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circCAMSAP1 Promotes Tumor Growth
in Colorectal Cancer via the miR-328-5p/E2F1 Axis
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Increasing studies indicated that circular RNAs (circRNAs) play
important roles in cancer progression. However, the roles of
circRNAs in colorectal cancer (CRC) remain largely unknown.
In this study, we determined the circRNA expression profile by
next-generation RNA sequencing from eight CRC and paired
non-cancerous matched tissues. circCAMSAP1 (originating
from exon 2 to exon 3 of the CAMSAP1 gene, hsa_
circ_0001900) was significantly upregulated in CRC tissues.
Increased circCAMSAP1 expression was significantly correlated
with advanced tumor/node/metastasis (TNM) stage and short-
ened overall survival. An elevation of circCAMSAP1 expression
was detected via droplet digital PCR in the serum of CRC pa-
tients prior to surgery. Functionally, circCAMSAP1 promoted
the malignant behavior of CRC. Mechanism study of upstream
biogenesis of circCAMSAP1 indicated that circCAMSAP1 cycli-
zation inCRCwasmediated by splicing factor epithelial-splicing
regulatory protein 1.Moreover, circCAMSAP1 acted as a sponge
for miR-328-5p and abrogated its suppression on transcription
factor E2F1. Taken together, our data indicated an essential
role of the circCAMSAP1/miR-328-5p/E2F1 axis in the progres-
sion of CRC, which implied that circCAMSAP1 could serve as a
diagnostic and prognostic biomarker as well as a potential ther-
apeutic target for CRC.

INTRODUCTION
Colorectal cancer (CRC) is the third most common cancer and one of
the leading causes of cancer-related deaths in the world.1 Despite
recent improvements in the diagnosis and therapies of CRC, its prog-
nosis remains less than satisfactory, especially in patients with
advanced stages.2 Hence, it is of great importance to seek new poten-
tial biomarkers and discover unknown mechanisms contributing to
CRC pathogenesis.

Circular RNAs (circRNAs) are a subclass of endogenous non-coding
RNAs that form covalently closed loops, without 50 to 30 polar or pol-
yadenylation tails.3,4 This feature enables circRNAs to be resistant to
RNA exonucleases and hence become more stable. circRNAs can be
generated from precursor (pre-)mRNAs through alternative splicing,
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which have been detected extensively in various cell types in an evolu-
tionarily conserved manner.5–7 Splicing factors are a group of RNA
binding proteins that participate in the alternative splicing process
of cells.8 Although several studies showed the importance of splicing
factors in the formation of circRNAs,9–11 the regulatory roles of
circRNAs biogenesis, especially in CRC, are not fully understood.

Given their stability, abundance, and evolutionary conservation,
circRNAs could act as long-acting regulators of cellular behavior
and robust potential biomarkers.12,13 Recently, circRNAs have been
indicated to be involved in the natural history of several diseases,
including neurodegenerative diseases such as Alzheimer’s disease,14

cardiovascular diseases,15 and various types of cancers.16–19 Mecha-
nistically, studies have shown that some circRNAs might serve as a
microRNA (miRNA) sponge to inhibit miRNA functions.19,20 Some
circRNAs could bind to proteins and regulate gene functions.15,16

Alternatively, some other circRNAs could encode functional pro-
teins.21,22 Despite the improvement in the understanding of
circRNAs, the potential correlation between circRNAs and CRC
progression has not been fully elucidated.

In this study, we analyzed the expression profiles of circRNAs in CRC
tissues and identified a circular RNA termed circCAMSAP1, which
derives from the CAMSAP1 gene. circCAMSAP1 was significantly
upregulated in CRC tissues and inversely associated with the prog-
nosis of CRC. circCAMSAP1 expression in CRC tissues has a better
prediction performance than carcinoembryonic antigen (CEA) and
carbohydrate antigen 19-9 (CA19-9) in the prognosis of CRC
Society of Gene and Cell Therapy.
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Figure 1. circRNA Expression Profile in CRC and

Characterization of circCAMSAP1

(A) Genomic origin of circRNAs (n = 31,557) identified in

human CRC tissues. 25,458 were derived from exons,

1,505 were derived from introns, and 4,594 were derived

from the others. (B) Heatmap of the differentially ex-

pressed circRNAs in eight pairs of human CRC tissues

and the matched non-tumor tissues. (C) Fold change of

10 indicated circRNAs expression between 20 CRC tu-

mor tissues and adjacent non-tumor tissues validated by

qPCR. N, non-tumor tissues; T, tumor tissues. (D) HCT15

cell numbers in indicated siRNA-treated groups

compared to negative control (NC) control group on fifth

day after siRNA treatment. (E) Genomic loci of the

CAMSAP1 gene and circCAMSAP1. Red arrow indicates

the back-splicing of CAMSAP1 exon 2 to exon 3

confirmed by Sanger sequencing. (F) RT-PCR for the

analysis of the existence of circCAMSAP1 using the

divergent primers and convergent primers in HCT15 cells.

GAPDH was used as a control for a linear RNA transcript.

(G) qRT-PCR analysis of circCAMSAP1 and CAMSAP1

linear mRNA with or without RNase R treatment. (H) qRT-

PCR analysis of the abundance of circCAMSAP1 and

CAMSAP1 linear mRNA in HCT15 cells treated with acti-

nomycin D at the indicated time points. (I) Results of

cytoplasmic and nuclear mRNA fractionation experiment.

GADPH served as a marker of cytoplasmic location, while

MALAT1 served as a marker of nuclear location. (J)

Representative images for FISH circCAMSAP1 staining in

HCT15 cells. The circCAMSAP1 probe was labeled with

Cy3 (red); nuclei were stained with DAPI (blue). Scale bars,

5 mm. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s

t test. Error bars indicate SD.
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patients. Through detecting the circCAMSAP1 level in serum, we
found that circCAMSAP1 expression was higher in the serum of
CRC patients prior to surgery than that in patients after surgery or
in healthy volunteers. Through a series of in vitro and in vivo exper-
iments, we also revealed that circCAMSAP1 might function as the
sponge of miR-328-5p to regulate the expression of transcription fac-
tor E2F1, thereby promoting CRC progression. Moreover, mecha-
nism studies of the biogenesis of circCAMSAP1 indicated that epithe-
lial-splicing regulatory protein 1 (ESRP1) induced the formation of
circCAMSAP1. According to our results, circCAMSAP1 has the po-
tential to act as a biomarker and therapeutic target of CRC.
Mo
RESULTS
circRNA Expression Profiles in CRC

To screen the potential driver circRNAs in
CRC pathogenesis, RNA-depleted total RNA
sequence was performed to profile mRNA and
circRNA expression in eight pairs of CRC tis-
sues and their adjacent non-tumor tissue sam-
ples. 31,557 circRNAs were detected in the
screening results, 81% of which were from the
exon of genomic origin (Figure 1A). 46 circR-
NAs were differentially expressed between can-
cer and matched normal tissues after filtering differentially expressed
circRNAs. Among these, five were significantly upregulated in CRC
while 41 were downregulated (|log2(fold change)| > 1; Q value <
0.05; read count > 40; Figure 1B). We verified all upregulated
circRNAs and the top five downregulated circRNAs in 20 pairs of
fresh CRC tissues and corresponding non-tumor tissues by qRT-PCR
(Figure 1C; Figure S1). We found that circCAMSAP1 (has_
circ_0001900, named as circCAMSAP1) had abundant expression
and was the most upregulated circRNA in CRC tissues (fold change =
6.4, p < 0.001). Moreover, the preliminary results showed that
silencing of circCAMSAP1 using small interfering RNA (siRNA)
lecular Therapy Vol. 28 No 3 March 2020 915

http://www.moleculartherapy.org


Figure 2. Upregulated circCAMSAP1 Expression in

CRC Tissues and Its Correlation with the Prognosis

of Patients

(A) qRT-PCR for the expression of circCAMSAP1 in CRC

and matched non-tumor tissues (n = 60). N, non-

tumor tissues; T, tumor tissues. (B) Comparison of

circCAMSAP1 expression between patients with T stage

3–4 (n = 45) and those with T stage 1–2 (n = 15), detected

by qRT-PCR. (C) Comparison of circCAMSAP1 expres-

sion between patients with clinical stage III–IV (n = 31) and

those with clinical stage I–II (n = 29), detected by qRT-

PCR. (D) Representative images of in situ hybridization

staining of circCAMSAP1 in CRC tissue of T stage T1

and T3 and clinical stage I and III. Scale bars, 100 mm.

Original magnification, �100. (E) Kaplan-Meier analysis

of the correlation between circCAMSAP1 expression

and overall survival. Kaplan-Meier survival curves for

CRC patients with high (n = 113) and low (n = 311)

expression of circCAMSAP1, determined by ISH. The

optimal survival cut point was determined by X-Tile

statistical software. (F) Multivariate regression analysis of

overall survival (OS) in CRC patients (bars indicate 95%

confidence intervals). (G and H) The receiver operating

characteristic (ROC) curves for the prediction

performance of circCAMSAP1, CEA, and CA19-9 in the

3-year (G) and 5-year (H) overall survival analysis of CRC

patients. (I) The solid line shows the expression of

circCAMSAP1 in the serum of healthy people (n = 20)

and CRC patients (n = 20) before and after the

operation, validated by RT-ddPCR. The dashed line

shows the levels of CEA in the serum of healthy people

(n = 20) and CRC patients before and after the operation

(n = 20). *p < 0.05, **p < 0.01, ***p < 0.001 by

Student’s t test. Error bars indicate SEM.
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had a significant inhibitory effect on CRC cell proliferation (Fig-
ure 1D). Therefore, we focused on circCAMSAP1 in this study.

Characterization of circCAMSAP1 in CRC

circCAMSAP1 is back-spliced from two exons (exon 2 and exon 3) of
the CAMSAP1 gene (q34.3:135,810,490-135,907,228) and ultimately
forms a length of 425 nt. Divergent primers were used to amplify the
circular transcripts to confirm the circCAMSAP1 junction (Fig-
ure 1E), and the convergent primers were used to detect the linear
transcripts. These two pairs of primers were used to amplify the cir-
cular and linear transcripts of CAMSAP1 in both complementary
DNA (cDNA) and genomic DNA (gDNA) by PCR. The results
showed that the circular transcript of CAMSAP1 could only be ampli-
fied using the divergent primers in cDNA (Figure 1F). Studies have
indicated that circRNAs with internal ribosome entry sites (IREs)
916 Molecular Therapy Vol. 28 No 3 March 2020
and an open reading frame (ORF) have
protein translation potentials.21 circCAMSAP1
had no IREs (http://www.circbank.cn/), impli-
cating a lower possibility of protein encoding
(http://reprod.njmu.edu.cn/circrnadb). RNase
R treatment and a half-life assay further
showed that circCAMSAP1 was much more
stable than CAMSAP1 linear mRNA (Figures 1G and 1H). Moreover,
a nuclear mass separation assay showed that more than 70% of
circCAMSAP1 localized in the cytoplasm (Figure 1I), which was
further confirmed by fluorescence in situ hybridization (FISH) anal-
ysis (Figure 1J).

Clinical Implication of circCAMSAP1

We further explored the clinical significance of circCAMSAP1
expression in CRC. As shown in Figure 2A, circCAMSAP1 was signif-
icantly upregulated in 60 cases of CRC tumor tissue compared with
paired non-tumor tissues (p < 0.001, Figure 2A). Patients with
advanced T stage and clinical stage exhibited higher expression of
circCAMSAP1 in the tumor tissues (Figures 2B and 2C). Tissue array
slides with 424 cases of CRC were subjected to in situ hybridization
(ISH) staining to further validate the expression of circCAMSAP1

http://www.circbank.cn/
http://reprod.njmu.edu.cn/circrnadb


Figure 3. circCAMSAP1 Promotes the Proliferation of CRC Cells

(A) qRT-PCR analysis for the expression of circCAMSAP1 in normal colonic epithelial cell line (NCM460) and CRC cell lines. (B) Schematic illustration showing shRNAs and

circCAMSAP1 overexpression construct. shRNAs including sh1 and sh2 target the back-splice junction of circCAMSAP1. (C) qRT-PCR analysis of circCAMSAP1 and

CAMSAP1 RNA expression of circCAMSAP1 knockdown or overexpression of stable HCT15 cell lines, compared to negative control shRNA (shNC) or vector control,

respectively. (D) Propidium iodide (PI)/annexin V double staining analysis of apoptosis of HCT15 cells with circCAMSAP1 knockdown or overexpression, compared to shNC

(legend continued on next page)
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in CRC tissues. Consistently, patients with advanced T stage and clin-
ical stage exhibited higher circCAMSAP1 expression (Figure 2D;
Table S1). More importantly, higher circCAMSAP1 expression in
CRC tissues was closely correlated to poorer prognosis of CRC pa-
tients (Figure 2E). Multivariate analyses indicated that circCAMSAP1
expression was an independent negative prognostic parameter for
CRC patients (hazard ratio [HR], 3.39; 95% confidence interval
[CI], 1.51–7.59; p < 0.01; Figure 2F). Furthermore, we found that
circCAMSAP1 expression in CRC tissues had a better prediction per-
formance than did CEA and CA19-9 in the prognosis of CRC patients
(Figures 2G and 2H). Therefore, we hypothesized that circCAMSAP1
might be detected in blood and has the potential to act as a tumor
marker. circCAMSAP1 expression in patient serum was further de-
tected to test the hypothesis. Serum samples from 20 patients with
CRC before and after surgery and 20 healthy volunteers were sub-
jected to droplet digital PCR (ddPCR). We found that circCAMSAP1
was enriched in the serum of CRC patients prior to surgery (Figure 2I;
Figure S2). Collectively, these results suggested that circCAMSAP1
was potent to serve as a biomarker for CRC diagnosis and prognosis.

circCAMSAP1 Promotes CRC Cell Proliferation

Next, we investigated the biological functions of circCAMSAP1 in
CRC. To choose the optimal cell lines used for silencing and overex-
pression of circCAMSAP1, we first checked the expression of
circCAMSAP1 in various CRC cell lines. HCT15 andDLD1were cho-
sen as target cell lines due to the moderate expression of
circCAMSAP1 (Figure 3A). We constructed circCAMSAP1 knock-
down stable cell lines using short hairpin RNAs (shRNAs), including
sh1 and sh2, that specifically target the back-spliced junction site of
circCAMSAP1 to downregulate the expression of circCAMSAP1,
but not the linear CAMSAP1 (Figures 3B and 3C). Additionally, we
constructed ectopic circCAMSAP1 overexpression stable cell lines
transfected with the full-length cDNA of the circCAMSAP1-specific
vector (Figures 3B and 3C). The results of flow cytometry analysis
indicated that neither silencing nor overexpressing circCAMSAP1
would affect tumor cell apoptosis (Figure 3D). As shown in Figure 1D,
the silencing of circCAMSAP1 had a strong effect on inhibiting CRC
cell proliferation (Figure 1D). EdU (Figure 3E), FACS analysis of Ki-67
staining (Figure 3F), plate colony formation (Figure 3G), and soft agar
colony formation (Figure 3H) assays were further performed to
confirm the effect of circCAMSAP1 on CRC cell proliferation. All of
these results showed that knockdown of circCAMSAP1 could remark-
ably impair cell proliferation of HCT15, while the ectopic overexpres-
sion of circCAMSAP1 substantially increased cell proliferation of
HCT15. Furthermore, the results of cell cycle progression showed
that knockdown of circCAMSAP1 could induce G1 phase cell cycle ar-
rest (Figure 3I). Similar results can also be seen in DLD1 cells (Fig-
ure S3). Collectively, the results above suggested that circCAMSAP1
played an important role in the proliferation of CRC cells.
or vector control, respectively. Numerical valves denote percentage of positive cells in a

on the proliferation of HCT15 cells was assessed by EdU (E), FACS analysis of Ki-67 sta

bars, 50 mm. (I) FACS cell cycle analysis of HCT15 cells with circCAMSAP1 knockdown, c

***p < 0.001 by Student’s t test. Error bars indicate SD.
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Splicing Factor ESRP1 Promotes circCAMSAP1 Production by

Binding to the Flanked Intron Regions of circCAMSAP1

We next explored the mechanism by which circCAMSAP1 is gener-
ated. Recent studies showed that the generation of circRNAs is related
to alternative splicing, while splicing factors are capable of regulating
the formation of circRNA via binding to the flanked intron re-
gions.9,11,23 Therefore, we designed probes targeting flanked intron
regions of circCAMSAP1 within pre-CAMSAP1 and performed
RNA pull-down assays to detect proteins binding to pre-CAMSAP1.
Silver staining showed numerous proteins interacting with pre-
CAMSAP1 (Figure 4A). The proteins interacting with pre-CAMSAP1
were then identified using mass spectrometry (MS). Based on the re-
sults of MS and previous published studies about RNA splicing fac-
tors associated with alternative splicing, tumorigenesis, or circRNAs
formation, we focused on the following RNA-binding proteins:
ESRP1,11,24 ESRP2,25 NOVA1,26 NOVA2,27 MEX3A,28 MEX3B,28

CELF1,28 QKI,9 and RBM47.29 A series of siRNAs was designed to
target the candidate genes above. The results of qRT-PCR showed
that only silencing ESRP1 of these genes could noticeably decrease
circCAMSAP1 expression, suggesting that ESRP1 could serve as an
upstream splicing factor for circCAMSAP1 biogenesis (Figure 4B).
MS and western blotting of purified protein confirmed that ESRP1
protein could bind to pre-CAMSAP1 (Figures 4C and 4D). We
further tested whether ESRP1-binding sequences (GGT-rich)11,30–32

on the flanked intron regions were required for the formation of
circCAMSAP1. Two putative ESRP1 binding sites were
identified, as shown in Figure 4E. Next, we constructed the
circCAMSAP1 minigene to conduct an RNA immunoprecipitation
(RIP) assay (Figure 4E). As shown in Figure 4F, the enrichment of
the two putative ESRP1 binding sites was higher in the anti-ESRP1
group than in the anti-immunoglobulin G (IgG) group, while the
transfection of the circCAMSAP1 minigene could still further
improve the enrichment (Figure 4F). These results confirmed that
ESRP1 could bind to these two putative binding sites on the flanked
intron regions. Next, individual mutation minigenes were con-
structed. Then, the CRC cells with or without ESRP1 overexpression
were transfected with wild-type (WT) or individual mutation
circCAMSAP1 minigenes. Only the WT circCAMSAP1 minigene
could enhance the expression of circCAMSAP1 in both control
cells and ESRP1-overexpressed cells (Figure 4G). Within these
groups, the ESRP1-overexpressed cells transfected with the WT
circCAMSAP1 minigene showed the highest circCAMSAP1 expres-
sion level (Figure 4G). These results indicated that both of these
two binding sites on upstream and downstream flanked intron re-
gions of circCAMSAP1 were necessary for ESRP1-mediated circ-
CAMSAP1 circularization. Furthermore, we detected the ESRP1
expression on CRC tissues using immunohistochemistry (IHC) stain-
ing. The results showed that the expression of circCAMSAP1 was
strongly associated with ESRP1 in CRC patients (Figure 4H).
nnexin V+ populations. (E–H) Effect of circCAMSAP1 knockdown or overexpression

ining (F), plate colony formation (G), and soft agar colony formation (H) assays. Scale

ompared to shNC-treated HCT15 cells, using PI DNA staining. *p < 0.05, **p < 0.01,



Figure 4. Splicing Factor ESRP1 Promotes circCAMSAP1 Production by Binding to the Flanked Intron Regions of circCAMSAP1

(A) Silver staining of the purified proteins in pre-CAMSAP1 RNApull-down experiment. NC, scramble RNA control. Pre-CAMSAP1, proteins obtained by RNA pull-down using

probes targeting flanked intron regions of circCAMSAP1 within pre-CAMSAP1. (B) qRT-PCR analysis of circCAMSAP1 expression in HCT15 cells transfected with indicated

siRNAs. (C) Mass spectrogram of ESRP1 protein. (D) Immunoblotting of ESRP1 in indicated groups. NC, scramble RNA control. Pre-CAMSAP1, proteins obtained by RNA

pull-down using probes targeting flanked intron regions of circCAMSAP1 within pre-CAMSAP1. Input, total protein. (E) Schematic of circCAMSAP1 minigenes with two

(legend continued on next page)
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Additionally, the sequence of si-1 of ESRP1 was selected to construct
shRNA for generating ESRP1 knockdown-stable cell lines. Knock-
down of ESRP1 inhibited the proliferation of CRC cells while the ef-
fect could be partly rescued by circCAMSAP1 overexpression, as
shown by EdU and plate colony formation assays (Figures 4I–4L; Fig-
ure S4). Taken together, the results above indicated that ESRP1 could
regulate the biogenesis of circCAMSAP1 in CRC cells through bind-
ing to the flanked intron regions of circCAMSAP1.

circCAMSAP1 Serves as a Sponge for miR-328-5p

We further explored the underlying molecular mechanism respon-
sible for the effect of circCAMSAP1 on CRC cells. Given that
circRNAs have been shown to act as a miRNA sponge in the
cytoplasm,19 and circCAMSAP1 is mainly located in the cytoplasm,
we hypothesized that circCAMSAP1 might exert its function through
sponging certain miRNAs.

It is well known that miRNAs inhibit translation and degrade mRNA
in an Ago2-dependent manner by binding to their targets.33 There-
fore, to test the hypothesis, we performed an anti-Ago2 RIP assay
to pull down RNA transcripts that bind to Ago2. As shown in Fig-
ure 5A, the enrichment of circCAMSAP1 was much higher in the
anti-Ago2 group compared with the anti-IgG group (Figure 5A), sug-
gesting that circCAMSAP1 was involved in the regulation process of
miRNA (RNA-induced silencing complex [RISC] complex). We sub-
sequently conducted a pull-down assay using biotin-labeled probes
targeting the circCAMSAP1 junction site to enrich the potential
directly binding miRNAs, which was followed by a miRNA microar-
ray. The results of the miRNA microarray showed that miR-328-5p
and miR-3116 were significantly more abundant compared with con-
trol (fold change > 4; normalized intensity > 10; Table S3; Figure 5B).
To further validate whether circCAMSAP1 could sponge these
miRNAs, a miRNA pull-down assay was performed to purify the
miRNA binding RNA, using biotinylated miRNA mimics (miR-
328-5p and miR-3116). The results showed that miR-328-5p rather
than miR-3116 could significantly enrich circCAMSAP1 (Figure 5C).
Moreover, we generated luciferase constructs harboring the potential
target sites and miR-328-5p binding site mutant constructs of
circCAMSAP1 (Figure 5D). Overexpression of miR-328-5p by
miRNA mimics could remarkably reduce the luciferase activities of
a WT reporter but not the mutant ones (Figure 5E). Furthermore,
the results of FISH analysis showed that circCAMSAP1 was co-local-
ized with miR-328-5p in the cytoplasm (Figure 5F). Previous studies
have reported the tumor suppressive effect of miR-328-5p in different
kinds of malignancies.34,35 Similarly, we also found that miR-328-5p
could inhibit the proliferation of CRC cells and induce G1 phase arrest
(Figure S5).We next performed an in vitro rescue assay to confirm the
wild-type (WT) or mutant (MUT) ESRP1 binding sites on the flanked intron regions of c

around the putative binding site of ESRP1 in HCT15 cells transfected with or without WT

detected by an IgG isotype control. (G) qRT-PCR analysis of the circCAMSAP1 expressio

WT or various MUT circCAMSAP1 minigenes. (H) Correlation of the ESRP1 IHC score

Pearson’s correlation coefficient R and p value are shown). (I–L) Proliferation of ESRP1-si

and plate colony formation (K and L) assays. Scale bars, 50 mm. *p < 0.05, **p < 0.01,
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interaction of circCAMSAP1 and miR-328-5p. As revealed by EdU
and plate colony formation assays, the miR-328-5p inhibitor could
significantly rescue the proliferation-inhibitory effect induced by
circCAMSAP1 knockdown (Figures 5G and 5H; Figure S6). Addi-
tionally, circCAMSAP1 and miR-328-5p did not affect the expression
of one another (Figures 5I and 5J). Collectively, these results indicated
that circCAMSAP1 could enhance the proliferation and tumor
growth of CRC through serving as a miR-328-5p sponge.

miR-328-5p Suppresses CRC Cell Proliferation through

Targeting E2F1

To identify the targets of miR-328-5p, we performed whole-transcrip-
tome deep sequencing on circCAMSAP1 knockdown and control
cells. 125 mRNAs were downregulated by circCAMSAP1 knockdown
(fold change R 2.00; false discovery rate [FDR] % 0.001; Table S4).
Furthermore, through filtering the genes that were upregulated in our
sequencing results of CRC tissue (Table S5) and predicted target
genes of miR-328-5p using miRDB (http://mirdb.org/cgi-bin/
search.cgi) and TargetScan (http://www.targetscan.org/), we identi-
fied three candidate target genes of miR-328-5p (E2F1, RPS6KL1,
and COPZ2; Figure 6A). The results of qRT-PCR showed that only
E2F1 was downregulated after circCAMSAP1 knockdown (Fig-
ure 6B). Therefore, we further focused on verifying whether E2F1
was the direct target of miR-328-5p. An anti-Ago2 RIP assay showed
that mRNA levels of E2F1 enriched in the anti-Ago2 group were
significantly increased compared with the IgG group (Figure S7A).
The miRNA biotin pull-down assay revealed that miR-328-5p could
combine with the 30 UTR of E2F1 mRNA (Figure S7B). Furthermore,
luciferase assays showed a reduction of luciferase activities when the
constructs containing miR-328-5p binding sites were co-transfected
with miR-328-5p mimics. Mutations of the binding sites abolished
the repression effect (Figure S7C). Moreover, the protein levels of
E2F1 were significantly decreased after transfection of miR-328-5p
mimics but increased after transfection of miR-328-5p inhibitor (Fig-
ure S7D). The similar changes of the expression of Cyclin E, one of the
downstream genes of E2F1, can be obtained following transfection of
miR-328-5p mimics or inhibitor (Figure S7D). Furthermore, the
overexpression of E2F1 could partly rescue the inhibition of miR-
328-5p upon cell proliferation (Figures S7E and S7F). Collectively,
the results above suggested that miR-328-5p could suppress prolifer-
ation of CRC cells through directly suppressing the expression of
E2F1.

circCAMSAP1PromotesCell Proliferation via the circCAMSAP1/

miR-328-5p/E2F1 Axis

To further validate whether circCAMSAP1 exerts its function via the
circCAMSAP1/miR-328-5p/E2F1 axis, we next examined the
ircCAMSAP1. (F) ESRP1 RIP-qPCR results using primers targeting the sequences

circCAMSAP1minigene. Values were normalized to the level of background RIP, as

n in HCT15 cells. Cells with or without ESRP1 overexpression were transfection with

and circCAMSAP1 ISH score in the clinical samples of patients with CRC (n = 424,

lenced HCT15 cells transfectedwith circCAMSAP1 vector, assessed by EdU (I and J)

***p < 0.001 by Student’s t test. Error bars indicate SD.

http://mirdb.org/cgi-bin/search.cgi
http://mirdb.org/cgi-bin/search.cgi
http://www.targetscan.org/


Figure 5. circCAMSAP1 Serves as a Sponge for miR-328-5p

(A) RIP assay using an antibody against Ago2, followed by detection of circCAMSAP1 and Fos (positive control). Values were normalized to the level of background RIP, as

detected by an IgG isotype control. (B) Results of miRNA array of circCAMSAP1 pull-down products. (C) miRNA biotin pull-down assay using biotin-coupled miR-328-5p or

miR-3116mimics, compared to control miR-mimics. circCAMSAP1 expression levels were determined by qRT-PCR. (D) Schematic of luciferase reporter vectors containing

wild-type (WT) or mutant (MUT) putative miR-328-5p binding sites of circCAMSAP1. (E) The luciferase activities of HCT15 co-transfected with WT or MUT circCAMSAP1

(legend continued on next page)
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expression of E2F1 and its downstream gene Cyclin E after knock-
down of circCAMSAP1. As shown in Figures 6C–6E, silencing of
circCAMSAP1 significantly reduced the expression levels of E2F1
in CRC cells (Figures 6C–6E). In addition, both immunofluorescence
(IF) and western blotting revealed that the miR-328-5p inhibitor
could significantly reverse the downregulation of E2F1 after silencing
of circCAMSAP1 (Figures 6C–6E). More importantly, overexpres-
sion of E2F1 restored proliferation-inhibitory effect induced
by circCAMSAP1 knockdown, confirming functionally that
circCAMSAP1 could promote CRC progression via the miR-328-
5p/E2F1 axis (Figures 6F and 6G; Figure S9). Next, we detected the
E2F1 expression using IHC staining on tissue array slides of 424
CRC patients. The results showed that higher expression of E2F1
was associated with poorer overall survival (Figure 6H). Moreover,
the expression of circCAMSAP1 was strongly associated with E2F1
in CRC patients (Figure 6I), which further supported the
circCAMSAP1/miR-328-5p/E2F1 axis. Taken together, these results
convincingly indicated that circCAMSAP1 could promote CRC cell
proliferation as a sponge of miR-328-5p and functions via the
circCAMSAP1/miR-328-5p/E2F1 axis (Figure 6J).

The circCAMSAP1/miR-328-5p/E2F1 Axis Is Essential for CRC

Progress In Vivo

To further assess and confirm whether the oncogenic potential of
circCAMSAP1 was through the miR-328-5p/E2F1 axis in vivo, we es-
tablished a xenograft tumor model in nude mice. The results showed
that circCAMSAP1 silencing tumors with miR-328-5p inhibition
had a significantly larger size and higher weight compared to
circCAMSAP1 silencing counterparts, highlighting the ability of inhi-
bition of miR-328-5p to neutralize the tumor-suppressive effect
caused by circCAMSAP1 silencing (Figures 7A–7C). Likewise, the
results of IHC revealed that tumor tissues collected from the
circCAMSAP1 silencing group had lower expression of Ki-67,
E2F1, and Cyclin E when compared with the control group, which
could be partly counteracted by miR-328-5p inhibition (Figure 7D).
Taken together, these results demonstrated that circCAMSAP1
played an essential role in CRC progression in vivo via the miR-
328-5p/E2F1 axis.

DISCUSSION
In the present study, we identified circRNA expression profile in CRC
tissues via RNA sequencing (RNA-seq). We demonstrated that
circCAMSAP1 was significantly upregulated in CRC tissue and nega-
tively correlated with patients’ survival. We found that circCAMSAP1
expression in CRC tissues had a better prediction performance than
did CEA and CA19-9 in the prognosis of CRC patients. Interestingly,
circCAMSAP1 was more abundant in the serum of CRC patients
prior to surgery, compared to the healthy volunteers and in the pa-
tients after surgery. Functionally, circCAMSAP1 promoted tumor
luciferase reporter vector andmiR-328-5pmimics or control miRmimics. (F) Co-localizat

Scale bars, 5 mm. (G and H) The sh1-mediated circCAMSAP1 knockdown HCT15 cells

HCT15 cells in indicated groups was assessed by EdU (G) and plate colony formation (

silencing using sh1. (J) The expression of circCAMSAP1 after treatment with miR-328-
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growth both in vitro and in vivo. Mechanistically, circCAMSAP1
acted as the sponge of miR-328-5p and upregulated E2F1 expression.
More importantly, we found that ESRP1 mediated circCAMSAP1
biogenesis via interaction with its flanked intron regions. Thus, our
findings revealed that circCAMSAP1 acts as an oncogene of CRC
and could serve as a diagnostic and prognostic biomarker as well as
a therapeutic target for CRC.

circRNAs were initially considered as junk products of aberrant RNA
splicing.36 This view is now being challenged since increasing evi-
dence shows that circRNAs are abundant in various cell types in an
evolutionarily conserved manner.5 In our study, by comparing the
sequence of circCAMSAP1 between humans and Mus musculus, we
observed 90% of commonality, which revealed that circCAMSAP1
was highly conserved and might possess many important biological
functions. Presently, a great number of circRNAs have been reported
to play an important role in the progression of different cancer
types.19,32 For instance, higher expression of circPRKCI can promote
tumor growth in lung adenocarcinoma,19 while upregulated
circANKS1B promotes metastasis of breast cancer.32 In the present
study, both in vitro and in vivo results clearly demonstrated that
circCAMSAP1 was an oncogene in CRC, promoting tumor growth.

The longer half-lives and specific expression patterns enable
circRNAs to be robust biomarkers.37,38 Until now, several circRNAs
have been reported to be diagnostic and prognostic biomarkers in
CRC,12 glioma,39 lung cancer,19 gastric cancer,17 and other malig-
nancies.33,40 In this study, we found that circCAMSAP1 was more
abundant in CRC tissues than the adjacent normal tissues, and it
correlated with T stage and clinical stage. Patients with higher levels
of circCAMSAP1 had shortened overall survival. Additionally, higher
expression of circCAMSAP1 was an independent factor for a more
unsatisfactory outcome. More interestingly, we found that
circCAMSAP1 was abundant in the serum of CRC patients before
surgery, while its expression was low in CRC patients after surgery
and in normal donors. Studies have reported that circular RNAs
could be secreted from tumor cells by exosomes.41,42 Based on
RNA-seq and qRT-PCR, one study has reported several circRNAs en-
riched in exosomes. Within these, circCAMSAP1 was one of the
circRNAs that had a higher expression level and circRNA/mRNA ra-
tio in cell-free exosomes than in cells.42 Therefore, it is quite possible
that CRC cells could secrete circCAMSAP1 into serum by exosomes,
so that a higher level of circCAMSAP1 in the serum of CRC patients
before surgery can be detected. However, this still needs further ex-
periments to confirm.

Previous studies revealed that circRNA generation is related to alter-
native splicing while abnormal splicing was shown to be involved in
CRC carcinogenesis.9,11,43 However, the relationships between
ion of circCAMSAP1 andmiR-328-5p in HCT15 cells was evaluated by a FISH assay.

were transfected with miR-328-5p inhibitor or control inhibitor. The proliferation of

H) assays. Scale bars, 50 mm. (I) The expression of miR-328-5p after circCAMSAP1

5p mimics. **p < 0.01, ***p < 0.001 by Student’s t test. Error bars indicate SD.



Figure 6. circCAMSAP1 Promotes Cell Proliferation via the circCAMSAP1/miR-328-5p/E2F1 Axis

(A) Schematic drawing of the screening procedure of candidate genes. (B) qRT-PCR analysis of the expression of three candidate genes after silencing of circCAMSAP1

using sh1 in HCT15 cells. (C–E) The sh1-mediated circCAMSAP1 silencing HCT15 cells were transfected with control miR inhibitor or miR-328-5p inhibitor. (C and D) The

quantitative results (C) of immunoblotting (D) for E2F1, Cyclin E, and b-actin in HCT15 cells as indicated (n = 3). (E) Representative immunofluorescence (IF) images of E2F1

(legend continued on next page)
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circRNAs and alternative splicing in CRC remain largely unknown.
Previous studies suggested that splicing factors play an essential role
in the formation of circRNAs via binding to the flanked intron regions
of circRNAs.9,11 In the present study, we identified a splicing factor,
ESRP1, which could mediate the biogenesis of circCAMSAP1 via in-
teracting with “GGT-rich” motifs on the flanked intron regions of
circCAMSAP1-forming exons. ESRP1 has been reported to stimulate
CRC cells growth and promote CRC progression.44 Similarly, we also
found that ESRP1 acted importantly in the proliferation of CRC cells,
at least partly throughpromoting circCAMSAP1biogenesis. Although
ESRP1 served as an upstream splicing factor for circCAMSAP1
biogenesis, ESRP1 silence only reduced circCAMSAP1 expression
level by about 50%. Therefore, other splicing factors might also partic-
ipate in the circCAMSAP1 biogenesis process. Previous studies
demonstrated that the silence of QKI affected the expression of a large
number of circRNAs.9 In accordance with this, we also found that
knockdown of QKI reduced circCAMSAP1 expression level by about
20%. Therefore, these findings indicated that the formation of
circRNA was a complicated process and might be simultaneously
controlled by multiple splicing factors. As the previous study showed
that ESRP1 could regulate the expression of circBIRC6 in human em-
bryonic stem cells,11 ESRP1 might regulate the expression of different
circRNAs in several disease entities, which needs further investigation.

Increasing evidence showed that circRNAs play an important role in
the regulation of gene expression. Due to their abundance and stabil-
ity, circRNAs can exert biological functions through amiRNA sponge
for a longer period of time than long non-coding RNAs (lncRNAs).40

In this study, we showed that circCAMSAP1, one highly expressed
oncogene in CRC cells, is a stable circularized transcript, resistant to
RNase R digestion, and with a longer half-time. In addition,
circCAMSAP1 incorporated into the Argonaute (AGO)-RISC com-
plex inCRCcells. Therefore, we inferred that circCAMSAP1 functions
as a miRNA sponge. To date, miRNAs targeted by circRNAs are
mostly predicted and selected by bioinformatics analysis, which seems
to be blindness. In this study, we performed circRNA pull-down ex-
periments to pull down circCAMSAP1 and used miRNAmicroarrays
to detect the miRNAs that bind to circCAMSAP1. Finally, we found
out that miR-328-5p was the circCAMSAP1-binding miRNA. miR-
328-5p has been proposed to be a potential tumor suppressor in
many cancer types, including nasopharyngeal cancer35 and breast can-
cer.34 In the present study, we showed that miR-328-5p could inhibit
proliferation of CRC cells, in accordance with the previous reports.

miRNAs could bind to the 30 UTR of mRNA and inhibit the gene
function. To better identify the downstream gene regulated by miR-
staining in control cells, circCAMSAP1 silencing cells, and circCAMSAP1 silencing cell

5 mm. (F and G). sh1-mediated circCAMSAP1 knockdownHCT15 cells were transfected

cells was assessed by EdU (F) and plate colony formation (G) assays. (H) Kaplan-Meier an

survival curves for CRC patients with high (n = 88) and low (n = 336) expression of E2F1, d

by X-Tile statistical software. Scale bars, 100 mm. Original magnification, �100. (I) Corre

CRC patients (n = 424, Pearson’s correlation coefficient R and p value are shown). (J) G

indicate SD.
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328-5p in CRC cells, we used whole-transcriptome deep sequencing
of circCAMSAP1-silenced cells to detect the differential gene expres-
sion. While considering the upregulated genes in CRC tissue and pre-
dicted targets of miR-328-5p in the online database, we finally found
that E2F1 was the target of miR-328-5p in CRC cells. As a cell cycle
driver, E2F1 is an important transcription factor and plays an essen-
tial role in tumor progression.45,46 Previous studies reported that
E2F1 promotes the aggressiveness of human CRC cells.47,48 In our
present study, we found that E2F1 silence using siRNA could signif-
icantly inhibit cell proliferation of CRC cells (Figure S8). Moreover,
we found that the expression of E2F1 positively correlated with
circCAMSAP1 while overexpression of E2F1 could reverse the tumor
suppressive effect of miR-328-5p.

There are several limitations to this study. First, although we found out
the dynamic tendency of circCAMSAP1 expression in the serum of
CRCpatients before and after surgery, the sample size is relatively small.
A larger patient population for future validation is needed. Second, since
the circCAMSAP1 could be secreted by CRC cells, it would be inter-
esting to further investigate the role of circCAMSAP1 in the tumor
microenvironment. Third, it is also possible that circCAMSAP1 may
regulate the development of CRC through other mechanisms such as
protein binding, which requires further investigation.

Conclusions

In summary, we showed that circCAMSAP1 biogenesis was mediated
by ESRP1 in CRC. circCAMSAP1 could serve as an oncogenic
circRNA and promote tumor growth of CRC via the
circCAMSAP1/miR-328-5p/E2F1 axis. Our data suggested that
circCAMSAP1 could be a diagnostic and prognostic biomarker as
well as a potential treatment target for CRC.

MATERIALS AND METHODS
Additional materials and methods can be found in Supplemental Ma-
terials and Methods.

Human Tissue and Cell Lines

The 60 pairs of freshly frozen CRC and adjacent normal tissues
and 424 samples of CRC formalin-fixed, paraffin-embedded
(FFPE) tissues were obtained from patients who underwent oper-
ations at The Sixth Affiliated Hospital of Sun Yat-sen University.
Serum from 20 CRC patients before surgery and 3 and 6 months
after surgery, and from 20 healthy volunteers was collected for
ddPCR detection. The study was approved by the Institutional Re-
view Board of The Sixth Affiliated Hospital of Sun Yat-sen
University.
s transfected with miR-328-5p inhibitor or control miR inhibitor (n = 3). Scale bars,

with E2F1 overexpression construct or control construct. The proliferation of HCT15

alysis of the correlation between E2F1 expression and overall survival. Kaplan-Meier

etermined by IHC staining, are shown. The optimal survival cut point was determined

lation of the E2F1 IHC score and circCAMSAP1 ISH score in the clinical samples of

raphical abstract. *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t test. Error bars



Figure 7. The circCAMSAP1/miR-328-5p/E2F1 Axis Is Essential for CRC Progress In Vivo

The sh1-mediated circCAMSAP1 silencing HCT15 cells were treated with antagomir-control or antagomir-328-5p. (A) Images of tumors of indicated groups (n = 8). (B) Tumor

growth curves of nude mice with indicated treatments. Tumor volumes were monitored with digital calipers every other day during the time course of 4 weeks. (C) Tumor

weights were measured at day 28. (D) H&E staining and IHC staining of Ki-67, E2F1, and Cyclin E in tumors with indicated treatments. Scare bars, 100 mm. Original

magnification, �200. ***p < 0.001 by Student’s t test. Error bars indicate SEM.
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CRC cancer cell lines HT29, SW480, HCT116, SW620, Lovo, SW480,
DLD1, Caco2, KM12, RKO, and HCT15 and human normal colonic
epithelial NCM460 cells were cultured in DMEM medium (Gibco,
NY, USA) supplemented with 10% fetal bovine serum (Gibco, NY,
USA). All of the cells were incubated at 37�C in a humidified atmo-
sphere containing 5% CO2.

RNA Sequencing, Identification, and Quantification of Human

circRNAs

Total RNA was extracted from eight pairs of freshly frozen CRC tis-
sues. The RNA quality was checked by Agilent 2200 (Agilent Tech-
nologies, USA). RNA was treated with a RiboMinus eukaryote kit
(QIAGEN, Valencia, CA, USA) to delete ribosomal RNA, followed
by the cDNA library construction. Next, deep sequencing was per-
formed with an Illumina HiSeq 3000 (Illumina, San Diego, CA,
USA). The clean reads were aligned to the reference genome
(GRCH37.p13 NCBI). Unmapped reads were collected to identify
the circRNAs. Reads that mapped to the circRNA junction (with an
overhang of at least 6 nt) were counted for each candidate.

FISH Assay

The FISH assay was performed to detect the location of
circCAMSAP1, using a FISH kit (c10910, RiboBio, Guangzhou,
China) according to the manufacturer’s protocol. The hybridization
was performed with Cy3-labeled circCAMSAP1 probes and FAM-
labeled miR-328-5p probes (GenePharma, Shanghai, China). Briefly,
cells were seeded in a glass-bottom dish overnight, after which the
cells were incubated with pre-hybridization solution at 37�C for
30 min. Probes were dissolved in hybridization solution at a concen-
tration of 20 mM and added to slides and hybridized overnight. The
slides were washed by 4� SSC (saline sodium citrate) in 0.1% Tween
20 for 5 min three times, 2� SSC for 5 min once, and 1� SSC for
5 min once. Then, all slides were incubated with 40,6-diamidino-2-
phenylindole (DAPI) for 10 min at room temperature. The results
were analyzed by using a confocal microscopy. The probe sequences
are shown in Table S2.

RNA Immunoprecipitation

Anti-Ago2 (#03-110, Millipore) and anti-ESRP1 (#21045-1-AP,
Proteintech) were used for the RIP assay for Ago2 and ESRP1,
respectively. RIP was performed using the Magna RIP RNA-binding
protein immunoprecipitation kit (Millipore, Merck, Germany) ac-
cording to the manufacturer’s guidelines. The isolated RNA was pu-
rified, followed by qRT-PCR. The enrichment values were normal-
ized to the level of background RIP, as detected by IgG isotype
control.

circRNA Pull-Down

Biotin-labeled circCAMSAP1 probes and control probes were synthe-
sized by Sangon Biotech (Shanghai, China). The biotin-labeled probes
were used for circRNA pull-down as mentioned previously, with
some modifications.49 In brief, 1 � 107 cells were cross-linked by
1% formaldehyde for 30 min and then lysed in co-immunoprecipita-
tion (coIP) buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM
926 Molecular Therapy Vol. 28 No 3 March 2020
ethylenediaminetetraacetate acid, 0.5% Nonidet P-40, and 5 g/mL
aprotinin).50 The mixture was sonicated at high amplitude for 30 cy-
cles of 30 s (on/off) pulses. The cell lysis was incubated with a circ-
CAMSAP1 probe-streptavidin beads (Life Technologies, CA, USA)
mixture overnight at 37�C. Then, the beads were washed and incu-
bated with proteinase K. Finally, TRIzol reagent was added to the
bead mixture for RNA extraction, followed by miRNA microarray
(ArrayStar, Rockville, MD, USA) or qRT-PCR. The probe sequences
are shown in Table S2.

Western Blotting

The CRC cells were collected, washed, and lysed in radioimmunopre-
cipitation assay (RIPA) lysis buffer. Then, the concentration of pro-
tein was detected by a bicinchoninic acid (BCA) kit (CWBio, Beijing,
China). After that, the equal amounts of protein were separated on
10% SDS-PAGE and then transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, Schwalbach, Germany). The mem-
brane was then blocked with Tris-buffered saline with Tween 20
(TBST) buffer containing 5% skim milk powder and incubated with
corresponding primary antibodies at 4�C overnight. The primary an-
tibodies used were anti-E2F1 (1:1,000, #ab179445, Abcam), anti-
Cyclin E (1:500, #sc-247, Santa Cruz Biotechnology), anti-ESRP1
(1:1,000, #ab107278, Abcam), and anti-b-actin (1:25,000, #ab49900,
Abcam). Then, the membrane was washed with TBST three times
and incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (anti-rabbit, 7074S; anti-mouse, 7076S; Cell
Signaling Technology, 1:5,000) for 1 h at room temperature, after
which the bands were visualized using Pierce enhanced chemilumi-
nescence (ECL) western blotting substrate (Thermo Fisher Scientific,
MA, USA).

IHC

IHC was performed on tissue microarray (TMA) or FFPE tissue sec-
tions as described previously.51 The primary antibodies used were
anti-ESRP1 (1:100, #ab107278, Abcam), anti-E2F1 (1:100,
#ab179445, Abcam), anti-Cyclin E (1:100, #sc-247, Santa Cruz
Biotechnology), and anti-Ki-67(1:50, #ab833, Abcam). Tissue sec-
tions were incubated with primary antibodies at 4�C overnight and
then incubated with secondary antibody. DAB complex was used as
the chromogen. The nuclei were counterstained with hematoxylin.
All sections were scored as follows: proportion score: 0–100 (1%–

100%); intensity score: 0, negative; 1, weak; 2, intermediate; 3, strong;
total score = proportion score � intensity score.51

Xenograft Tumor Model

The animal assay was approved by the Committee for Animal Care
and Use of Sun Yat-sen University. For the xenograft tumor model,
4-week-old BALB/c nude mice were randomly divided into four
groups (n = 8 for each group): HCT15 cells, HCT15 cells with nega-
tive control shRNA (shNC) and antagomir-control, HCT15 cells with
circCAMSAP1 knockdown and antagomir-control, and HCT15 cells
with circCAMSAP1 knockdown and antagomir-328-5p. Cells were
inoculated subcutaneously into nude mice (5 � 106/0.2 mL of PBS/
each). Tumor volumes were measure every 2 days by digital calipers.
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After 4 weeks, the mice were sacrificed and the weight of the tumors
was measured. The tumor tissues were harvested, followed by hema-
toxylin and eosin (H&E) and IHC staining.

Data Availability

RNA-seq data have been submitted to the GEO database (GEO:
GSE138202).

Statistical Analysis

Statistical analysis was conducted using SPSS 19.0 (IBM, SPSS, Chi-
cago, IL, USA). The differences among groups were tested using Stu-
dent’s t test or one-way ANOVA. Kaplan-Meier plots and log-rank
tests were used for survival analysis. The univariate and multivariate
analyses were analyzed by the Cox proportional hazards model. The
correlations were analyzed using Pearson’s correlation coefficients. p
values <0.05 were used as significance criteria.
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