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circVAMP3 Drives CAPRIN1 Phase Separation and Inhibits
Hepatocellular Carcinoma by Suppressing c-Myc Translation

Shuai Chen, Xiaofei Cao, Jinyang Zhang, Wanying Wu, Bing Zhang, and Fangqing Zhao*

Previous studies have identified the regulatory roles of circular RNAs
(circRNAs) in human cancers. However, the molecular mechanisms of
circRNAs in hepatocellular carcinoma (HCC) remain largely unknown. This
study screens the expression profile of circRNAs in HCC and identifies
circVAMP3 as a significantly downregulated circRNA in HCC tissues. HCC
patients with low circVAMP3 expression present poor prognosis. circVAMP3
negatively regulates the proliferation and metastasis of HCC cells in vitro and
in vivo by driving phase separation of CAPRIN1 and promoting stress granule
formation in cells, which can downregulate the protein level of Myc
proto-oncogene protein by inhibiting c-Myc translation. Furthermore,
circVAMP3 is widely expressed in many human tissues and is downregulated
in related cancers. Therefore, circVAMP3 is a potential prognostic indicator for
HCC and may serve as a therapeutic target for HCC treatment.

1. Introduction

Circular RNAs (circRNAs) are a class of closed-loop RNAs gen-
erated from back-splicing of pre-mRNAs and often display cell
type-specific, tissue-specific, or developmental stage-specific ex-
pression pattern.[1–4] circRNAs have neither a 5’-cap nor a 3’-
polyA tail; therefore, they exhibit RNase R-resistant properties
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and are more stable than linear RNAs.[5] In
recent years, circRNAs have been reported
to regulate various biological processes, in-
cluding proliferation, aging, tissue develop-
ment, and immune response.[6–9] Similar to
other noncoding RNAs, circRNAs perform
their molecular functions mainly by inter-
acting with microRNAs or proteins.[10] In
addition, circRNAs may proceed with cap-
independent translation.[11] Several studies
have shown that circRNAs play regulatory
roles in many human diseases,[6] including
cancer.

Hepatocellular carcinoma (HCC) is a
prevalent malignant tumor with high mor-
bidity and mortality rates. With 905 677
new cases and 830 180 deaths in 2020, pri-
mary liver cancer has become the sixth most
diagnosed cancer and third deadly cancer

worldwide.[12] Due to the high recurrence and metastasis rates
of HCC, the prognosis of patients remains poor even though
treatment techniques for HCC are improving.[13,14] Hence, there
is an urgent need to investigate the molecular pathological
mechanisms and identify new diagnostic and therapeutic tar-
gets for HCC. Recently, numerous circRNAs have been reported
to be deregulated in cancers and are associated with tumori-
genesis and cancer progression.[15] Nevertheless, understand-
ing the molecular mechanisms of circRNAs is still limited. The
most investigated molecular function of circRNAs in HCC is
involved in microRNA sponge.[16] For example, circMTO1 sup-
presses HCC progression by sponging miR-9 and increasing p21
RNA expression.[17] Some studies have reported that circRNAs
can regulate the cell cycle and other processes by binding to
proteins.[18,19] However, the protein binding role of circRNAs in
HCC progression requires further study.

This study characterized a circRNA termed circVAMP3 from
the RNA-seq data of paired HCC and adjacent liver tissues.
circVAMP3 was derived from back-splicing of exon3 and exon4
of the VAMP3 gene. We found that circVAMP3 can suppress
the proliferation and metastasis of HCC cells for the first time.
circVAMP3 interacts with CAPRIN1 and drives the phase
separation of CAPRIN1, thus promoting stress granule (SG)
formation in cells. Moreover, circVAMP3, CAPRIN1, and c-Myc
colocalized into stress granules and the translation of c-Myc was
also inhibited under stress conditions. In addition, circVAMP3 is
widely expressed in many human tissues and is downregulated
in the corresponding tumor tissues. These findings unveil the
role of the circVAMP3 in HCC progression and suggest that
circVAMP3 may serve as a diagnostic target for HCC and other
malignant tumors.
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Figure 1. circVAMP3 is downregulated and associated with clinic outcomes in HCC patients. a) Expression level and junction ratio of significantly
changed circRNAs in HCC and adjacent liver tissues. Each node represents a significantly expressed circRNA, with its size representing the mean
expression level of the circRNA (measured by CPM) in HCC patients. The nodes are named by their host genes, with the node color showing whether the
host genes are differentially expressed or not. b) Illustration of the genomic region of VAMP3 and the back-splicing product of exon 3 and 4 (circVAMP3).
Validation of head-to-tail splice junction site by PCR and sanger sequencing using the divergent primers (orange). Bottom, Polymerase chain reaction
(PCR) of total RNA with or without RNase R treatment and genome DNA from SMMC-7721 cells by convergent (blue) and divergent (orange) primers.
c) RNA fluorescence in situ hybridization of circVAMP3 in SMMC-7721 cells. Green region shows the distribution of circVAMP3 using antisense probe,
blue region shows the nuclei staining by DAPI. Scale bar, 5 μm. d) Relative distribution of circVAMP3 in SMMC-7721 cells determined by RT-qPCR in
different cell fractions. U1 was served as the nuclear RNA marker and 𝛽-actin was served as the cytoplasmic RNA marker. e) RNA levels of circVAMP3
detected in randomly selected 118 pairs of HCC and adjacent normal tissues by qPCR (mean ± standard deviation, SD). The statistical significance was
performed by two-tailed paired Student t-test. f) Kaplan–Meier survival analysis of the correlation between circVAMP3 level and overall survival in 118
HCC patients. Patients were interrupted for analysis by the median value. Statistical significance was performed by log-rank test. g) Relative circVAMP3
expression in 118 HCC tumor samples, with tumor stage (I–II or III), with tumor size (< 5 or > 5), with or without vessel invasion. Data are expressed
as mean ± SD and statistical significance was performed by chi-square test.

2. Results

2.1. circVAMP3 Is Decreased in HCC and Negatively Associated
with Patient Prognosis

To identify tumor-associated circRNAs, we analyzed and
screened differentially expressed circRNAs from sequencing
data of ribosome RNA-depleted total RNA from 20 pairs of
HCC and adjacent tissues. We screened 17 circRNAs that
were differentially expressed in abundance and junction ratio
(back-spliced junction reads divided by forward-spliced junction
reads), whereas the expression of their host mRNAs was not
significantly changed (Figure 1a). Among these candidates,
circVAMP3 was selected for further functional studies, as it
was unstudied and ranked the top among the significantly
downregulated circRNAs in HCC tissues.

circVAMP3 was generated from the circularization of exon
3 and exon4 of the VAMP3 gene, which was located on chro-
mosome 1 of the human genome (Figure 1b). To validate
the transcripts of circVAMP3, we designed convergent and
divergent primers to amplify the canonical or back-spliced

isoforms of VAMP3 RNA. The head-to-tail splice junction site
was confirmed by polymerase chain reaction (PCR) and Sanger
sequencing using divergent primers (Figure 1b). RNase R resis-
tance analysis showed that circVAMP3, except VAMP3 mRNA,
could be resistant to RNase R digestion (Figure 1b and Figure
S1a, Supporting Information). Reverse transcription and quan-
titative PCR (RT-qPCR) of cytoplasmic and nuclear circVAMP3
and fluorescence in situ hybridization (FISH) of circVAMP3
revealed that this circular transcript was mainly located in the
cytoplasm (Figure 1c,d). Thereafter, to explore the relationship
between circVAMP3 and HCC, we quantified the expression
of circVAMP3 in 118 clinical samples of HCC patients using
RT-qPCR. The results showed that circVAMP3 was significantly
downregulated in tumor tissues compared to adjacent normal
tissues (Figure 1e). Kaplan–Meier survival analysis demonstrated
that low circVAMP3 expression levels were associated with poor
overall survival (p = 0.0098) (Figure 1f). Moreover, the expression
of circVAMP3 was negatively correlated with tumor size and
lower circVAMP3 levels exhibited a late tumor stage and tumor
vessel invasion, respectively (Figure 1g and Table S2, Supporting
Information). Therefore, these results strongly indicate that
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circVAMP3, formed by the circularization of the VAMP3 gene,
is associated with poor survival of HCC patients.

2.2. circVAMP3 Inhibits HCC Cell Proliferation and Metastasis in
Vitro and in Vivo

To further verify the carcinostatic role of circVAMP3 in HCC,
we stably overexpressed and silenced circVAMP3 in HCC cell
lines, SMMC-7721, and Huh7. Overexpression of circVAMP3
was confirmed by RT-qPCR and northern blot analysis in circ-
VAMP3 expressing vector-transfected cells compared with empty
vector-transfected cells (Figure 2a and Figure S1b,c, Support-
ing Information). MTS assays, 5-ethynyl-2′-deoxyuridine (EdU)
staining assays, and colony formation assays demonstrated that
cells overexpressing circVAMP3 exhibited decreased prolifera-
tion and growth capacities relative to cells transfected with empty
vector (Figure 2b–d and Figure S1d–f, Supporting Information).
In addition, transwell cell migration assays verified that cell mi-
gration ability was also significantly decreased in circVAMP3
overexpressing groups compared with the control groups (Fig-
ure 2e and Figure S1g, Supporting Information). In contrast,
we stably knocked down circVAMP3 by two short hairpin RNAs
(shRNAs) independently using a lentiviral vector in SMMC-7721
and Huh7 cells. As verified by RT-qPCR, circVAMP3 was sig-
nificantly silenced in cells infected with lentivirus containing
two junction site-specific shRNA sequences, whereas VAMP3
mRNA levels did not change (Figure 2f,g, and Figure S1h,i,
Supporting Information). Depletion of circVAMP3 significantly
promoted cell proliferation, colony formation, and migration
ability as demonstrated by MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) as-
says, EdU staining assays, colony formation assays, and transwell
cell migration assays (Figure 2h–k and Figure S1j–m, Supporting
Information).

To investigate the effects of circVAMP3 on HCC tumorigene-
sis in vivo, SMMC-7721 cells stably overexpressing or depleting
circVAMP3 were subcutaneously injected into nude mice. The
weight and volume of the tumors developed from the overex-
pression group were dramatically reduced compared to those in
the control group (Figure 2l and Figure S2a, Supporting Infor-
mation). Cells with silenced circVAMP3 developed larger tumors
than those in the control group (Figure 2m and Figure S2b, Sup-
porting Information). Taken together, these results demonstrate
that circVAMP3 acts as a carcinostatic substance in HCC cells
both in vitro and in vivo.

2.3. circVAMP3 Interacts with CAPRIN1 and G3BP1 Protein in
HCC Cells

To elucidate the molecular mechanism of the carcinostatic role
of circVAMP3 in HCC, we performed a biotin-labeled RNA
pull-down assay using circular junction targeted probes followed
by mass spectrometry (MS) in SMMC-7721 and Huh7 cells.
RT-qPCR of circVAMP3 and VAMP3 in RNA pull-down precip-
itate showed that circVAMP3, except for VAMP3 mRNA, was
highly enriched using a junction-specific probe compared with
the control probe (Figure S3a,b, Supporting Information). After

detecting the RNA pull-down precipitate by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis,
followed by Coomassie Brilliant Blue R250 staining, we found
certain specific protein bands in the circVAMP3 pull-down
precipitate (Figure S3c, Supporting Information). From these
protein bands, we identified 22 proteins in Huh7 cells and 16
proteins in SMMC-7721 cells by MS analysis (Figure 3a), with
five proteins shared by the two cell lines (Figure 3a and Table
S3, Supporting Information). Considering that circVAMP3 was
located mainly in cytoplasm, we performed RNA pull down from
SMMC-7721 and Huh7 cytoplasmic lysates using circVAMP3
probe. Western blot analysis showed that among the five pro-
teins, only CAPRIN1 could be highly enriched by circVAMP3
probe from both SMMC-7721 and Huh7 cells (Figure S3d,e,
Supporting Information). Western blot analysis of whole cell
lysates also confirmed that CAPRIN1 could be pulled down by
the circVAMP3 probe instead of the control probe (Figure 3b).
Moreover, the RNA-binding protein immunoprecipitation (RIP)
assay demonstrated that the antibodies of CAPRIN1 could signif-
icantly enrich circVAMP3 relative to IgG antibodies (Figure 3c).
To further explore the role of CAPRIN1 in the tumor suppression
process by circVAMP3, we analyzed the interaction network of
CAPRIN1 and other proteins using the Search Tool for the Re-
trieval of Interacting Genes/Proteins (STRING) database.[20] The
network showed that G3BP1 protein had the highest correlation
with CAPRIN1 (Figure 3d and Figure S3f, Supporting Infor-
mation). The interaction between CAPRIN1 and G3BP1 was
supported by a coimmunoprecipitation (co-IP) assay and western
blot analysis (Figure 3e). Furthermore, the interaction between
circVAMP3 and G3BP1 was verified by RNA pull-down and RIP
assays (Figure 3b,f). These findings demonstrate that circVAMP3
specifically interacts with CAPRIN1 and G3BP1 in HCC cells.

2.4. circVAMP3 Binds to the Complex of CAPRIN1 and G3BP1 by
Directly Interacting with CAPRIN1

To obtain insights into the interaction patterns among cir-
cVAMP3, CAPRIN1, and G3BP1, the 3 × hemagglutinin
(HA)-tagged CAPRIN1 protein was expressed in SMMC-7721
cells and a series of truncated forms of CAPRIN1 based on
its domain structure were constructed (Figure 3g and Figure
S3g, Supporting Information). RNA pull-down assay showed
that the RGG box (607–709 amino acids) of CAPRIN1 was
responsible for circVAMP3 binding (Figure 3h). The co-IP assay
indicated that the N-terminal of the KH2 domain (352–605
amino acids that do not contain the RGG box) of CAPRIN1 was
essential for the interaction with G3BP1 (Figure 3i). As a result,
circVAMP3 and G3BP1 bind to different parts of CAPRIN1. In
addition, to investigate whether circVAMP3 can directly interact
with CAPRIN1 and G3BP1, in vitro binding experiments were
performed using in vitro transcribed circVAMP3 and purified
6 × His-tagged CAPRIN1 and G3BP1. RNA pull-down assay
showed that compared with precipitates in the control group,
CAPRIN1 was detected in the complex pulled-down by the cric-
VAMP3 probe, whereas G3BP1 was only detected in the presence
of CAPRIN1. This result indicates that CAPRIN1 can bind to
circVAMP3 directly, while G3BP1 interacts with circVAMP3 only
in the presence of CAPRIN1 (Figure 3j). CAPRIN1 knockdown
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Figure 2. circVAMP3 inhibits SMMC-7721 cell proliferation, growth and metastasis. a) Relative RNA level of circVAMP3 in SMMC-7721 cells stably
overexpressing circVAMP3 normalized to GAPDH. Cell proliferation of SMMC-7721 cells stably overexpressing circVAMP3 using b) MTS assay and c)
EdU staining assay. d) Colony formation assay of SMMC-7721 cells stably overexpressing circVAMP3. e) Cell metastasis of SMMC-7721 cells stably
overexpressing circVAMP3 using transwell cell migration assay. Relative RNA level of f) circVAMP3 and g) VAMP3 in SMMC-7721 cells stably silencing
circVAMP3 normalized to GAPDH. Cell proliferation of SMMC-7721 cells stably silencing circVAMP3 using h) MTS assay and i) EdU staining assay.
j) Colony formation assay of SMMC-7721 cells stably silencing circVAMP3. k) Cell metastasis of SMMC-7721 cells stably silencing circVAMP3 using
transwell cell migration assay. Data in (a)–(k) are presented as mean ± SD, n = 3. * P < 0.05, ** P < 0.01, *** P < 0.001 by two-tailed unpaired Student
t-test. l,m) Dissected tumors and their weights from the nude mice that were subcutaneously injected with l) control or circVAMP3 overexpressed
SMMC-7721 cells and m) circVAMP3 silenced SMM-C7721 cells. Data in (l) and (m) are presented as mean ± SD, n = 3. * P < 0.05, ** P < 0.01, *** P
< 0.001 by two-tailed unpaired Student t test. Scale bars in (c), (e), (i), and (k) are 400 μm; scale bars in (d) and (j) are 1 cm.
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Figure 3. circVAMP3 interacts with CAPRIN1 and G3BP1 protein in Huh7 and SMMC-7721 cells. a) Venn diagram of circVAMP3 binding proteins in
Huh7 and SMMC-7721 cells detected by RNA pull-down and mass spectrometry. b) Immunoblotting analysis of CAPRIN1 and G3BP1 in RNA pull-down
samples by circVAMP3 probes and control probes in SMMC-7721 cells. c) RIP analysis of circVAMP3 enriched by CAPRIN1 in SMMC-7721 cells. Data are
expressed as mean ± SD, n = 3. * P < 0.05 by two-tailed unpaired Student t-test. d) Protein–protein interaction network of CAPRIN1 and other proteins.
Thickness of edges represents the interacting scores. e) Co-IP followed by immunoblotting analysis of CAPRIN1 and G3BP1 in SMMC-7721 cells. f) RIP
analysis of circVAMP3 enriched by G3BP1 in SMMC-7721 cells. Data are expressed as mean ± SD, n = 3. ** P <0.01 by two-tailed unpaired Student t-test.
g) Deletion mapping of the domains in CAPRIN1. h) Immunoblotting analysis of truncated 3 × HA-tagged CAPRIN1 proteins in RNA pull-down samples
by circVAMP3 probes. i) Co-IP and immunoblotting analysis of truncated 3 × HA-tagged CAPRIN1 and G3BP1 in SMMC-7721 cells. j) Immunoblotting
analysis of purified 6 × His-tagged CAPRIN1 and 6 × His-tagged G3BP1 proteins in RNA pull-down samples by circVAMP3 probs. k) Immunoblotting
analysis of CAPRIN1 and G3BP1 in RNA pull-down samples by circVAMP3 probes in CAPRIN1 depleted and overexpressed SMMC-7721 cells. l) Deletion
mapping of circVAMP3 RNAs and immunoblotting analysis of CAPRIN1 and G3BP1 in RNA pull-down samples by biotin-labeled full-length or truncated
circVAMP3.

inhibited the interaction between circVAMP3 and G3BP1,
whereas CAPRIN1 overexpression enhanced this interaction
(Figure 3k and Figure S3h,i, Supporting Information). In
addition, longer circVAMP3 transcript fragments could bind
more CAPRIN1 and G3BP1 proteins (Figure 3l and Figure S3j,
Supporting Information), indicating a potential scaffolding role
of circVAMP3. Collectively, these findings demonstrate that
circVAMP3 interacts with the CAPRIN1-G3BP1 complex by
binding to CAPRIN1.

2.5. CAPRIN1 and G3BP1 Can Form Granules and Exhibit
Liquid-Like Features

Considering that circVAMP3 interacts with the CAPRIN1-
G3BP1 complex, we further investigated the functional interplay
of these molecules. Western blot analysis of CAPRIN1 and
G3BP1 in circVAMP3 silenced or overexpressed cells revealed
that circVAMP3 did not affect the protein levels of CAPRIN1 and
G3BP1 (Figure 4a and Figure S4a,b, Supporting Information).
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Figure 4. CAPRIN1 and G3BP1 can undergo phase separation in vitro and in vivo. a) Immunoblotting analysis of CAPRIN1 and G3BP1 in circVAMP3
silenced and overexpressed SMMC-7721 cells. b) Gene Ontology enrichment analysis of the genes from the CAPRIN1 interaction network. c) Top: RNA
fluorescence in situ hybridization and immunofluorescence analysis of circVAMP3, CAPRIN1 and G3BP1 in SMMC7721 cells, nuclei are stained with
DAPI. Scale bar, 5 μm. Bottom: curves of fluorescence intensities of the position marked by white arrow in the merged image. d) Diagrams of phase
separation behaviors of different concentrations of purified CAPRIN1 (left) and G3BP1 (right) in different concentrations of NaCl (with 1% Dextran
T500). e) Fluorescence recovery of wtGFP-CAPRIN1 and mCherry-G3BP1 condensates expressed in SMMC-7721 cells after photobleaching. Data are
presented as mean ± SD; unbleached, n = 3; bleached, n = 3. f) Images of fusion progress of enhanced GFP (EGFP)-CAPRIN1 (top) and mCherry-G3BP1
(bottom) condensates expressed in SMMC-7721 cells in different time points. g) Images of fusion progress of purified CAPRIN1 and G3BP1 protein
droplets in different time points. Scale bar, 20 μm.
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Gene Ontology (GO) enrichment analysis performed using En-
richr web server[21,22] showed that CAPRIN1 and its interacting
proteins were involved in cytoplasmic granules (Figure 4b). RNA
FISH of circVAMP3 combined with immunofluorescence (IF)
of CAPRIN1 and G3BP1 proved that circVAMP3, CAPRIN1,
and G3BP1 were localized in the cytoplasm and colocalized
in condensates (Figure 4c). In addition, previous studies have
implicated that G3BP1 plays a key role in SG formation,[23,24]

whereas CAPRIN1 is colocalized in many common cytoplasmic
condensates such as SGs, P-bodies, and neuronal granules.[25–27]

To examine whether the complex of circVAMP3, CAPRIN1, and
G3BP1 form cytoplasmic granules, in vitro and in vivo experi-
ments were performed. We constructed green fluorescent pro-
tein (GFP)-fused CAPRIN1 and mCherry-fused G3BP1 express-
ing vectors and expressed them in SMMC-7721 cells (Figure S5a,
Supporting Information). Both GFP-CAPRIN1and mCherry-
G3BP1 formed granules that were colocalized in the cytoplasm
(Figure S5b, Supporting Information). Furthermore, under the
condition of physiological salt concentration (150× 10−3 m NaCl),
the purified CAPRIN1 formed droplets at concentrations of 32 ×
10−6 m or more (Figure S5c, Supporting Information). However,
we could not observe the droplet formation of purified G3BP1
over a range of protein concentrations (Figure S5c, Supporting
Information). This observation was supported by a previous
research.[23] The droplet formation capability of CAPRIN1 and
G3BP1 was enhanced by adding the crowding agent Dextran
T500 (Figure 4d and Figure S5d,e, Supporting Information).
In addition, increased protein concentration and decreased
NaCl concentration promoted droplet formation of the two
proteins (Figure 4d and Figure S5d,e, Supporting Information).
To further verify the liquid-like properties of these granules, we
performed fluorescence recovery after photobleaching (FRAP)
assay in wtGFP-CAPRIN1-and mCherry-G3BP1 expressed
cells. Photobleaching of a region of each wtGFP-CAPRIN1 or
mCherry-G3BP1 granules resulted in a rapid recovery of fluores-
cence, whereas there was no significant change in fluorescence
in unbleached granules (Figure 4e and Figure S5f, Supporting
Information). Moreover, we observed that small granules could
fuse to form larger granules in SMMC-7721 cells (Figure 4e),
and small droplets of the two proteins could fuse to form larger
droplets in vitro (Figure 4f). Overall, these results suggest that
CAPRIN1 and G3BP1 can be assembled into liquid-like granules
in vitro and in vivo, and that circVAMP3 colocalizes in the
granules.

2.6. circVAMP3 Promotes the Formation of CAPRIN1 and G3BP1
Based Granules

Considering that circVAMP3 colocalizes with CAPRIN1 and
G3BP1 condensates, we next investigated whether cricVAMP3
could induce the formation of G3BP1-composed SGs. We first
induced SGs by stimulation with sodium arsenite in circVAMP3
stably silenced or overexpressed SMMC-7721 cells. We found that
the ratio of SG-containing cells was significantly increased in
circVAMP3 overexpressed cells and decreased in circVAMP3 si-
lenced cells (Figure 5a–d). In addition, to identify the influence
of circVAMP3 on droplet formation of CAPRIN1 and G3BP1
in vitro, we purified total RNA from SMMC-7721 cells and

transcribed and cyclized circVAMP3 RNA in vitro and incu-
bated them with CAPRIN1 or G3BP1 proteins without Dextran
T500, respectively. In contrast to tRNA, total RNA could pro-
mote droplets of CAPRIN1, G3BP1, and the mixture of CAPRIN1
and G3BP1. However, circVAMP3 induced droplets of CAPRIN1
and the mixture of CAPRIN1 and G3BP1, but failed to induce
droplets of sole G3BP1 (Figure 5e and Figure S6a, Support-
ing Information). Moreover, circVAMP3-triggered droplets of
CAPRIN1 and G3BP1 could be reversed by RNase A instead of
RNase R (Figure 5f and Figure S6b, Supporting Information),
indicating that the droplets were indeed triggered by this cir-
cular transcript. To determine whether the droplet formation
of CAPRIN1 and G3BP1 was affected by the concentration of
circVAMP3, we incubated CAPRIN1 and G3BP1 with increas-
ing concentrations of circVAMP3. A positive correlation was ob-
served between circVAMP3 concentration and the droplet forma-
tion ability of CAPRIN1 and G3BP1 (Figure 5g and Figure S6c,
Supporting Information). In addition, longer fragments of circ-
VAMP3 transcripts had a stronger ability to drive droplet forma-
tion of CAPRIN1 and G3BP1 (Figure 5h and Figure S6d, Support-
ing Information). These findings suggest that circVAMP3 pro-
motes the formation of CAPRIN1 and G3BP1 SGs in a length-
and concentration-dependent manner and that CAPRIN1 is es-
sential in this process.

2.7. circVAMP3 Exerts Tumor Suppressor Properties by Inhibiting
Translation of c-Myc

Given the effect of circVAMP3 on the induction of SGs, we as-
sumed that circVAMP3 may exert its tumor suppressor function
in HCC through the granules. Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis of differentially expressed
genes in 20 pairs of HCC and adjacent tissues using Enrichr
web server[21,22] showed that cell cycle progression was signif-
icantly enriched (Figure 6a). To explore the role of circVAMP3
in cell cycle progression, we first investigated the expression
of several well-studied proteins that play important roles in the
progression of HCC cells. Western blot analysis showed that
the expression of c-MYC protein was upregulated in circVAMP3
silenced SMMC-7721 cells and downregulated in circVAMP3
overexpressed SMMC-7721 cells, while c-Myc mRNA expression
level was not significantly changed in circVAMP3 silenced
SMMC-7721 cells and upregulated in circVAMP3 overexpressed
SMMC-7721 cells (Figure 6b and Figure S4c and Figure S7a,
Supporting Information). These results suggest that the differ-
ential expression of c-MYC protein was not due to the influence
of circVAMP3 on c-Myc gene expression. Immunofluorescence
analysis of c-MYC and CAPRIN1 revealed that c-MYC protein
was not colocalized in SGs (Figure S7b, Supporting Infor-
mation). However, RIP assay followed by RT-qPCR analysis
revealed that CAPRIN1 and G3BP1 proteins pulled down c-Myc
mRNA (Figure 6c). Moreover, RNA FISH of c-Myc combined
with immunofluorescence of CAPRIN1 and G3BP1 in sodium
arsenite-treated SMMC-7721 cells showed that c-Myc RNA,
CAPRIN1, and G3BP1 were colocalized in SGs (Figure 6d).
Previous studies found that phase separation of CAPRIN1 may
regulate mRNA translation,[28,29] and under stress conditions,
the formation of SGs is involved in the translational inhibition of
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Figure 5. circVAMP3 triggers phase separation of CAPRIN1 and promotes stress granule formation. a) Immunofluorescence of caprin1 in control and
circVAMP3 silenced SMMC7721 cells treated with sodium arsenite (100 × 10−6 m, 40 min). Scale bar, 20 μm. b) The percentage of control and circVAMP3
silenced cells with stress granules. c) Immunofluorescence of caprin1 in control and circVAMP3 overexpressed SMMC7721 cells treated with sodium
arsenite (100 × 10−6 m, 40 min). Scale bar, 20 μm. d) The percentage of control and circVAMP3 overexpressed cells with stress granules. e) Phase
separation of purified CAPRIN1 and G3BP1 with or without addition of 50 ng 𝜇L−1 different kinds of RNAs in the buffer containing 150 × 10−3 m NaCl.
f) Phase separation of purified CAPRIN1 and G3BP1 with 50 ng 𝜇L−1 circVAMP3 with or without addition of 10 μg mL−1 RNaseA or 1 U 𝜇L−1 RNaseR. g)
Phase separation of purified CAPRIN1 and G3BP1 with addition of different concentration of circVAMP3 RNA. h) Phase separation of purified CAPRIN1
and G3BP1 with addition of different truncated circVAMP3 RNA fragments. Images of samples in (e)–(h) were acquired immediately after incubating at
room temperature for 10 min. Data in (b) and (d) are expressed as mean ± SD, n = 3. *** P < 0.001. Scale bars in (e)–(h) are 20 μm.

many mRNAs.[30] Therefore, we speculated that circVAMP3 may
affect the expression level of c-MYC protein by regulating c-Myc
translation. RNA FISH and immunofluorescence revealed that
the translation of c-Myc was inhibited in sodium arsenite-treated
SMMC-7721 cells, as c-Myc RNA was colocalized with phospho-
rylated eIF2𝛼, which functions as an inhibitor for translation
initiation (Figure 6e). Moreover, after inhibiting the degradation
of proteins by treatment with MG132, the ratio of c-Myc in cir-
cVAMP3 depleted cells to control cells was significantly higher
than that in cells treated with dimethyl sulfoxide (DMSO); how-
ever, the ratio was not significantly changed in cycloheximide
(CHX)-treated cells (Figure 6f). These findings indicate that the
translation of c-Myc can be inhibited by circVAMP3 under stress
conditions.

2.8. A Potentially Universal Repression Role of circVAMP3 in
Various Tumors

As most circRNAs exhibit tissue-specific expression,[3,4] we ex-
plored the expression of circVAMP3 in various tissues derived
from the circAtlas and MiOncoCirc database.[31,32] In contrast to
the vast majority of circRNAs, circVAMP3 was widely expressed
in various tissues, with the spinal cord, skeletal muscle, and colon
ranking the top three highly expressed tissues (Figure 6g). Fur-
thermore, circVAMP3 was downregulated in many types of tu-
mors compared with their corresponding normal tissues (Figure
S8a, Supporting Information). To verify the carcinostatic impact
of circVAMP3 on other tumors, we stably silenced and overex-
pressed circVAMP3 in HeLa and A549 cells derived from human
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cervicarcinoma and pulmonary carcinoma, respectively (Figure
S8b,c, Supporting Information). Knockdown of circVAMP3 in
HeLa and A549 cells significantly promoted cell proliferation
(Figure 6h). Moreover, under the stress conditions induced by
sodium arsenite, silencing of circVAMP3 inhibited SG formation
in HeLa and A549 cells (Figure 6i). On the contrary, overexpres-
sion of circVAMP3 significantly inhibited cell proliferation and
promoted SG formation in Hela and A549 cells (Figure S8d,e,
Supporting Information). Therefore, these findings strongly sug-
gest that besides HCC, circVAMP3 may play a carcinostatic role
and contribute to SG formation in various tumors.

3. Discussion

In this study, we identified a novel HCC-related circRNA, circ-
VAMP3, which is derived from exon3 and exon4 of the VAMP3
gene. Reduced circVAMP3 expression was correlated with poor
prognosis of HCC patients, indicating that circVAMP3 may serve
as a prognostic biomarker for HCC. Functional assays indicated
that circVAMP3 suppresses the tumorigenicity of HCC cells. We
further revealed that circVAMP3 inhibits HCC by interacting
with the complex of CAPRIN1 and G3BP1 to drive SG formation
and inhibit translation of the proto-oncogene c-Myc under stress
conditions (Figure 6j). We found that circVAMP3 is widely ex-
pressed in various human tissues and is usually downregulated
in the corresponding tumor tissues, indicating that it may play
a universal role in regulating tumorigenesis. Cellular functional
studies further support this speculation, as circVAMP3 inhibits
proliferation and enhances SG formation in cervical cancer and
lung cancer cells.

CircRNAs have been reported to play crucial roles in hu-
man diseases, including cardiovascular diseases, neurodegener-
ative diseases, and cancers.[6,33–35] In cancer biology, circRNAs
serve as tumor suppressors or oncogenic drivers through a se-
ries of biological functions. The most investigated are microRNA
sponge functions.[36–38] Moreover, circRNAs may interact with
RNA-binding proteins to enhance or suppress their functions by
sponging proteins,[39] enhancing protein interactions[18] or affect-
ing the localization of proteins.[40] In addition, circRNAs can be
translated into proteins via a cap-independent manner.[41–44] This
study demonstrated for the first time that circRNAs can act as
tumor suppressors by interacting with key components of SGs
through liquid–liquid phase separation (LLPS).

LLPS occurs when proteins or RNAs accumulate in high-
concentration membrane-less structures, which are separated

from a soluble phase and exhibit liquid-like properties. Protein
interacting domains or intrinsically disordered regions that pro-
mote the interaction between proteins can trigger LLPS.[45–47]

RNAs may also play an essential role in the regulation of LLPS.
For example, recent studies have found that lncRNA NEAT 1 can
facilitate paraspeckles formation through scaffolding paraspeckle
proteins such as NONO and SFPQ.[48–50] Similarly, some RNAs
act as scaffolders to promote LLPS of YTHDF proteins through
m6A-modification.[51,52] This study provides the first evidence
that circRNA can trigger LLPS. We found that multiple CAPRIN1
proteins are bound to various sites of circVAMP3 through their
conserved RGG domain, indicating that circVAMP3 can promote
LLPS by scaffolding CAPRIN1 proteins. In addition, G3BP pro-
teins can also undergo LLPS and serve as the core elements of
SGs in cells.[23,24] However, as circVAMP3 does not directly in-
teract with G3BP1, the in vitro LLPS of G3BP1 cannot be fa-
cilitated by circVAMP3. Considering that G3BP1 can interact
with CAPRIN1 to form protein complexes, circVAMP3 may scaf-
fold and concentrate the CAPRIN1-G3BP1 complex by interact-
ing with CAPRIN1, thus triggering LLPS. As circVAMP3 and
VAMP3 liner transcripts share the same sequence (exon3 and 4),
VAMP3 RNA may also have potential to drive LLPS. However,
circVAMP3 are more stable than VAMP3 liner transcripts (Fig-
ure 1b), which exhibits its advantages in promoting LLPS.

SGs are cytoplasmic membrane-less ribonucleoprotein (RNP)
condensates that are formed in response to various environmen-
tal stresses such as heat shock, oxidative stress, osmotic stress,
or nutrient starvation.[53–55] SGs are also associated with RNA
translation.[54,56] It has been reported that GIRGL lncRNA inter-
acts with GLS1 mRNA and CAPRIN1 to suppress the transla-
tion of GLS1 mRNA by driving the formation of SGs.[29] More-
over, phase separation of CAPRIN1 and FMRP modulates the
in vitro translation and deadenylation of target RNAs.[28] These
studies highlight the translational regulatory role of LLPS in
CAPRIN1. In this study, we observed that circVAMP3 inhibited
the expression of the MYC proto-oncogene protein by suppress-
ing the translation of c-Myc. c-Myc mRNA also interacts with
CAPRIN1 and G3BP1 and colocalizes with SGs under stress
conditions.[57] These findings indicate that circVAMP3 may reg-
ulate c-Myc translation via SGs.

Similar to other noncoding RNAs, most circRNAs exhibit
strong tissue-specific expression, implying their specific function
in various tissues.[58] However, a very small number of circR-
NAs have been found to be widely expressed in many human
tissues and have been proven to be functionally significant. For

Figure 6. circVAMP3 inhibits the translation of c-Myc and exerts its tumor suppressor function in other cancers. a) KEGG pathway analysis of differentially
expressed genes in HCC and adjacent tissues. b) Immunoblotting analysis of c-MYC in circVAMP3 silenced and overexpressed SMMC-7721 cells. c) RIP
analysis of c-Myc enriched by CAPRIN1 and G3BP1 in SMMC-7721 cells. d) Left: RNA fluorescence in situ hybridization and immunofluorescence analysis
of c-Myc, CAPRIN1 and G3BP1 in SMMC7721 cells treated with sodium arsenite (100 × 10−6 m, 40 min), nuclei are stained with DAPI. Scale bar, 5 μm.
Right: Curves of fluorescence intensities of the position marked by white arrow in the merged image. e) Left: RNA fluorescence in situ hybridization and
immunofluorescence analysis of c-Myc, p-eIF2𝛼 and G3BP1 in SMMC7721 cells treated with sodium arsenite (100 × 10−6 m, 40 min), nuclei are stained
with DAPI. Scale bar, 5 μm. Right: curves of fluorescence intensities of the position marked by white arrow in the merged image. f) Left: Immunoblotting
analysis of c-MYC in control and circVAMP3 silenced SMMC-7721 cells treated with sodium arsenite (100 × 10−6 m, 40 min) together with CHX (5 mg
L−1, 1 h) or MG132 (1 × 10−6 m, 1 h). Right: Relative protein levels of c-MYC. g) Expression level of circVAMP3 in various human tissues. Data are
expressed as mean ± standard error of the mean (SEM). h) Cell proliferation of control and circVAMP3 silenced Hela and A549 cells using EdU staining
assay. Scale bar, 400 μm. i) Left: Immunofluorescence of caprin1 in control and circVAMP3 silenced Hela and A549 cells treated with sodium arsenite
(100 × 10−6 m for Hela and 500 × 10−6 m for A549, 40 min). Scale bar, 20 μm. Right: The percentage of cells with stress granules. j) The model of the
effects of circVAMP3 on SGs formation cell proliferation. Data in (c), (f), (h), and (i) are expressed as mean ± SD, n = 3. * P < 0.05, ** P < 0.01, *** P
< 0.001 by two-tailed unpaired Student t-test.
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instance, a famous circRNA, circHIPK3, was abundant in many
human tissues, including the brain, lung, heart, liver, stomach,
and colon, and could serve as a diagnostic target.[36] Another cir-
cRNA, circITCH was also expressed in various human tissues
and acted as a tumor suppressor in lung cancer, HCC, breast
cancer, ovarian cancer, osteosarcoma, glioma, and many other
malignant tumors.[59] In this study, we found that circVAMP3
was also a universally expressed circRNA in a vast majority of hu-
man tissues, which exhibited a significantly reduced expression
in various tumor tissues compared with their corresponding nor-
mal human tissues, suggesting the universality of the tumor sup-
pressor role of circVAMP3. Considering that circRNAs are more
stable and exhibit longer half-lives than linear RNAs due to their
closed loop structure, circVAMP3 can serve as an ideal diagnostic
and prognostic biomarker for many malignant tumors.

In conclusion, our study identified and characterized an im-
portant circRNA, circVAMP3, which can physically interact with
CAPRIN1 to promote SG formation and inhibit c-Myc transla-
tion. Considering that circVAMP3 is abundant in various human
tissues and downregulated in their corresponding tumor tissues,
it may serve as a novel diagnostic and therapeutic target for HCC
and many other cancers.

4. Experimental Section
mRNA and circRNA Analysis of HCC RNA-seq Data: RNA-seq data of

HCC tumors and paired normal tissues from 20 HCC patients were ob-
tained from the National Center for Biotechnology Information (NCBI)
under accession number SRP069212.[60] The human reference genome
and gene annotation (Release 19, GRCh37.p13) were downloaded from
the GENCODE website. For gene expression analysis, sequencing reads
were aligned to the reference genome using HISAT2[61] (v2.1.0) with the “–
dta” option, and gene expression levels were estimated using StringTie[62]

(v1.3.3) with the “-e” parameter. Differential expression analysis was per-
formed using edgeR[63] (v3.26.8) with the glm approach, and an adjusted
p-value threshold of 0.05, was applied to filter differentially expressed
genes.

For circRNA analysis, back-spliced junction sites were first identi-
fied using BWA-mem[64] (v0.7.17) and CIRI2[65] (v2.0.6) pipeline. Then,
CIRIquant[66] (v1.0) was used for quantification and differential expression
analysis. The expression level of circRNAs was measured using counts per
million (CPM), and the logarithm fold-change of CPM and junction ratio
was calculated to measure the change in circRNA expression between tu-
mor and adjacent samples.

The expression patterns of circVAMP3 in normal human tissues
and tumor samples were downloaded from the circAtlas[31] (https://
circatlas.biols.ac.cn/) and MiOncoCirc[32] (https://mioncocirc.github.io/)
databases. The expression levels of circRNAs were measured using CPM
to normalize the data size in different samples.

Clinical Samples: Tumor and matched adjacent samples from 118
HCC patients were collected from Beijing 302 Hospital between February
2014 and March 2016. Clinical information of patients is shown in Table S2
in the Supporting Information. The HCC tissues and clinicopathological
features were confirmed by pathologists. Informed consent was obtained
from all patients. All studies were approved by The Ethics Committee of
Beijing 302 Hospital.

Cell Culture and Transfection: HEK293T, SMMC-7721, Huh7, HeLa,
and A549 cells were cultured in Dulbecco’s modified Eagle’s medium
(Gibco, USA) containing 10% fetal bovine serum (Gibco, USA) and 1%
penicillin-streptomycin (Gibco, USA) at 37 °C in an incubator containing
5% CO2. Transfection of cells with plasmids was performed using Hieff-
Trans Liposomal Transfection Reagent (YEASEN, China) according to the
manufacturer’s protocol.

RNA Isolation, Reverse Transcription, and PCR: Total RNA was iso-
lated using TRIzol reagent (Thermo Fisher Scientific, USA). Reverse tran-
scription was performed with random hexamers using a FastKing RT kit
(TIANGEN, China) according to the manufacturer’s protocol. PCR was
performed using PrimeSTAR Max DNA Polymerase (Takara, Japan). PCR
products were detected using 1% agarose gel and Sanger sequencing.
Quantitative real-time PCR (RT-qPCR) was performed using Hieff qPCR
SYBR Green Master Mix (YEASEN, China) in a StepOne Plus Real-time
PCR system (Applied Biosystems, USA). The primers used for RT-qPCR
are listed in Table S4 in the Supporting Information. The relative transcript
levels were analyzed by the comparative Ct method.

RNase R Resistance Analysis: Total RNA (2 μg) from SMMC-7721 cells
was treated for 10 min at 37 °C with ribonuclease R (epicentral, USA) ac-
cording to the manufacturer’s instructions. For controls, 2 μg of total RNA
was mock treated under the same conditions without the enzyme. After
the treatment, the RNAs were purified using the TRIzol reagent (Thermo
Fisher Scientific, USA). Reverse transcription of the products was then per-
formed. The circular RNAs or linear RNAs were detected by PCR using
divergent or convergent primers over 30 cycles followed by agarose gel
electrophoresis.

Cytoplasmic and Nuclear RNA Analysis: Cytoplasmic and nuclear frac-
tions were extracted using the Nuclear and Cytoplasmic Protein Extraction
Kit (Beyotime, China) according to the manufacturer’s instructions. RNA
was extracted from fractions. The localization of circVAMP3 was analyzed
by RT-qPCR. U1 served as the nuclear RNA marker, and 𝛽-actin served as
the cytoplasmic RNA marker. The primers used for RT-qPCR are listed in
Table S4 in the Supporting Information.

FISH: RNA FISH was performed using a specific probe in the back-
splice region of circVAMP3 RNA. The sense and antisense fused se-
quences of the T7 promoter and probe sequences were synthesized and
annealed. The DNA sequences are presented in Table S4 in the Support-
ing Information. Biotin-labeled RNA probes were transcribed from the an-
nealed products using a biotin RNA labeling mix (Roche, Switzerland) and
HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB, USA) according to
the manufacturers’ protocols. Cells were grown to 60–80% confluence and
then fixed with 4% paraformaldehyde. The prehybridization and hybridiza-
tion experiments were performed using the Fluorescent In Situ Hybridiza-
tion Kit (Ribobio, China) according to the manufacturer’s protocol. After
hybridization, cells were blocked with 5% bovine serum albumin (BSA) in
1 × phosphate buffered saline (PBS). Then cells were incubated with flu-
orescein isothiocyanate (FITC)-labeled antibiotin antibody (Abcam, UK)
for 2 h at room temperature, followed by three washes with 1 × PBS. The
nucleus was then stained by 4′,6-diamidino-2-phenylindole (DAPI). The
cell slices were mounted and images were acquired using a Zeiss LSM700
confocal microscope (ZIESS, Germany).

IF: Cells were seeded on glass coverslips and grown to 60–80% con-
fluence. The cells were washed with 1 × PBS (137 × 10−3 m NaCl, 2.7 ×
10−3 m KCl, 10 × 10−3 m Na2HPO4, 2 × 10−3 m KH2PO4, pH 7.4), fixed
with 4% paraformaldehyde, and permeabilized with 0.3% Triton-X 100 in
1 × PBS. The cells were then blocked with 5% BSA in 1 × PBS. Antibodies
were diluted in 1% BSA and 0.3% Triton-X 100 in 1 × PBS. For immunoflu-
orescence, cells were incubated with rabbit anti-CAPRIN1(Cell Signaling
Technology, USA) and mouse anti-G3BP1(Cell Signaling Technology, USA)
primary antibodies overnight at 4 °C or 2 h at room temperature, followed
by three washes with 1 × PBS. The cells were then incubated with Alexa
Fluor 594 goat antirabbit (Cell Signaling Technology, USA) and Alexa Fluor
555 goat antimouse (Cell Signaling Technology, USA) secondary antibod-
ies for 2 h at room temperature, followed by three washes with 1 × PBS.
The nucleus was then stained by DAPI. The cell slices were mounted and
images were acquired using a Zeiss LSM700 confocal microscope (ZIESS,
Germany).

Northern Blot: Northern blot was performed according to a previ-
ous study.[67] In brief, RNA was isolated from cells using TRIzol reagent
(Thermo Fisher Scientific, USA). Biotin labeled probes targeting circ-
VAMP3 and 5.8S rRNA were in vitro transcribed using the HiScribe T7
Quick High Yield RNA Synthesis Kit (NEB, USA) and biotin RNA label-
ing mix (Roche, Switzerland) according to the manufacturer’s protocols.
RNA samples were separated by electrophoresis with 8% denaturing urea
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polyacrylamide gel and then transferred to Hybond-N+ nylonmembranes
(GE Healthcare, USA). The membrane was then incubated with probes
overnight. RNA signal was detected using Chemiluminescent Nucleic Acid
Detection Module (Thermo Fisher Scientific). The sequences of probes are
listed in Table S4 in the Supporting Information.

RNA Overexpression and Knockdown Assay: For the circVAMP3 overex-
pression assay, the genomic region of exon 2 of circVAMP3 with its upper
541nt flanking intron and exon 3 of circVAMP3 with its lower 1076 nt flank-
ing intron were amplified by PCR from the DNA of HEK293T cells. Then, a
complete fragment was acquired by overlap extension PCR and cloned into
the BamHI and NotI sites of the pCDNA3.1+ vector. Huh7 and SMMC-
7721 cells were transfected with recombinant plasmid, cultured for 48 h,
and then selected with G418 (300 μg mL−1).

For the circVAMP3 silencing assay, sense and antisense DNA oligonu-
cleotides containing shRNA targeting the back-splice region of circVAMP3
RNA were synthesized, annealed, and inserted into the BamHI and EcoRI
sites of the pSIHI-H1-puro vector (System Biosciences, Mountain View,
CA, USA). To produce lentivirus-expressing shRNAs, HEK293T cells were
cotransfected with pCMV-VSV-G, pCMV-dR8.2 dvpr vectors, and the re-
combinant vector described above. Forty-eight hours after 48 h since trans-
fection, supernatants containing lentivirus were harvested and filtered
through 0.45 μm filters. SMMC-7721 and Huh7 cells were infected with
lentivirus for 48 h and selected with puromycin (1.5 μg mL−1).

Cell Proliferation, Colony Formation, and Migration Assays: For the cell
proliferation assay, cells were seeded into 96-well flat-bottomed plates at
a density of 2500 cells per well. After 12 h of culture, cell viability was as-
sessed using the CellTiter 96 Aqueous One Solution Cell Proliferation As-
say (Promega, USA). EdU immunofluorescence staining was performed
using Cell-Light EdU Apollo567 In Virto Kit (RibioBio, China) according to
the manufacturer’s instructions. For the colony formation assay, cells were
seeded in six-well plates at a density of 350 cells per well and cultured in
complete growth medium at 37 °C for 10 d, fixed with 4% paraformalde-
hyde, stained with 0.5% crystal violet, and counted.

Migration assays were performed in transwell chambers with 8 μm poly-
carbonate membranes. Cells in serum-free medium were seeded into the
upper chambers at a density of 5 × 104 cells per chamber and complete
medium was added to the lower chambers. After culturing for 24 h, cells
that migrated through the membrane were fixed with 4% paraformalde-
hyde, stained with 0.5% crystal violet, and counted.

In Vivo Tumor Formation Assay: For the in vivo tumor formation
assay, female athymic BALB/c nude mice aged 4–5 weeks were used.
5 × 106 control and circVAMP3 silenced or overexpressed SMMC-7721
cells were suspended in 200 𝜇L PBS and subcutaneously injected into
the right axilla of each nude mouse (n = 6 per group). Tumor sizes were
measured every 3 d when a tumor was measurable and the volumes were
calculated as length × width2 × 0.5. After 18 d, the mice were euthanized
and tumors were weighed. All experiments were approved by the Animal
Care and Use Committee of the Institute of Zoology, Chinese Academy of
Sciences.

RNA Pull-Down Assay: RNA pull-down assays were performed as de-
scribed in the previous study.[58] In brief, 107 Huh7 or SMMC-7721 cells
were lysed by cell lysis buffer for western and IP (Beyotime, China) and
the supernatants of whole-cell lysates were incubated with 3 μg 5’-biotin-
labeled DNA oligo probes against the back-splice region of circVAMP3
RNA for 1 h at room temperature with gentle rotation. The protein-RNA
complex was captured by incubating with streptavidin C1 magnetic beads
(Invitrogen, USA) for 1 h at room temperature with gentle rotation. Then,
the complex was washed three times with the lysis buffer and once with
wash buffer (5 × 10−3 m Tris-HCl, 0.5× 10−3 m EDTA, 1 M NaCl). The RNA
in the pull-down supernatant was isolated by TRIzol and analyzed by RT-
qPCR, and the RNA binding proteins in the pull-down supernatant were
isolated by boiling the beads in 0.1% SDS, and were analyzed by western
blotting or mass spectrometry.

Western Blot: Protein supernatants from cell lysates, pull-down su-
pernatants, or coimmunoprecipitation supernatants were prepared in
1 × sodium dodecyl sulfate protein loading buffer. Identical quantities of
proteins were separated by SDS-PAGE and transferred onto polyvinylidene
fluoride membranes (Millipore, USA). The membranes were blocked with

5% nonfat dried milk in TBST buffer (10 × 10−3 m Tris-HCl, 150 × 10−3

m NaCl, 0.1% Tween-20, pH 7.6) and incubated with protein-specific pri-
mary antibodies. The membranes were then washed three times with TBST
buffer and incubated with horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies. The protein signals were visualized using enhanced
chemiluminescence reagents (EASYBIO, China), and densitometry values
were analyzed using ImageJ software.

RNA Immunoprecipitation (RIP): A total of 107 cells were lysed with
cell lysis buffer for western blotting and IP (Beyotime, China) contain-
ing protease inhibitor cocktail (Roche, Switzerland) and RNA inhibitor
(Takara, Japan). The supernatants were collected after centrifugation for
10 min at 13 000 rpm. To capture the protein-RNA complex, the super-
natants were incubated with protein-specific antibodies overnight at 4 °C
with gentle rotation. The complex was incubated with 25 𝜇L protein A/G
magnetic beads (Thermo Fisher Scientific, USA) for 2 h at 4 °C with gentle
rotation. The beads were washed three times with PBS containing RNase
inhibitor and protease inhibitor, and then washed once with nuclease-
and protease-free water. After washing, the protein-RNA complexes were
eluted, and RNA was extracted using TRIzol reagent (Thermo Fisher Sci-
entific, USA).

In Vitro Transcription and Cyclization of circVAMP3: The DNA for cir-
cVAMP3 synthesis was acquired by PCR using a T7 promoter sequence
fused primers. RNA was synthesized in vitro using the HiScribeT7 Quick
High Yield RNA Synthesis Kit (NEB, USA) according to the manufacturer’s
protocols. RNA products were purified using an Agencourt RNAClean XP
Kit (Beckman, USA). RNA cyclization was performed as described in a pre-
vious study.[68] In brief, RNA was mixed with DNA splints at a molar ratio
of 1:1.5, incubated at 90 °C for 2 min, and slowly cooled to room tempera-
ture. DNA splints act as scaffolds to keep the 5’ and 3’ ends of RNA closer.
Then samples were incubated with T4 DNA ligase (NEB, USA) overnight
at 16 °C, DNA splint and linear RNA were digested with DNase I (NEB,
USA) and RNase R (epicentral, USA), respectively. CircRNAs were purified
using an Agencourt RNAClean XP Kit (Beckman, USA). The DNA splint
and primer sequences are listed in Table S2 in the Supporting Informa-
tion.

FRAP: FRAP experiments were performed using a Zeiss LSM700 con-
focal microscope (ZIESS, Germany) with a 63 × oil objective. The wtGFP-
CAPRIN1 and mCherry-G3BP1 genes were synthesized and inserted into
the BamHI and EcoRI sites of the pCDNA3.1+ vector. Fluorescent labeled
protein condenses were formed in SMMC-7721 cells by expressing wtGFP-
CAPRIN1 and mCherry-G3BP1 fused proteins. A circular region with a di-
ameter of 0.8 μm in the center of condensate was bleached to 40% den-
sity value using a laser intensity of 80% at 405 nm (for wtGFP-CAPRIN1)
or 560 nm (for mCherry-G3BP1). Fluorescence intensity of bleaching sites
was recorded at 25–35 time points after bleaching (65–80 s). Analysis of
the recovery curves were carried out using the ZEN2010 software.

Protein Expression and Purification: Full-length 6 × His-CAPRIN1 and
6 × His-G3BP1 genes were synthesized and inserted into the NdeI and
HindIII sites of the pET30a+ vector (Novagen, Germany). The constructs
were transformed into Escherichia coli BL21 (DE3) cells. Single colonies
were cultured in LB medium containing 50 μg mL−1 kanamycin at 37 °C.
Expression of histidine tag fused proteins was induced with IPTG (0.5 ×
10−3 m) at 16 °C for 16 h when the OD600nm of cells reached 0.8. Cells
were harvested by centrifugation at 12 000 rpm for 10 min at 4 °C. The
cells were then homogenized in resuspension buffer containing 20 × 10−3

m Tris-HCl (pH 8.0), 300 × 10−3 m NaCl, 20 × 10−3 m imidazole, 1 × 10−3

m DTT, and 1 × 10−3 m PMSF using a low-temperature ultrahigh pressure
cell disrupter (JNBIO, China). The supernatants were collected by centrifu-
gation at 12 000 rpm for 30 min at 4 °C and filtered through 0.22 μm filters.
Thereafter, the supernatants were loaded onto a HisTrap HP column
(GE Healthcare, USA). Proteins were gradiently eluted with elution buffer
containing 20 × 10−3 m Tris-HCl pH 8.0, 300 × 10−3 m NaCl plus 20 ×
10−3, 50 × 10−3, 100 × 10−3, and 300 × 10−3 m imidazole, respectively,
using an AKTA start system (GE Healthcare, USA). Fractions containing
CAPRIN1 and G3BP1 were analyzed by SDS-PAGE and then collected.
The buffer of CAPRIN1 and G3BP1 was changed to 25 × 10−3 m Tris-HCl
pH 7.3, 150 × 10−3 m NaCl by dialysis. Proteins were concentrated and
further purified using Superdex 200 PG (GE Healthcare, USA) with a
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buffer containing 25 × 10−3 m Tris-HCl (pH 7.3) and 150 × 10−3 m NaCl.
Fractions were analyzed by SDS-PAGE, concentrated, and stored at -80 °C.

In Vitro LLPS: For general LLPS experiments, purified CAPRIN1 and
G3BP1 proteins were incubated at room temperature in LLPS buffer con-
taining 25 × 10−3 m Tris-HCl pH7.3 and 150 × 10−3 m NaCl. 3 𝜇L of
each sample was transferred onto glass bottom cell culture dishes (NEST,
China) and imaged using an Olympus IX83 microscope. For LLPS treated
with different concentrations of NaCl, proteins were incubated with 25 ×
10−3 m Tris-HCl (pH7.3) and NaCl (50 × 10−3–400 × 10−3 m). To investi-
gate the influence of different types of RNA on LLPS, tRNA (ThermoFisher,
USA), total RNA (isolated and purified from SMMC-7721 cells), and circ-
VAMP3 RNAs (in vitro transcribed and cyclized) were added to the LLPS
samples at a final concentration of 50 ng 𝜇L−1. Furthermore, 1 𝜇L RNase
R (epicentral, USA) or RNase A (Qiagen, Germany) were added to the cir-
cVAMP3 RNA-containing LLPS samples and incubated at room tempera-
ture for 10 min to verify the effect of circVAMP3 on LLPS.

Statistical Analysis: GraphPad Prism 6 and Microsoft Excel software
were used for statistical analysis. All experiments that undergo error anal-
ysis were carried out in at least three independent replicates. Statistical
methods for each result were shown in the corresponding figure legends.
Data were presented as mean ± standard deviation except were stated
otherwise. * p < 0.05, ** p < 0.01, or *** p < 0.001 were considered as
statistically significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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