybridization temperature. Finally, the
biotin-labeled probe was detected by Chemiluminescent Biotin-
labeled Nucleic Acid Detection Kit (Beyotime) and analyzed
using Quantity One or Image Lab software (Bio-Rad).

RNA fluorescence in situ hybridization

To detect circ-0000437 RNA in EC cells, RNA FISH ex-
periments were performed with FISH Detection Kit (Ribo) in
EC cell lines according to the protocol. Cells cultured on
coverslips were fixed with 4% paraformaldehyde at 4 �C for
15 min and washed three times with PBS. The samples were
subsequently incubated with Pre-Hybridization Buffer at 37 �C
for 30 min and Hybridization Buffer with FISH probes at 37 �C
overnight in the dark using a RiboTM Fluorescent In Situ
Hybridization Kit (RiboBio). On the next day, the coverslips
were washed three times with wash buffer I (4 × SSC with 0.1%
Tween-20), once each with wash buffer II (2 × SSC) and wash
buffer III (1 × SSC) at 42 �C in the dark for 5 min and once
with PBS at room temperature. Then, the cells were stained
with DAPI in the dark for 10 min. The has-circ-000437-Cy3
FISH probes were designed and synthesized by RiboBio Co,
Ltd. Human U6 FISH probes (RiboBio) and Human 18S FISH
probes (RiboBio) were used as nuclear and cytoplasmic con-
trols, respectively.

Coimmunoprecipitation

We performed coimmunoprecipitation experiments using a
Thermo Kit (26149, Thermo) according to the manufacturer’s
instructions. The lysates were applied to columns containing
10 μg of immobilized antibodies covalently linked to an amine-
active resin and incubated overnight at 4 �C. Then the coim-
munoprecipitate was eluted and analyzed by SDS-PAGE or
mass spectrometry along with the controls.

Mass spectrometry

The peptide samples were analyzed on Thermo Fisher LTQ
Obitrap ETD mass spectrometry, Briefly, samples were loaded
onto an HPLC chromatography system named Thermo Fisher
Easy-nLC 1000 equipped with a C18 column (1.8 mm, 0.15 ×
1.00 mm). Solvent A contained 0.1% formic acid and solvent B
contained 100% acetonitrile. The elution gradient was from 4%
to 18% in 182 min, 18% to 90% in 13 min solvent B at a flow
rate of 300 nl/min. Mass spectrometry analyses were carried
out at AIMSMASS Co, Ltd in the positive-ion mode with an
automated data-dependent MS/MS analysis with full scans
(350–1600 m/z) acquired using FTMS at a mass resolution of
30,000 and the ten most intense precursor ions were selected
for MS/MS. The MS/MS was acquired using higher-energy
collision dissociation at 35% collision energy at a mass reso-
lution of 15,000.

Raw MS files were analyzed by Proteome Discoverer 1.4
(Thermo); the parameter used for data analysis included
trypsin as the protease with a maximum of two missed
cleavages allowed. The mass tolerance for precursor ions and
fragment ions was set to 20 ppm and 0.05 D, respectively. The
search included variable modifications of methionine oxida-
tion and deamidation and fixed modification of carbamido-
methyl cysteine. Sequence database search was based on
Uniprot-Homo sapiens. The minimal peptide length was set to
six amino acids, and a maximum of two miscleavages was
allowed. The false discovery rate was set to 0.01 for peptide
and protein identifications.

Chromatin immunoprecipitation

We performed ChIP assay using the EZ ChIPTM Chro-
matin Immunoprecipitation Kit (Millipore) according to its
manual. The cells were fixed with 1.0% formaldehyde, and the
nuclei were released using lysis buffer. At 10 min to terminate
J. Biol. Chem. (2021) 297(5) 101182 11
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the cross-linking, the chromatin was sheared into small uni-
form fragments by ultrasonic cell disruption system, and the
protein–DNA complexes were then immunoprecipitated
overnight at 4 �C using anti-TACC3, anti-ARNT, and control
IgG (normal rabbit IgG) antibodies, respectively. DNA–
protein cross-links were reversed, and chromatin DNA was
purified and subjected to PCR analysis. The primer sequences
are shown in Table S2.

Western blotting

Western blotting was performed as per standard protocols.
Proteins were separated on SDS-polyacrylamide gel and
transferred to nitrocellulose membrane. Membranes were
incubated overnight at 4 �C with primary antibodies (FLAG
tag and anti-CORO1C47aa) and visualized with a Phototope
Horseradish Peroxidase Western Blot Detection kit (Thermo
Fisher). A polyclonal antibody against the CORO1C-47aa
peptide produced by circ-0000437 was made by ChinaPep-
tides Co, Ltd. The other primary antibodies: ARNT (A-3:
sc-17811, Santa Cruz), TACC3 (ab138262, Abcam), VEGFA
(ab1316, Abcam), VEGFR2 (2479S, CST), FLAG tag (F1804,
Sigma) and HA tag (clone 12CA5, Santa Cruz). Normal mouse
IgG (sc-2025) was from Santa Cruz. Antibody against beta-
ACTIN (66009-1-Ig) was from Proteintech. Anti-mouse IgG
(CST 7056) and Anti-rabbit IgG (CST 7054) were used,
respectively.

Luciferase reporter assay

The VEGF promoter sequence (−2000 to �−1) was cloned
into the pGL3-basic vector (Promega). The mutant of this
sequence (TACGTG→CTAGCA) was also cloned into the
pGL3-basic vector. Cells were seeded at 1 × 105 cells per well
in 24-multiwell plates (BD Biosciences). Sixteen hours later,
cells were cotransfected using Lipofectamin 3000 (Life Tech-
nologies) with 800 ng reporter plasmid and 160 ng pRL-SV40
(Luciferase Assay System; Promega). Twenty-four hours later,
cells were collected to detect Renilla luciferase activity with the
Dual-Luciferase Reporter Assay System (Promega) in TD-20/
20 luminometer (Turner Biosystems). The results were
expressed as a ratio of luciferase activity to pRL-SV40.

Tube formation assay

Matrigel (10 μl, Corning) was thawed on ice at 4 �C over-
night and loaded into each well of a precooled μ-Slide
Angiogenesis（Ibidi）and the plate was incubated at 37 �C for
30 min for hardening. Then, 15,000 HUVECs in 100 μl
conditioned cell culture medium were plated onto the pre-
coated Matrigel for 6 h. The resulting capillary-like structures
were then photographed with a microscope and counted with
ImageJ software.

Immunohistochemistry

Immunofluorescence analysis of CD31 (ab28364, Abcam)
was performed using an immunofluorescence staining kit
(Beyotime Institute of Biotechnology) according to the man-
ufacturer’s instructions.
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Enzyme-linked immunosorbent assay

The supernatants of culture medium samples in each group
were pooled, then tested according to the protocol described
by human VEGF ELISA kit (ab222510, Abcam).

In vitro proliferation, wound healing, and migration assays

Cells were seeded in 96-well plates (2000 cells per well) and
cultured for a certain period of time as indicated in Results
section. Cell viability was measured using CCK-8 assays
(Dojindo). Each experiment with six replicates was repeated
three times.

Wound healing assays were conducted by creating identical
wound areas for anchorage-dependent HUVEC cells using
10-μl sterile pipette tips. Cells were seeded onto 6-well plates
and coincubated with mitomycin C for 24 h and grown to
confluence as a monolayer. Then cells were washed with PBS
and scraped a vertical cross with constant width in the center
of each well. After 24 h growth, cells in the scraped wound
were observed and photographed.

Migration assay was done in a 24-well Millicell chamber in
triplicate. The 0.8-μm pore inserts were coated with 30 μg of
Matrigel (BD Biosciences). Cells (2 × 105) were added to the
coated filters in serum-free medium. After 24 h at 37 �C in an
incubator at 5% CO2, cells that migrated through the filters
were fixed with methanol and stained with crystal violet. Cell
numbers in three random fields were counted.

HUVEC sprouting assay

Spheroids were generated as described (44). Briefly, spher-
oids were embedded into a collagen gel and then rapidly
transferred into a 24-well plate and allowed to polymerize at
37 �C incubators for 30 min, and various conditioned media
were applied on top of the gel. The spheroids were cultured for
24 h, then angiogenesis was quantified by counting the number
of sprouts for each spheroid.

Matrigel plug assay

Seven-week-old BALB/c nude mice were injected subcuta-
neously with 500 μl of liquid Matrigel containing HUVEC cells
cultured in different condition mediums. Two weeks after
injection, mice were sacrificed and plugs were harvested and
photographed.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism Software. The differences among the groups were
assessed with a paired, two-tailed Student’s t test. p < 0.05 was
considered significant. All experimental assays were performed
in triplicate.

Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE (45)
partner repository with the dataset identifier PXD026046. The
URL is http://www.ebi.ac.uk/pride. Additional data that

http://www.ebi.ac.uk/pride
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support the findings of this study are contained within the
article and supplementary material. Any additional informa-
tion or data are available upon request.

Supporting information—This article contains supporting informa-
tion (6, 8, 44).
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