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Abstract
CircRNAs play essential roles in various physiological processes and involves in many diseases, in particular cancer. Global
downregulation of circRNA expression has been observed in hepatocellular carcinoma (HCC) in many studies. Previous
studies revealed that the pre-mRNA 3′ end processing complex participates in circRNA cyclization and plays an important
role in HCC tumorigenesis. Therefore, we explored the role of CPSF4, for 3′ end formation and cleavage, in circRNA
formation. Clinical research has shown that CPSF4 expression is upregulated in HCC and that high expression of CPSF4 is
associated with poor prognosis in HCC patients. Mechanistic studies have demonstrated that CPSF4 reduces the levels of
circRNAs, which possess a polyadenylation signal sequence and this decrease in circRNAs reduces the accumulation of
miRNA and disrupts the miRNA-mediated gene silencing in HCC. Experiments in cell culture and xenograft mouse models
showed that CPSF4 promotes the proliferation of HCC cells and enhances tumorigenicity. Moreover, CPSF4 antagonizes the
tumor suppressor effect of its downstream circRNA in HCC. In summary, CPSF4 acts as an oncogene in HCC through
circRNA inhibition and disruption of miRNA-mediated gene silencing.

Introduction

Hepatocellular carcinoma (HCC) is the most common pri-
mary liver malignancy and the fourth leading cause of
cancer-related mortality worldwide. The slow development
of HCC involves the accumulation of genetic mutations and
dysregulated gene expression over time [1–4]. Since non-
coding RNAs (ncRNAs) play important roles in epigenetic
regulation of gene expression at the transcriptional and
posttranscriptional levels, numerous ncRNAs are involved
in the tumorigenesis and metastasis of HCC [4, 5]. Circular
RNAs (circRNAs) are a type of single-stranded endogenous
RNA that forms a covalently closed continuous loop
structure [6]. As an evolutionarily conserved ncRNA across

phyla, circRNAs play essential roles in various physiolo-
gical processes [7, 8], such as binding with miRNAs as
competitive endogenous RNAs (ceRNAs) [9, 10], regulat-
ing gene transcription in RNA-protein complexes [10], and
even encoding proteins [11]. Many types of human diseases
are associated with circRNAs; in particular cancer, cir-
cRNAs have been reported to be involved in tumorigenesis,
metastasis, and drug resistance [12]. Moreover, because
circRNAs lack the 5′ cap and 3′ poly (A) tail and therefore
are rarely degraded by exonuclease RNase, circRNAs are
expected to be more stable tumor markers and better ther-
apeutic targets than other RNAs [13].

Interestingly, the ratio of a circRNA to its linear
counterpart is always lower in tumors than in normal
samples and even lower in immortal cancer cell lines and
this ratio negatively correlates with the proliferation index
of cancer cells [14]. Many circRNAs have been reported to
be reduced in HCC and inhibit the development of HCC,
such as hsa_circ_0018665 [15], hsa_circ_0000847 [16],
and hsa_circ_0007874 [17]. A previous explanation for
the global reduction in circRNA expression was that cir-
cRNAs are passively dispersed by cell proliferation.
However, we hypothesized that circRNA formation might
be inhibited and that the expression of circRNAs is
actively reduced in HCC cells.
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Although the back-splicing of circRNAs is different from
the canonical splicing of linear RNAs, the two processes
share the same splicing and maturation factors, including
various snRNAs and protein components [18]. Therefore,
the cis- and trans-elements that regulate pre-mRNA alter-
native splicing (AS) and alternative polyadenylation (APA)
can also affect RNA circularization [19]. Recent genome-
wide protein-RNA interaction studies demonstrated that AS
and APA are two closely related processes and that 3′ end
formation factors play an important role in AS, including
cleavage and polyadenylation specificity factor (CPSF),
cleavage stimulation factor (CSTF), cleavage factor Im
(CFIm), and cleavage factor IIm (CFIIm) [20, 21]. Among
them, CPSF is the core component of the 3′ end processing
complex that specifically recognizes the polyadenylation
signal sequence (PAS: AAUAAA or its variants including:
AUUAAA, AAUAUA, AAUGAA, AAUAAU, and
AAGAAA) and catalyzes cleavage [22]; CSTF specifically
recognizes the U/GU-rich elements, and is required for
cleavage [23]; CFIm binds with two UGUA sequences, and
facilitates the assembly of the 3′ end processing complex
[3]; CFIIm takes part in the polyadenylation process [24]. In
our previous studies, we found that NUDT21, an important
subunit of CFIm, promotes circRNA cyclization; and its
low expression in HCC reduces the circRNA level
[2, 3, 25]. Therefore, we aimed to determine whether CPSF,
as the core performer of PAS site cleavage, is also abnor-
mally expressed in HCC and thereby regulates circRNA
formation.

CPSF is a multisubunit complex consisting of CPSF1,
CPSF2, CPSF3, CPSF4 FIP1L1, and WDR33 [20]. Among
these subunits, CPSF1, CPSF4, Fip1, and WDR33 form a
stable tetramer complex that localizes CPSF to the PAS site
[26], and recent genome-wide crosslinking immunoprecipi-
tation (CLIP) studies revealed that only WDR33 and CPSF4
bind to the AAUAAA sequence directly [22]. Through
analysis of the cancer genome atlas (TCGA) database, we
found that the expression of CPSF1, CPSF3, and CPSF4 was
significantly upregulated in HCC, and the survival analysis
also showed that the overall survival (OS) rate of patients
with high CPSF2 CPSF3, and CPSF4 expression patients
were significantly shortened. In addition, previous studies
revealed that CPSF4 is highly expressed in colon cancer [27],
breast cancer [28], and lung cancer [29] and is closely related
to the tumorigenesis and metastasis of these tumors. Since
CPSF4 expression is significantly increased in HCC, and its
high level corresponds to a high risk for poor patient survival,
we focused our research on the correlation between CPSF4
and HCC.

MicroRNAs (miRNAs) posttranscriptionally silence
gene expression by base-pairing with partially com-
plementary sequences in the 3′ untranslated regions (UTRs)
of target mRNAs [30]. Since circRNAs can function as

sponges to bind with miRNAs [31], downregulation of
circRNA expression disrupts miRNA-mediated gene
silencing. In fact, general downregulation of miRNA
expression is observed in tumors compared with normal
tissues in multiple cancers, including HCC [32]. In-depth
research revealed that only circRNAs with perfect com-
plementarity to their target miRNAs could degenerate
miRNAs directly through AGO2-mediated degradation,
most circRNAs are only partially complementary to their
target miRNAs and instead serve as miRNA storage pools
to prevent their degradation by RNA exonuclease clea-
vage. Thus, destabilization of circRNA expression through
acute intervention (e.g., with siRNAs, shRNAs, or ASOs)
usually results in increased miRNA release and repression
of the corresponding targets. In a different scenario, the
prolonged absence of a sponge circRNA, due to chronic
treatments, led to the degradation of its binding miRNAs
and an increase in the expression of the corresponding
targets [33]. The global decrease in miRNA levels in
tumors reported previously [32] is most likely caused by
the overall decline in circRNAs in tumor cells.

In summary, a global decrease in circRNAs, an increase
in CPSF4, and general downregulation in miRNA are three
obvious features that occur simultaneously in HCC, and
these features appear to be tightly associated with each
other. Therefore, we hypothesized that the increase in
CPSF4 enhances the recognition of PAS signals and the
cleavage of circRNAs, which leads to a global decrease in
circRNAs in HCC. Due to the prolonged absence of
sponge circRNA storage pools, miRNAs are no longer
protected and are degraded, enabling oncogenes to evade
miRNA regulation and, thus, induce HCC tumorigenesis
and metastasis.

Results

CircRNAs were globally down-regulated in HCC
tissues

To explore the circRNA profiles in HCC, several publicly
available data were analyzed, including GSE94508 [34],
GSE97332 [17], and GSE14520 [35]. The volcano plot
and box plot both showed that circRNA levels were
globally dropped in HCC in all 3 GEO databases (Sup-
plementary Fig. 1A, B). Although widespread RNA
shortening by alternative cleavage and polyadenylation is
a common phenomenon in cancer [36], the length dis-
tribution of circRNAs was not changed, and all the cir-
cRNAs’ levels were dropped regardless of their length
(Supplementary Fig. 1C). Analysis of the PAS sequence,
which is the core element for polyadenylation cleavage,
showed that circRNAs with or without PAS sequences
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were both down-regulated significantly in HCC tissues.
However, the average levels of the PAS-contained circRNAs
were significantly lower than the PAS free circRNAs in
all three GEO databases (Supplementary Fig. 1D), which
indicated that PAS mediated cleavage played an important
role in circRNA formation. In summary, circRNAs were
globally decreased in HCC tissues, and PAS mediated RNA
cleavage might be one of the reasons that led to the down-
regulation of circRNA in HCC.

High CPSF4 expression was associated with poor
prognosis in HCC patients

Since CPSF is the core performer for PAS cleavage, we
hypothesized that the abnormality of CPSF would influent
circRNA biogenesis and result in the tumorigenesis of HCC.
From the mRNA sequence data in the TCGA database, 3 out
of the 6 CPSF components were identified to be significantly
over-expressed in HCC, which were CPSF1, CPSF3, and
CPSF4; and the fold changes were 1.8 ± 0.7, 1.5 ± 0.4, and
1.8 ± 0.8, respectively (Supplementary Fig. 2A). The analysis
of the associations between the CPSF proteins and the OS of
patients demonstrated that the OS of CPSF2, CPSF3, and
CPSF4 high expression patients was significantly shorter
than the low expression patients; and the HRs were 1.6, 1.7,
and 1.8, respectively (Supplementary Fig. 2B).

Since CPSF4 expression is significantly increased in
HCC, and its high level corresponds to the highest risk for
OS in HCC, we focused our research on CPSF4. By com-
paring the sequence data of 50 matched pairs, we found that
CPSF4 mRNA levels were significantly higher in HCC tis-
sues compared with those in normal adjacent tissues
(NATs). The microarray data from GSE49515 also demon-
strated that the CPSF4 levels in peripheral blood mono-
nuclear cell (PBMC) samples from 10 HCC patients were
significantly higher compared to 10 controlled healthy
individuals, which suggested that CPSF4 was a suitable
biomarker for HCC diagnosis (Fig. 1A). Kaplan–Meier
survival analysis of 364 patients also showed that the 5-year
survival rate was dropped from 57% ± 5% in CPSF4 low
expression patients to 42% ± 5% in CPSF4 high expression
patients, and the HR between these two groups was 1.8 (p <
0.01, Fig. 1B). Further correlation analysis illustrated that
CPSF4 was significantly correlated with clinical TNM stage,
pathology grade, and clinical stage (Fig. 1C). The univariate
analysis indicated an association between the OS rates of
HCC patients and high CPSF4 expression (p < 0.01); and the
multivariate Cox regression analysis revealed that the
CPSF4 level (HR= 1.36; p= 0.03) was an independent
prognostic factor for OS (Fig. 1D).

The bioinformatic results were further validated by ana-
lysis of clinical specimens. In the tested five cases, the wes-
tern blot of CPSF4 displayed higher expression in HCC

compared to their PT tissues (Fig. 1E). In addition, the protein
level of CPSF4 in cell lines also showed that CPSF4 was
highly expressed in all HCC cell lines (Hep3B, Bel7402,
Huh7, HepG2, and Bel7404), but could be barely detected in
the normal liver cell L02 (Fig. 1F). Among the five HCC cell
lines, HepG2 had the highest level, while Bel7402 had the
lowest level of CPSF4. We constructed CPSF4 knockdown
and overexpression cells in both Bel7402 and HepG2 cells
(Supplementary Fig. 3). But since CPSF4 in Bel7402 is very
low, we cannot detect the significant knockdown efficiency in
Bel7402-KD cells; while CPSF4 in HepG2 is very high, the
overexpression efficiency is also very low in HepG2-OE
cells. Thus, in later researches, most of the CPSF4 KD
experiments were done in HepG2 cells, while most of the
CPSF4 OE experiments were done in Bel7402 cells. Immu-
nohistochemistry (IHC) staining of human HCC tissue
microarrays, composed of 41 pairs of tissue samples, also
confirmed the up-regulation of CPSF4 in HCC tissues
(Supplementary Table 1). Among the 41 cases, 25 HCC tis-
sues showed strong CPSF4 expression. In the contrast, most
of the PT tissues showed weak or medium CPSF4 expression
(Fig. 1G). The correlation analysis also illustrated that CPSF4
expression was significantly correlated with the clinical TNM
stage, pathology grade, and clinical stage (Fig. 1H).

CPSF4 reduced the level of circRNAs in HCC cells

Since CPSF4 is responsible for the PAS cleavage, we
hypothesized that the increase of CPSF4 accelerated the
cleavage of circRNAs and reduced their level in HCC cells.
To test this hypothesis, total RNAs from CPSF4-KD HepG2
cells, CPSF4-OE Bel7402 cells, and their negative controls
were extracted and analyzed by high-throughput sequencing
(Supplementary Tables 2 and 3). Sequence data showed that
more down-regulated circRNAs (1058) than up-regulated
circRNAs (821) were detected in CPSF4-OE cells, and the
average level of circRNA was significantly decreased. In
contrast, most of the circRNAs (3221 out of 5005 circRNAs)
in CPSF4-KD cells were up-regulated, and the average level
of circRNA was significantly increased (Figs. 2A, B).
Through bioinformatics analysis showed that CPSF4 mainly
inhibited exonic circRNAs, but a small portion of inhibited
circRNAs were intronic or intronic-exonic circRNAs. Length
distribution of circRNAs was altered in neither the CPSF4-
OE cells nor the CPSF4-KD cells (Fig. 2C), but the circRNA
alternations after CPSF4 modulation were PAS dependent
on. First, the expressions of PAS-contained circRNAs were
significantly lower than PAS-free circRNAs in all 4 cell lines.
Second, obvious up-regulation tendency was detected after
CPSF4 KD in circRNAs with PAS sequence; but no changes
were detected in circRNAs without PAS sequence (Fig. 2D).
To our surprise, the circRNAs with or without the PAS
sequence were both decreased after CPSF4 OE; maybe some
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non-specific PAS sequences other than the six traditional
PAS sequences could also be cleaved in the presence of a
high level of CPSF4.

To validate the sequence data, we first selected 807 down-
regulated circRNAs (fold change > 2, p < 0.05) in HCC

tissues from the GEO database; then, we screened 1447
circRNAs that were either down-regulated in CPSF4-OE
cells or up-regulated in CPSF4-KD cells from RNA-seq data.
Data in the intersection of these two sets, which contained 24
circRNAs, were the candidate circRNAs for validation; and
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the structure analysis showed 16 of them contained PAS
elements. Real-time PCR results showed that 13 out of these
16 circRNAs were suppressed in CPSF4 OE cells, but acti-
vated in CPSF4 KD cells (Fig. 2E). Two circRNAs with PAS
element, hsa_circ_0027774, and hsa_circ_0004913, were
chosen as the typical CPSF4 targeted circRNAs; while,
another widely studied circRNA without PAS element,
hsa_circ_0001946, was selected as CPSF4 non-targeted cir-
cRNA. Northern blot results demonstrated that hsa_-
circ_0027774 and hsa_circ_0004913 were negatively
correlated with CPSF4, but hsa_circ_0001946 kept the same
level in all cell lines (Fig. 2F). The OE plasmids of these
three circRNAs were also constructed and co-transfected
with CPSF4 OE or KD plasmids, and the real-time PCR
results showed that circRNAs with PAS (hsa_circ_0027774
and hsa_circ_0004913) were negatively correlated with
CPSF4 level while circRNA without PAS (hsa_-
circ_0001946) was not affected by the CPSF4 (Fig. 2G),
which illuminated that CPSF4 suppressed circRNA post-
transcriptionally. In summary, CPSF4 directly regulated the
expression of circRNA with PAS elements in HCC cells.

PAS element was critical for the cyclization of
circRNA

To clarify the importance of PAS sequences in circRNA
biogenesis, we used the previously constructed IRES-derived
pCircGFP reporter as the parent plasmid and generated a
mutated GFP-reporter plasmid with an AAUAAA element

inserted in front of IRES (Fig. 3A). From confocal micro-
scopy, we found that the GFP fluorescence intensity of
mutated GFP-reporter was obviously decreased compared to
the parent plasmid (Fig. 3B), which suggested that PAS
elements were critical for the circRNA cyclization. To check
the involvement of CPSF4 in circRNA biogenesis, the
mutated GFP-reporter was co-transfected with or without the
Cy3-linked siCPSF4, and confocal microscopy showed that
the fluorescence intensity in the siCPSF4 transfected cells
was much stronger than the siRNA non-transfected cells
(Fig. 3C). Real-time PCR and western blot also showed that
GFP expression of mutated GFP-reporter was lower than that
of parent GFP-reporter; and siCPSF4 treatment could
increase both the circRNA and protein levels of GFP in the
mutated GFP-reporter transfected cells but not the parent
GFP-reporter transfected cells (Fig. 3D, E). All these data
demonstrated that CPSF4 regulated circRNA biogenesis
through the interaction with the PAS element.

CPSF4 mediated circRNA decreasing reduced the
accumulation of miRNA and disrupted the miRNA
mediated gene silencing

To test whether CPSF4 mediated circRNA decreasing would
affect the miRNA stability, total small RNAs from CPSF4-
OE and CPSF-KD cells were extracted and analyzed with
Agilent 2100 Bioanalyzer. The size distribution of small RNA
showed that the ratio between the miRNA (4 nt to 40 nt) and
tRNA (40 nt to 80 nt) decreased in CPSF4-OE cells, but
increased in CPSF4-KD cells (Fig. 4A–C), which confirmed
that CPSF4 abolished the accumulation of miRNA.

Just like other cancers, the miRNA levels are globally
decreased in HCC (Supplementary Fig. 4A–C). Interest-
ingly, most of the down-regulated miRNAs were partially
complementary to the 807 down-regulated circRNAs we
screened before. We picked hsa-miR-383-5p and hsa-miR-
142-5p, which were partially complementary to hsa_-
circ_0004913; and hsa-miR-450b-3p and hsa-miR-145-5p,
which were partially complementary to hsa_circ_0027774;
for further analysis (Supplementary fig. 4D). Real-time PCR
showed that all the four miRNAs were increased in CPSF4-
KD cells, and decreased in CPSF4-OE cells (Fig. 4D).
CircRNA probe precipitation in HepG2 cells confirmed that
hsa-miR-145 and hsa-miR-450b bound with hsa_-
circ_0027774, while hsa-miR-142 and hsa-miR-383 bound
with hsa_circ_0004913. AGO2 immunoprecipitation
(RIP) assay also showed that hsa_circ_0004913, hsa_-
circ_0027774, and their binding miRNAs were specifically
enriched in AGO2 antibody-associated complex, but not in
the control IgG. In CPSF4-KD cells, the hsa_circ_0004913/
has-miR-383, and the hsa_circ_0027774/hsa-miR-145 RNA
pairs were increased compared to the control cells; but in
CPSF4-OE cells, these two pairs of binding RNA were

Fig. 1 CPSF4 is highly expressed in HCC tissues and higher
expression of CPSF4 indicates a poor prognosis for HCC patients.
A The TCGA database analysis shows significantly higher expression
of CPSF4 mRNA in HCC tissues than in NATs (n= 50, p < 0.001).
Analysis of the GSE49515 dataset microarray data shows that CPSF4
levels in PBMC samples from HCC patients are significantly higher
than in samples from healthy individuals (n= 10, p < 0.01). Error bars
indicate standard deviation. B Kaplan–Meier analysis of the OS rate
for HCC patients with different expression levels of CPSF4 with a log-
rank test shows that the OS rate is significantly worse in patients with a
high expression of CPSF4. C The association between CPSF4 and
patient clinicopathological features was analyzed by logistic regression
analysis. The CPSF4 level was significantly correlated with the clinical
TNM stage, pathology grade, and clinical stage. D Univariate analysis
and multivariate analysis of the clinical parameters were performed
using the Cox regression model, which revealed that the CPSF4 level
(HR= 1.36; p= 0.03) was an independent prognostic factor for the
OS rate. E The expression of CPSF4 in HCC tissues and their cor-
responding NATs from five different patients was measured by wes-
tern blot. β-actin was used as the internal control. F The expression of
CPSF4 in five HCC cell lines and a normal liver cell line was mea-
sured detected by western blot. β-actin was used as the internal control.
G The tissue microarray shows CPSF4 expression in HCC tissues and
their NATs observed by immunohistochemical staining. The upper
panel lists the representative images and the bottom panel is the sta-
tistical analysis. H Association of CPSF4 expression with patient
clinicopathological features was analyzed by χ2 test, which revealed
that higher expression of CPSF4 indicates a poor prognosis.
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Fig. 2 CPSF4 reduces the circRNA biogenesis in HCC cells. A–D
Statistical analysis of high-throughput sequencing data. A There were
more circRNAs with downregulated expression circRNAs with upre-
gulated expression in CPSF4-OE cells, while the opposite was true for
CPSF4-KD cells. The X-axis represents the Log2 level of circRNAs in
control cells, while the Y-axis represents the Log2 level of circRNAs in
CPSF4 KD or OE cells. CircRNAs with downregulated expression are
marked in green, and those with upregulated expression are marked in
red. B The box plot shows that the overall circRNA level is sig-
nificantly increased in CPSF4-KD cells, but decreased in CPSF4-OE
cells. C The length distribution patterns of circRNAs were similar
between these two sets of cell lines. D The gene expression profile
reveals that the circRNA alterations after CPSF4 modulation are PAS
sequence-dependent since circRNAs with PAS elements are affected
after CPSF4 variation, while circRNAs without PAS elements are not

affected after CPSF4 KD. Error bars indicate standard error mean. E
The expression of 16 circRNAs, which were downregulated in the
GSE database and significantly altered after CPSF4 modulation based
on sequencing data, was measured by real-time PCR in CPSF4-KD
and CPSF4-OE cell lines generated in HepG2 and Bel7402 cells,
respectively. F The circRNA levels in CPSF4-KD and CPSF4-OE
cells were measured by Northern blot; the β-actin probe was used as
the internal control. G The circRNA OE plasmids were cotransfected
with CPSF4-KD or CPSF4-OE plasmids, and exogenous circRNAs
were measured by real-time PCR. In (E)–(G), KD1 and KD2 indicate
knockdown plasmids/cells, and the KD plasmids/cells were compared
to the GV248 vector: *p < 0.05, **p < 0.01, ***p < 0.001. OE indi-
cates overexpression plasmids/cells and the OE plasmids/cells were
compared to the CV061 vector: #p < 0.05, ##p < 0.01, ###p < 0.001.
Error bars indicate standard deviation (n= 3).
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decreased compared to the control cells, which suggested
that CPSF4 mediated circRNA decreasing reduced the
miRNAs accumulation (Supplementary Fig. 5A, B). MiR-
383 was identified to directly target PARP2 in HCC [37],
and PARP2 was involved in the tumor development of
HCC [37, 38]. MiR-145 directly targeted CDCA3 [39], and
CDCA3 reduced the survival time of HCC patients [40].
Luciferase assay confirmed that miR-145 could silence
CDCA3 expression and miR-383 could silence PARP2
expression (Supplementary fig. 5C). Bioinformatics analy-
sis also showed there were 2 miR-383 binding sites in the
3′-UTR of PARP2 and 2 miR-145 binding sites in the 3′-
UTR of CDCA3 (Supplementary Fig. 6A). Moreover, these
2 genes were both overexpressed in HCC, and their high
expression was correlated with shorter OS in HCC patients
(Supplementary Fig. 6B, C). The protein levels of PARP2
and CDCA3 detected by western blot also illustrated that

both PARP2 and CDCA3 were decreased in CPSF4 KD
cells, and increased in CPSF4 OE cells (Fig. 4E). In addi-
tion, the expressions of these two proteins were positively
correlated with CPSF4 expression in HCC (Supplementary
Fig. 6D). All these data confirmed that CPSF4 mediated
circRNA decreasing disrupted the miRNA mediated gene
silencing.

CPSF4 promoted the proliferation of HCC cells and
enhanced the tumorigenicity in xenografts mice
models

To characterize the effect of CPSF4 on HCC progression,
the growth rate and clonogenicity of both CPSF4-KD and
CPSF4-OE cells were monitored. MTT assay demonstrated
that silencing of CPSF4 inhibited the cell growth; while
overexpression of CPSF4 promoted the cell growth (Fig.

Fig. 3 The PAS sequence is
critical for CPSF4-mediated
RNA cyclization. A Schematic
diagram of the pCircGFP
reporter structure, inserted
AAUAAA sequences are
marked. B A laser scanning
confocal microscope documents
the distribution and fluorescence
intensity of circ-GFP (green) for
both parent (upper panels) and
mutated (lower panels) circ-GFP
plasmids in HepG2 cells. The
nuclei were counterstained with
DAPI (blue). C CPSF4-
silencing promotes the
biogenesis of circ-GFP
expressing AAUAAA sequences
since the GFP fluorescence
intensity is higher in siCPSF4
cells (above) than in the control
group (below). The
CPSF4 siRNA is labeled by cy5
dyestuff [44]. In (B) and (C),
scale bar= 10 μM. D The
mRNA levels of both the parent
and mutated circ-GFP were
measured by real-time PCR, and
β-actin was used as the internal
control. Error bars indicate
standard deviation (n= 3).
E The GFP protein levels of
parent and mutated circ-GFP
were measured by western blot,
β-actin was used as the internal
control.
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5A). Soft agar assays also showed that CPSF4-KD cells
generated less and smaller colonies; while CPSF4-OE cells
generated more and larger colonies (Fig. 5B, C). Next, in
xenograft mice model, KD of CPSF4 significantly inhibited
tumor growth, and the weights of CPSF4-KD cell derived
xenograft tumor were significantly lower than the control
tumors after 20 days growth (Fig. 5D–G). Moreover, both
real-time PCR and immunohistochemistry analysis of the
tumor tissues exhibited that long time suppression of
CPSF4 induced the expression of hsa_circ_0004913,
hsa_circ_0027774, and their binding miRNAs (hsa-miR-

145 and hsa-miR-383); but repressed the expression of
PARP2 and CDCA3 (Fig. 5H, I). All these results con-
firmed that CPSF4 disrupted circRNA/miRNA pathways
and played an important role in HCC tumorigenesis.

CPSF4 antagonized the tumor suppression effect of
hsa_circ_0004913

Hsa_circ_0004913 had been reported to be a potential tumor
suppressor for HCC [41]. To test whether CPSF4 promoted
tumorigenesis of HCC through hsa_circ_0004913 inhibition,

Fig. 4 CPSF4 reduced the accumulation of miRNA and gene
silencing. [45] Small RNA analysis performed by using the Agilent
2100 Bioanalyzer indicates that CPSF4 abolishes the accumulation of
miRNA since the ratio between the miRNA and tRNA decreases in
CPSF4-OE cells, but increases in CPSF4-KD cells. A shows the
electronic gel image of small RNA. B Shows the size distribution of
small RNA. The X-axis represents the RNA length, and the Y-axis
represents the RNA intensity. C The ratio between the miRNA and
tRNA was calculated for each sample. D–E The effects of CPSF4 on
miRNAs and their target genes were confirmed in two circRNA-

miRNA-mRNA pathways: hsa_circ_0004913/hsa_miR_383-5p/
PARP2 and hsa_circ_0027774/hsa_miR_145-5p/CDCA3. D The
miRNA levels were measured by real-time PCR, and β-actin was used
as the internal control. KD1 and KD2 cells were compared to GV248
vector-transfected control HepG2 cells: *p < 0.05, **p < 0.01, ***p <
0.001. OE cells were compared to CV061 vector-transfected control
Bel7402 cells: #p < 0.05, ##p < 0.01, ###p < 0.001. Error bars indicate
standard deviation (n= 3). E The protein levels of miRNA target
genes in stable cell lines were measured by western blot. CPSF4 levels
were also measured, and β-actin was used as the internal control.
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we generated hsa_circ_0004913 OE cells in both Bel7402
and HepG2 cells, and then transfected them with CPSF4
plasmid. The CPSF4 proteins and the hsa_circ_0004913
level in each cell line were detected by western blotting and
real-time PCR, respectively (Fig. 6A, B). As predicted,
hsa_circ_0004913-OE cells showed slower proliferation and
lower clonogenicity compared to the control cells. However,
OE of CPSF4 could abrogate the tumor suppression effects of
hsa_circ_0004913, as the growth rate and clone formation
ability recovered after CPSF4 transfection (Fig. 6C, D).

These results indicated the important role for circRNA in
CPSF4-mediated tumorigenesis of HCC cells.

Discussion

Owing to the continuous progress in circRNA identification
methodologies, the understanding of circRNAs has drama-
tically changed over the past several years, from rare tran-
scriptional byproducts, to evolutionarily conserved

Fig. 5 CPSF4 promotes the
proliferation and
tumorigenicity of HCC cells.
A MTT assays show that OE of
CPSF4 increases cell growth,
while KD of CPSF4 represses
the growth in both Bel7402 and
HepG2 cells. Error bars indicate
standard deviations (n= 5).
B–C Colony formation assays in
Bel7402 and HepG2 cells
demonstrate that CPSF4-KD
cells generate fewer and smaller
colonies than GV248 control
cells, while CPSF4-OE cells
generate more and larger
colonies than CV061 control
cells. B Is the statistical analysis.
Error bars indicate standard
deviations (n= 3). Comparison
with GV248 control cells, *p <
0.05, **p < 0.01, ***p < 0.001.
Comparison with CV061 control
cells: #p < 0.05, ##p < 0.01,
###p < 0.001. C shows the
representative graphs. D Images
of tumor size 21 days after
transplantation of HepG2 cells.
E The tumors were
photographed after removal
from nude mice (n= 8).
F Tumor diameters were
measured at a regular interval of
2 days for up to 20 days and the
tumor volumes were calculated.
Error bars indicate the standard
deviation (n= 8). G The tumors
were weighed after removal
from nude mice (n= 8). H The
expression levels of circRNAs
and their binding miRNAs were
measured by real-time PCR.
Error bars indicate the standard
deviation (n= 3).
I Immunohistochemistry
staining shows the expression of
CPSF4, CDCA3, and PARP2 in
tumor tissues. Hematoxylin and
eosin staining show
histopathology. Scale bar,
20 μm.
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molecules that participate in diverse physiological processes
[42]. Over the past few years, numerous circRNAs have
been shown to participate in the tumorigenesis, metastasis,
and drug resistance of HCC; and have been suggested as
therapeutic targets or biomarkers for the diagnosis and
prognosis of HCC [43]. Biological function studies have
shown that many circRNAs contribute to HCC progression
by modulating the proliferation, invasion, metastasis, and
apoptosis of HCC cells by interacting with miRNAs [43].
However, why, and how these circRNAs are abnormally
expressed in HCC has not yet been fully elucidated. Pre-
vious studies showed that back-splicing of circRNA and

canonical splicing of linear RNA shared the same splicing
and maturation factors[19], and RNA cleavage factors
involved in AS and APA also participate in circRNA bio-
genesis [2, 19]. Therefore, as the core component for RNA
3′ end cleavage, the CPSF complex likely participates in the
biogenesis of circRNA.

From clinical specimens and bioinformatics analysis, we
found that circRNA expression was globally downregulated
in HCC tissues, while CPSF4 expression was upregulated,
and the high expression of CPSF4 was associated with poor
prognosis of HCC patients. High-throughput sequencing
data demonstrated that overexpression of CPSF4 decreased

Fig. 6 CPSF4 antagonizes the
tumor suppression effect of
hsa_circ_0004913. A, B The
confirmation of the
establishment of the
hsa_circ_0004913 OE stable cell
line and hsa_circ_0004913/
CPSF4 double OE stable cell
line. A Hsa_circ_0004913 levels
were measured by real-time
PCR. Error bars indicate
standard deviation (n= 3).
B CPSF4 levels were measured
by western blots. C MTT assays
show that OE of
hsa_circ_0007874 represses cell
growth, and the growth rate
recovered after CPSF4
transfection in both Bel7402 and
HepG2 cells. Comparison with
empty control cells, *p < 0.05,
**p < 0.01, ***p < 0.001.
Comparison with
hsa_circ_0004913 OE cells, #p
< 0.05, ##p < 0.01, ###p <
0.001. Error bars indicate
standard deviations (n= 5).
D Colony formation assays
demonstrate that
hsa_circ_0004913-OE cells
show lower clonogenicity than
the control cells, and OE of
CPSF4 abrogates the repression
effect of hsa_circ_0004913. The
left panels show the
representative graphs, and the
right panels show the statistical
analysis. Error bars indicate
standard deviations (n= 3).
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the overall circRNA level, whereas knockdown of CPSF4
increased the overall circRNA level. Moreover, the cir-
cRNAs with PAS elements were influenced by the CPSF4
expression level more substantially than the PAS-free cir-
cRNAs. These sequencing data were further confirmed by
Real-time PCR and Northern blot, since CPSF4 could
modulate the levels of circRNA whit PAS elements but had
little impact on circRNA without PAS elements. The
importance of the PAS sequence in RNA cyclization was
also validated using a GFP-reporter plasmid containing the
AAUAAA sequence. Cell culture and xenograft mouse
model experiments demonstrated that CPSF4 promotes the
proliferation of HCC cells and enhances tumorigenicity. In-
depth studies showed that CPSF4 antagonized the tumor
suppression effect of hsa_circ_0004913, which suggested
that the oncogenic role of CPSF4 in HCC is at least partially
realized through circRNA inhibition.

CPSF4 functions as an oncogene in many cancers,
including colon cancer, breast cancer, and lung cancer.
Previous studies have focused on the roles of CPSF4 in the
hTERT pathway and COX-2/NF-κB pathway [27–29].
Based on our research, a new theory is proposed for the
mechanism of CPSF4 in HCC as follows: upregulation of
CPSF4 expression in HCC cells inhibits the formation of
circRNA; in the prolonged absence of sponge circRNAs,
miRNAs are degraded, and the expression of their corre-
sponding target genes increases by evading miRNA-
mediated gene silencing, which finally results in uncon-
trolled cell proliferation (Fig. 7). The activation of the
hTERT and COX-2 genes by CPSF4 reported previously
may occur not only through transcriptional activation, but
also through the circRNA/miRNA pathway.

Material and methods

Bioinformatic analysis

CircRNA expression data were downloaded from the gene
expression omnibus (GEO) database (https://www.ncbi.nlm.
nih.gov/geo/), and the data were converted into logarithmic
form (Supplementary Tables 4–6). To compare the three sets
of data in parallel, all data were normalized to a 0–1 scale in
later analysis. Gene and miRNA expression data were
retrieved from TCGA database (https://portal.gdc.cancer.
gov/) or GEO database. The Kaplan–Meier survival curve
and the box plot of TCGA-LIHC patients were generated on
the GAPIA (http://gepia.cancer-pku.cn/). For pathway ana-
lysis, the circRNA/miRNA interaction was predicted by
CircInteractome (http://circinteractome.nia.nih.gov/), Cir-
cAtlas (http://circatlas.biols.ac.cn/) and CircFunBase (http://
bis.zju.edu.cn/CircFunBase/); the miRNA/mRNA interac-
tion was predicted by TargetScan (http://www.targetscan.

org/); and the co-expression correlation was analyzed by
Cbioportal (http://www.cbioportal.org/).

Clinical cancer samples and tissue microarrays

Five cancer samples were obtained from the Third Xiangya
Hospital of Central South University and stored in liquid
nitrogen. The study was approved by the Ethics Committee
of the Third Xiangya Hospital of Central South University,
and all experiments were conducted in accordance with the
Declaration of Helsinki and good clinical practice guide-
lines (Supplementary file 1).

The tissue microarrays of HCC were obtained from
Shanghai Outdo Biotech Co., Ltd. (Shanghai, China). All
tissue samples were obtained from the patients without anti-
cancer treatment before tumor resection. Information from
all patients was available in Supplementary Table 1.

Cells culture and plasmid transfection

HepG2 (RRID:CVCL_0027), Bel7402 (RRID:CVCL_549),
Hep3B (RRID:CVCL_0326), Bel7404 (RRID:CVCL_6568),
Huh-7(RRID:CVCL_0336), and L02 (RRID:CVCL_6926)
cells were purchased from the Xiangya Experiment Center
(Changsha, China), and were authenticated and tested for
mycoplasma contamination before use. The cell culture was
performed as described in REF [2].

Fig. 7 Schematic diagram of how CPSF4 regulates circRNA bio-
genesis in HCC. The increased expression of CPSF4 in HCC cells
enhances the recognition of the PAS in circRNA and the cleavage of
circRNA by the CPSF complex, thereby reducing the expression of
circRNA. CircRNAs act as miRNA sponges, and the reduction of their
expression will increase miRNA degradation by nuclease. Some
oncogenes in cancer cells escape the regulation of miRNAs and are
overexpressed, eventually leading to uncontrolled tumor proliferation.
The upper panel represents normal cells with low CPSF4 expression.
The lower panel represents the cancer cells with high CPSF4
expression. ORF: open reading frame.
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CPSF4 shRNAs were inserted into a GV248 vector to
generate CPSF4-knockdown (KD) plasmids. The CPSF4
mRNA sequence (NM_001318161) was inserted into a
CV061 vector to construct a CPSF4-overexpressing (OE)
plasmid. Hsa_circ_0004913, hsa_circ_0027774, and hsa_-
circ_0001946 OE plasmids were constructed by Geneseed
Biotech Co., Ltd. (Guangzhou, China) in pCD25-ciR vec-
tor. The CPSF4 siRNA/shRNA sequences were provided in
Supplementary Table 7. All the plasmids or siRNA were
transfected into cells via viaFectTM Transfection reagent
(Promega, Madison, WI) or siRNA transfection reagents
(GenePharma, Shanghai, China).

RNA quality control and sequencing

The RNA samples were extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA), and analyzed with Agilent 2100
Bioanalyzer (Agilent, Santa Clara, CA). Qualified RNA
samples were sent to Biomarker Technologies (Beijing,
China) for sequencing, and the final sequencing was con-
ducted by the TruSeq SR Cluster Kit v3-cBot-HS (Illumina)
and the Illumina hiseq Xten sequencer.

Molecular biology experiments

The RT-PCR, real-time PCR, Northern blot assay, Western
blot assay, and luciferase reporter assay were performed as
described in REF [2]. The primers, probes, and miRNA
mimics were provided in Supplementary Table 7. The
antibodies used in Western blot assay were anti-CPSF4
(1:1000, DF12260, Affinity, RRID: AB_2845065), anti-
PARP2 (1:1000, 55149-1-AP, Proteintech, RRID:
AB_10858796), anti-CDCA3 (1:1000, 15594-1-AP, Pro-
teintech, RRID: AB_2878154) or anti-β-actin (1:3000,
ab8227, Abcam, RRID: AB_722539).

AGO2 RIP assay

RNA-IP was performed using the Protein A/G magnetic
beads (Bimake, Houston, TX), and immunoprecipitation
was performed using the control IgG (#3900, CST) and
anti-Ago2 antibody (ab57113, Abcam). The RNA com-
plexes were isolated through phenol-chloroform extraction
and analyzed via qPCR assays.

circRNA probe precipitation

Biotin-labeled probes were synthesized by Tsingke Bio-
technology (Beijing, China)(Supplementary Table 7). The
HepG2 cells were fixed using 4% formaldehyde for 15 min,
lysed, sonicated, and centrifuged. Then the supernatant was
incubated with circRNA probes and Dynabeads M-280
Streptavidin (Thermo Scientific) overnight at 30 °C. The

next day, the mixture was washed and lyzed in 200 μL of
lysis buffer and proteinase K. Finally, the RNA mixture was
extracted using Trizol and detected by qPCR.

Cell growth rate assay and clonogenicity assay

The specific protocols were described previously in REF
[2]. The MTT assay was repeated five times and the colony
formation assay was repeated three times for each cell line.

Xenograft tumorigenic assays

HepG2 cells (2–4 × 106) were subcutaneously injected into
the lateral backside of eight male BALB/c nude mice
(5 weeks old). CPSF4-KD cells were implanted into the left
side, while control cells were implanted into the right side of
each mouse. The tumor size was measured by calipers every
two days. After 3 weeks of growth, the mice were euthanized,
and the xenografts were harvested and weighed. Group
assignment and tumor monitoring were carried out double-
blinded. Then, the tumors were fixed in neutral buffered
formalin, and embedded in paraffin. Hematoxylin and eosin
(H&E) staining and immunohistochemical analysis were
performed for histopathological evaluations of the tissues.

Power analysis was performed with G*Power online
analysis freeware, using repeated-measures ANOVA with
between-subjects factors. Animal welfare and experimental
procedures were carried out in accordance with the Guide
for the Care and Use of Laboratory Animals (Ministry of
Science and Technology of China, 2006) and approved by
the animal ethics committee of Central South University
(Supplementary file 1).

Statistical analysis

R software package (R Version 3.5.2), SPSS16.0, and
GraphPad Prism 5 software packages were performed for
statistical analysis. Statistical significance was determined
by the Student t-test or ANOVA followed by a post hoc
Bonferroni test. Logistic regression model and Cox analysis
were used to estimate the association between CPSF4 and
clinical risks.

All p values were two-sided, and differences with p <
0.05 were considered statistically significant (*p < 0.05,
**p < 0.01, ***p < 0.001). All statistical experimental data
were presented as mean ± sd.
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