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m6A modification of circHPS5 and hepatocellular
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N6-methyladenosine (m6A) is capable of mediating circRNA
generation in carcinoma biology. Nevertheless, the posttran-
scriptional systems of m6A and circRNA in hepatocellular carci-
noma (HCC) development are still unclear. The present study
identified a circRNA with m6A modification, circHPS5, which
was increased in neoplasm HCC tissues and indicated poor
patient survival. Silencing of circHPS5 inhibited epithelial-
mesenchymal transition (EMT) and cancer stem-like cell (CSC)
phenotypes. Notably, METTL3 could direct the formation of
circHPS5, and specific m6A controlled the accumulation of
circHPS5. YTHDC1 facilitated the cytoplasmic output of
circHPS5 under m6A modification. In addition, we demon-
strated that circHPS5 can act as a miR-370 sponge to regulate
the expression of HMGA2 and further accelerate HCC cell
tumorigenesis. Accordingly, the m6A modification of circHPS5
was found tomodulate cytoplasmic output and increaseHMGA2
expression to facilitate HCC development. The new regulatory
model of “circHPS5-HMGA2” provides a new perspective for
circHPS5 as an important prognostic marker and therapeutic
target in HCC and provides mechanistic insight for exploring
the carcinogenic mechanism of circHPS5 in HCC.

INTRODUCTION
Liver carcinoma is the most common carcinoma worldwide, and car-
cinoma statistics in 2018 show that the global incidence of liver
carcinoma ranks sixth and the mortality rate ranks fourth.1 Due to
hepatitis B virus (HBV) infection, most cases (80%) occur in East
Asia and Sub-Saharan Africa.2 Hepatocellular carcinoma (HCC) ac-
counts for > 80% of primary liver carcinoma cases worldwide.3 Risk
elements for HCC consist of exposure to dietary toxins (e.g., afla-
toxins and aristolochic acid), metabolic liver disease (e.g., nonalco-
holic fatty liver disease), alcohol addiction, and chronic hepatitis B
and C.4 However, HCC has the typical characteristics of high malig-
nancy—difficult treatment, rapid development, and short survival
time. Therefore, studying HCC occurrence and development is of
great significance to prolong the survival of HCC patients.

N6-methyladenosine (m6A) describes a methylation process at the N6
position of adenosine and is the most abundant inner modifying pro-
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cess in eukaryote mRNA.5 After it was initially identified in 1974,
studies of m6A boomed due to advancements in detection approaches
and the identification of vital regulating proteins. In addition, m6A-
modification processes were suggested to control the generating pro-
cesses and functions of transfer RNA (tRNA), ribosomal RNA
(rRNA) and noncoding RNAs (ncRNAs) (including circular RNAs
(circRNAs), long noncoding RNAs (lncRNAs), and microRNA
(miRNA)).5–7 circRNAs, a novel endogenous noncoding RNA class,
were found in the early 1990s to be transcripts exhibiting a scrambled
exon order; furthermore, their structure, system and function were
identified, and they have become research hotspots in the past 20
years.8,9 According to Yang et al., m6A modification of circRNAs can
produce inner ribosomal entry sites (IRESs) to translate cap-indepen-
dent proteins. This m6A-promoted process to translate circRNAs can
be improved by METTL14 and METTL3, and the m6A demethylase
FTO-mediated demethylating process is likely to limit this translation
procedure. The initiating element, eIF4G2, for the translation process
and the m6A reading protein, YTHDF3, are needed.10 Nevertheless,
the systems of the post-transcriptional process of m6A modification
and the role of circRNA in carcinoma development are still unclear.

The present study identified a circRNA with the m6A modification,
circHPS5, which shows a frequent increase in neoplasm tissues
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Figure 1. Characterization and expression of circHPS5 in HCC

(A and B) Cluster map and scatterplot of circRNA microarray data showing differentially expressed circRNAs in the HCC group and normal group. A high expression level is

indicated by ‘‘red’’ and a low expression level by ‘‘green’’. (C and D) Flowchart illustrating the screening criteria for potential regulatory circRNAs enriched in HCC. Clustered

heatmap showing the dysregulated expression of circRNAs in three HCC samples (the |average normalized fold change| > 5). (E) The expression of five circRNAs was

evaluated in HCC cell lines using qRT-PCR. (F) The genomic locus of circHPS5. The expression of circHPS5 was detected by qRT–PCR followed by Sanger sequencing. (G)

qRT-PCR analysis to determine the abundance of circHPS5 and HPS5 mRNA in HCC cells treated with actinomycin. (H) Nuclear and cytoplasmic separation experiments

showing the distribution of circHPS5. U6 was used as a marker to show efficient nuclear/cytoplasmic RNA separation. (I) RNA fluorescence in situ hybridization for circHPS5.

Nuclei were stained with DAPI. Scale bar, 10 mm. ***p < 0.001.
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from HCC cases and predicts poor patient survival. circHPS5 overex-
pression can facilitate epithelial-mesenchymal transition (EMT) and
cancer stem-like cell (CSC) phenotypes, further promoting HCC
migration and proliferation in vitro and in vivo. However, knock-
down of circHPS5 leads to the opposite results. Notably, YTHDC1 fa-
cilitates the cytoplasmic output of circHPS5 under m6Amodification.
In addition, we demonstrate that circHPS5 can act as a miR-370
sponge to regulate HMGA2 expression and further accelerate HCC
cell development.

RESULTS
Characterization of circHPS5 in HCC

This study evaluated a human circRNA microarray with significant
throughput based on carcinoma tissues and paracancerous normal tis-
sues from three HCC cases. As shown in Figures 1A and 1B, a cluster
map and scatterplot show that the HCC group had 5,121 circRNAs
with differential expression compared with the control group: 4,161
upregulated and 960 downregulated circRNAs. From these differen-
tially expressed circRNAs, based on a fold difference greater than 5,
638 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
circRNA characteristics, and parental genes, we finally identified a to-
tal of five target circRNAs (circ_0021427,circ_0056016,circ_0084602,
circ_0139907,circ_0042852) for in-depth verification and analysis
(Figures 1C and 1D). The expression of these five circRNAs in normal
hepatocytes and HCC cells was explored via quantitative real-time
PCR (qRT-PCR). As revealed from the results, these five circRNAs
were upregulated in HCC cells compared with normal hepatocytes.
Among them, circHSP5 (circ_0021427) from theHPS5 gene exhibited
the highest upregulation (Figure 1E). The spliced mature sequence of
circHPS5, located in chr11:18308137-18322463, is 1941 bp in length,
in accordance with the circBase information database (http://www.
circbase.org/), and circHPS5 is derived from exons 8–20 (Figure 1F).
Moreover, Sanger sequencing results were consistent with the base
sequence of circHPS5 (Figure 1F). Resistance to digestion with actino-
mycin further confirmed that this RNA species was circular in form
(Figure 1G). Agarose gel electrophoresis was employed to verify
circHPS5 specificity (Figure S1). According to nuclear and cyto-
plasmic separation, circHPS5 exhibited a distribution in both the nu-
cleus and cytoplasm, with a higher distribution in the cytoplasm than

http://www.circbase.org/
http://www.circbase.org/


Figure 2. circHPS5 is significantly upregulated in HCC and associated with a poor prognosis

(A) circHPS5 expression was measured using qRT-PCR in 46 pairs of HCC (tumor) and matched noncancerous (normal) tissues. (B) The AUC in distinguishing HCC tissues

and normal tissues. (C) and (D) Kaplan–Meier survival curve showing the relationship between circHPS5 and disease-free survival and overall survival time. (E) Univariate and

(F) multivariate regression analyses of factors affecting the prognosis of HCC. *p < 0.05, ***p < 0.001, ****p < 0.0001.
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in the nucleus (Figure 1H), which was further verified by in situ RNA
hybridization (FISH) (Figure 1I).

circHPS5 is significantly upregulated in HCC and associated

with a poor prognosis

We detected the expression level of circHPS5 in 46 paired HCC tis-
sues and normal tissues adjacent to carcinoma using qRT–PCR and
found that circHPS5 was significantly overexpressed in HCC tissues
compared with paracancerous tissues (Figure 2A). Clinicopatholog-
ical features showed that circHPS5 overexpression was positively
associated with neoplasm size, tumor lymph node metastasis
(TNM) stage, and microvascular invasion (Table S1). Furthermore,
the area under the ROC curve (AUC) of circHPS5 in distinguishing
HCC tissues and normal tissues was 0.8294, and the cut-off value
was�8.510 (Figure 2B). According to a Kaplan–Meier survival curve,
patients with higher circHPS5 expression showed reduced
disease-free survival and overall survival times (Figures 2C and
2D). Univariate and multivariate analyses indicated that high
circHPS5 expression could serve as an independent prognostic indi-
cator for the overall survival of HCC patients (Figures 2E and 2F).

circHPS5 plays a promoting role in HCC in vitro

To assess the effect exerted by circHPS5 in HCC cells, three shRNAs
against circHPS5 (sh-circHPS5) were developed to silence circHPS5
with no impact on HPS5 mRNA levels in Hep3B and HCCLM3 cells
(Figure 3A). Finally, sh-circHPS5 #1 was used to perform subsequent
experiments due to its significant inhibition efficiency (Figure 3A).
sh-circHPS5 was capable of inhibiting cell proliferation in Hep3B
and HCCLM3 cells, as revealed by the results of CCK-8, colony for-
mation, and 5-ethynyl-20-deoxyuridine (EdU) experiments (Figures
3B–3D). Flow cytometry showed that knockdown of circHPS5
enhanced cancer cell apoptosis (Figure 3E). Transwell and wound
healing experiments showed that silencing circHPS5 significantly
decreased Hep3B and HCCLM3 cell invasion and migration (Figures
3F and 3G), while overexpression of circHPS5 played the opposite
role (Figure S2). Immunofluorescence results showed that E-cadherin
was upregulated, vimentin was downregulated, and pseudopodia
composed of a-actin were decreased, suggesting that the downregula-
tion of circHPS5 can inhibit the EMT phenotype (Figures 4A and 4B),
which is consistent with western blotting results (Figure 4C). In addi-
tion, the CSC percentage—and markers such as CD133 and CD44—
were significantly reduced after knockdown of circHPS5 in HCC cells
(Figures 4D–4F), while overexpression of circHPS5 exerted the oppo-
site effects (Figure S3).

METTL3 facilitates the m6A modification process and circHPS5

expression

Given that specific m6A modification controls the accumulation of a
subset of circRNAs,11 we applied methylated RNA immunoprecipita-
tion (MeRIP) sequencing to detect the m6A mRNA, lncRNA, and
circRNA modification profiles of two pairs of HCC tissues and adja-
cent tissues (Figure S4A). The expression distribution map shows the
normalized expression intensity and abundance after the sequence is
aligned to the genome (Figure S4B). The sample correlation diagram
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 639
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Figure 3. circHPS5 promotes HCC cell proliferation and migration

(A) shRNA against circHPS5 was designed to silence circHPS5 (sh-circHPS5) in HCC cells. Left: The expression of circHPS5 was evaluated using qRT–PCR; Right: The

expression of HPS5 mRNA was evaluated using qRT-PCR. (B) The growth curves of cells were constructed using CCK-8 assays after transfection with sh-circHPS5 or sh-

NC. (C) A colony formation assay was performed to evaluate cell proliferation. (D) EdU assays of HCC cells transfected with sh-circHPS5 or sh-NCwere performed to evaluate

cell proliferation. Scale bar,50 mm. (E) Flow cytometry was used to assess cell apoptosis. (F) Transwell experiments were used to assess cell invasion. Scale bar,50 mm.

(G) The motility of cells transfected with sh-circHPS5 or sh-NC was examined using wound healing assays. Scale bar,100 mm. **p < 0.01, ***p < 0.001.
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verifies that the involved biological experiments can be repeated with
little variation in results, ensuring that reliable results can be obtained
from subsequent differential gene analysis (Figure S4C). We used the
sequencing information of the input library as RNA-seq information
to analyze differences in the expression levels of all circRNAs in HCC
and noncarcinoma tissues (Figure 5A). We analyzed the association
between genes with m6A modification and the RNA expression level
of genes and found key genes for follow-up research. To our surprise,
circHPS5 was hypermethylated and highly expressed in HCC tissues
(Figure 5B). The pie chart shows the distribution of m6A peaks in
different genetic environments, mainly in the coding sequence
(CDS) region (Figure S4D). We used HOMER software to perform
motif analysis of peaks and found that the typical motif modified
by m6A is “GGAC” (Figure S4E). GO and KEGG analyses suggested
that genes with differential expression and m6A modification were
mainly enriched in neoplasms and metabolic channels (Figures 5C
and 5D). In particular, we cross-analyzed the circRNA with m6A
modification in four tissues and found that the level of the m6Amodi-
fication in circRNAs was different in different tissues (Figure 5E). The
SRAMP prediction website revealed that circHPS5 is highly m6A
modified (Figures S4F), and 5F shows the specific structure of the
circHPS5 m6A modification, consistent with the MeRIP sequence re-
640 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
sults. Further m6A RNA-binding protein immunoprecipitation (RIP)
experiments confirmed that circHPS5 and m6A antibodies had bind-
ing sites (Figure 5G). A previous study reported that the methylase
METTL3 directs the biogenesis of a subset of circRNAs;11 therefore,
we explored the association between METTL3 and circHPS5. We
found that after knockdown of METTL3 expression via si-METTL3,
the expression of circHPS5 decreased significantly, but that of pre-
HPS5 and lin-HPS5 increased significantly (Figure 5H). These results
indicate that METTL3 can mediate the fate of HPS5 transcripts,
mainly to generate circHPS5, rather than processing into HPS5
mRNA.

YTHDC1 facilitates the cytoplasmic output of circHPS5 with

m6A modification

Based on the abundant expression of circHPS5 in the cytoplasm and
its high methylation level, as well as the system of the m6A modifica-
tion process and YTHDC1 binding to promote molecular nuclear
translocation,11 we hypothesized that circHPS5 m6A modification
sites combined with YTHDC1 can promote circHPS5 nuclear
translocation. Next, we performed RNA pulldown experiments to
screen circHPS5-interacting proteins. Although commonmethylases,
including METTL3, YTHDC1, YTHDC2, YTHDF1, YTHDF2, and



Figure 4. circHPS5 promotes EMT and a CSC phenotype in HCC

(A) Immunofluorescence was employed to detect the expression of E-cadherin, vimentin, and a-actin. Scale bar,10um. (B) Morphological changes associated with EMT in

cancer cells. Scale bar,10um. (C) EMT-related protein expression in the sh-NC and sh-circHPS5 groups. (D) Morphological changes associated with CSCs among cancer

cells. Scale bar,100um. (E and F) CSC-related marker expression in the sh-NC and sh-circHPS5 groups. *p < 0.05, **p < 0.01.
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IGF2BP3, were all positive;YTHDC1 showed the highest expression
and thus was used in subsequent studies (Figures 6A and 6B). Further
RIP experiments demonstrated enrichment of circHPS5 in complexes
precipitated with antibody against YTHDC1 compared to those
precipitated with control IgG (Figure 6C). Cytoplasmic and nuclear
mRNA fractionation experiments indicated that knockdown of
YTHDC1 increased the nuclear circHPS5 content, while the dysregu-
lation of nuclear circHPS5 attributed to si-YTHDC1 was recovered by
overexpression of wild-type (WT) but not mutant YTHDC1 (Fig-
ure 6D). FISH further confirmed that the increased nuclear staining
of circHPS5 caused by si-YTHDC1 was rescued by overexpression
of WT but not mutant YTHDC1 (Figure 6E). The above results indi-
cate that YTHDC1 can indeed expedite the cytoplasmic output of
m6A-modified circHPS5.

circHPS5 facilitates HCC development by sponging miR-370 to

regulate HMGA2

Considering that circRNAs can bind to different miRNAs and regu-
late downstream genes,12 we searched two databases (Target Scan,
RegRNA) and found that there are three miRNAs (miR-1183, miR-
1299, miR-370) in the intersection, which may have binding sites
for circHPS5 (Figure 7A). We further tested the expression of these
three miRNAs in cells and found that their expression was downregu-
lated in HCC cells compared with normal hepatocytes, with miR-370
showing the greatest decrease (Figure 7B). Pulldown experiments
further confirmed the binding of circHPS5 and miR-370 in HCCLM3
and Hep3B cells (Figure 7C). Next, we evaluated the role of miR-370
in HCC cell migration and proliferation. As revealed from the results,
miR-370 inhibition induced EMT and CSC phenotypes, promoting
HCC cell migration and proliferation, but at the same time, inhibiting
circHPS5 expression counteracted this effect (Figures 7D–7I and S5).

By using the CircInteractome Information Base (https://circintera
ctome.nia.nih.gov/) for bioinformatics analysis, we found that circHPS5
possessed a complementary sequence to the miR-370 seed region. Ac-
cording to miRanda database prediction (http://mirdb.org/), miR-370
can target the HMGA2 mRNA 30 UTR. TCGA database analysis
showed that HMGA2 was upregulated in HCC tissues compared to
normal tissues (Figure 8A) and positively linked with TNM stage (Fig-
ure 8B). Kaplan–Meier survival curves revealed that patients with
higher HMGA2 expression showed worse survival (Figure 8C). To
demonstrate the mutual interaction of circHPS5, miR-370 and
HMGA2, luciferase reporter experiments were performed, and the re-
sults revealed that inhibition of miR-370 significantly enhanced the
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 641
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Figure 5. METTL3 promotes m6A modification and expression of circHPS5

(A) m6A levels were detected in two pairs of HCC and adjacent normal tissues via methylated RNA immunoprecipitation (MeRIP) sequencing. “C” represents “cancer,” and

“P” represents “Normal tissue adjacent to cancer.” (B) The association between genes with m6Amodification and RNA gene expression levels was analyzed. There were four

types of association analysis results: hypermethylated-down (hypermethylated-RNA level down); hypermethylated-up (hypermethylated-RNA level up); hypomethylated-

down (demethylated-RNA level down); and hypomethylated-up (demethylated-RNA level upregulated). (C) and (D) GO and KEGG analyses of circRNAs with different m6A

modification levels in the HCC group and normal group. (E) The m6A-modified circRNAs in four tissues were cross-analyzed. (F) The SRAMP prediction website revealed the

m6A motif structure of circHPS5. (G) MeRIP assays showing the association between circHPS5 and m6A. (H) After knockdown of the methylase METTL3, the expression of

circHPS5, pre-HPS5 and lin-HPS5 was detected via qRT–PCR. **p < 0.01, ***p < 0.001.
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activity of a circHPS5-WT or HMGA2-WT reporter but not that of a
mutant reporter (Figure 8D–8F). In addition, the HMGA2 mutation
vector with downregulated circHPS5 and miR-370 expression, further
verified the binding sites among circHPS5,miR-370, andHMGA2 (Fig-
ure 8G). FISH experiments further confirmed that circHPS5 and miR-
370were colocalized in the cytoplasm (Figure 8H). qRT-PCRconfirmed
that circHPS5 knockdown decreased the HMGA2 expression level,
while inhibition of miR-370 offset this effect (Figure 8I). Western blot
analysis further confirmed that inhibition of miR-370 upregulated
HMGA2 protein expression, whereas simultaneous sh-circHPS5 treat-
ment counteracted this effect in HCC cells (Figures 8J and 8K), consis-
tent with the HMGA2 mRNA expression results.

circHPS5 facilitates the growth of HCC in vivo

To explore the association between circHPS5 and HCC development
in vivo, HCCLM3 and Hep3B cells transfected with sh-circHPS5, or
sh-NC, were injected into nude mice to construct a xenograft
neoplasm system (Figure 9A). In addition, sh-circHPS5+methylase
inhibitor (SAH) were added to explore the anticarcinoma effect
(dimethyl sulfoxide [DMSO] as the control). As revealed by the find-
ings, circHPS5 downregulation effectively decreased the volume and
weight of tumors in nude mice, and SAH addition further enhanced
this effect (Figure 9B and 9C). The results of hematoxylin-eosin (HE)
staining of mouse neoplasms showed that combined sh-circHPS5+
SAH treatment significantly reduced the infiltration of carcinoma
642 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
cells. Moreover, immunohistochemistry (IHC) results revealed that
KI67 expression was noticeably reduced (Figure 9D).

DISCUSSION
Here, circHPS5 was demonstrated to exhibit noticeably higher
expression in HCC tissues and cells than in normal tissues and
cells. Clinicopathological features illustrated that overexpression of
circHPS5 indicated a lower total survival period for HCC patients.
The relationships between circRNAs and HCC development are be-
ing progressively studied clinically. Xiao-Yong Huang et al. reported
that circMET (circ_0082002) was overexpressed in HCC neoplasms,
and circMET expression displayed a relationship with survival and
recurrence in HCC cases.13 In addition, plasma circRNAs have
been verified as diagnostic markers of HCC.14,15 Here, circHPS5
was verified to be a promising biomarker for HCC diagnosis and
prognosis. The acquisition of epithelial-mesenchymal transition and
the existence of a subpopulation of cancer stem-like cells are associ-
ated with malignant behavior. We found that circHPS5 overexpres-
sion can facilitate EMT and CSC phenotypes, further promoting
HCC migration and proliferation processes.

In addition,m6Ahas been shown to be a plentiful transcription-related
modification in mRNAs and ncRNAs, including circRNAs. This has
broadly been implicated in posttranscription-related mRNA, and in-
fluences exerted by m6A modification on cellular circRNA biological



Figure 6. YTHDC1 promotes cytoplasmic export of m6A-modified circHPS5

(A) Immunoblot analysis of YTHDC1 after a pulldown assay showing its specific association with circHPS5. (B) RIP assays showing the association of YTHDC1with circHPS5.

IgG antibody served as a control. (C) YTHDC1 interacted with circHPS5 at the GGACU motif of circHPS5. (D) Cytoplasmic and nuclear mRNA fractionation experiments

showing the knockdown of YTHDC1 (WT/mutant) and the expression of circHPS5 in different locations. (E) RNA-FISH showing that the increased nuclear staining of

circHPS5 caused by si-YTHDC1 was rescued by overexpression of WT but not mutant YTHDC1. Scale bar,10um. **p < 0.01, ***p < 0.001.
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aspects are rarely understood. circRNAbiogenesis has been extensively
analyzed from broad perspectives. Nevertheless, circRNAs are primar-
ily reported to localize in the cytoplasm.16,17 For this reason, the sys-
tems regulating nuclear-cytoplasmic circRNA output should be
explored. According to Chen et al., the m6A methylation process in
colorectal carcinoma (CRC) cells mediates the cytoplasmic output of
a crucial oncogenic circNSun2. Under m6A modification, circNSun2
in the nucleus can be consideredYTHDC1 and transported to the cyto-
plasm. Next, circNSun2 can stabilize HMGA2 mRNA through circN-
Sun2/insulin-like development element 2 mRNA binding protein 2
(IGF2BP2)/HMGA2 complex formation. Finally, CRC cell invasion
and liver metastasis are induced.18 The YTHDC1 protein has recently
attracted attention. Chao Xu et al. reported the crystal structures of the
YTHDC1YTHdomain, several YTHdomain families, and its complex
with an m6A-modified RNA. Relevant structure-related analyses, a
transcriptome-broad identification process for YTHDC1binding sites,
and biochemically related experiments revealed the particular m6A-
YTH binding mode and explained the preferential m6A sequence
recognition process by YTHDC1.19 In addition, according to Round-
tree Ian A et al., the m6A-binding protein YTHDC1 mediates the nu-
cleus-cytoplasm output of methylated mRNA in HeLa cells. YTHDC1
knockdown extends residence time in terms of nuclear mRNA with
m6A, with transcripts accumulating in the nucleus and relevant deple-
tion in the cytoplasm.YTHDC1 interactswith the splicing element and
SRSF3 (i.e., nuclear output adapting element protein) facilitating RNA
binding to NXF1 and SRSF3. Such an effect exerted by YTHDC1 im-
proves the likely utility of the mRNA chemical modification process
and supports a novel m6A paradigm as an obvious biochemically
related entity to achieve mammalian mRNAmetabolism and selective
processing.20 The nucleus-cytoplasm output of circHPS5 relies upon
them6Amodification process and ismediated by recruitingYTHDC1,
consistent with existing research.18

We demonstrated that circHPS5 can act as a miR-370 sponge to regu-
late HMGA2 expression and further accelerate the tumorigenesis of
HCC cells. It has been reported that miR-370 impacts various carci-
nomas. For instance, Gao Yong-Tao et al. illustrated that miR-370
upregulation recovered the sensitivity of glioblastoma multiforme to
temozolomide by impacting MGMT expression.21 Interestingly, Lulli
Valentina et al. identified a vital effect exerted bymiR-370 in regulating
the glioblastoma development process, indicating that miR-370-3p
acts as a neoplasm suppressor element; suppressing glioma cell growth;
migration and invasion through HIF1A, HMGA2, and lncRNA
NEAT1 targeting; and acting as a potential alternative to treat glioblas-
toma patients.22 It has been reported that miR-370-3p reduces ulcera-
tive colitis-associated CRC in mice by suppressing inflammation
responses and the epithelial-mesenchymal transition process23 in
HCC. As suggested previously, miR-370 is a neoplasm suppressor
via inhibition of the MAPK/JNK signaling pathway by targeting
BEX2.24 The results of the present study further verified that miR-
370 inhibits HCC cell migration and proliferation processes.
HMGA2 essentially impacts embryogenesis and is an oncoprotein.
HMGA2 exhibits high expression in various human carcinomas and
is employed as a prognosticmarker.25 Previous studies have confirmed
Molecular Therapy: Nucleic Acids Vol. 26 December 2021 643
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Figure 7. circHPS5 promotes HCC development by sponging miR-370

(A) Two databases (TargetScan and RegRNA) were analyzed, and three miRNAs (miR-1183, miR-1299, and miR-370) that may have binding sites with circHPS5 were

identified in the intersection. (B) Expression of the three miRNAs in HCC cells. (C) A pulldown assay further confirmed the binding of circHPS5 and miR-370 in HCC cell lines.

(D) Growth curves of cells were constructed using CCK-8 assays after cotransfection with sh-circHPS5 andmiR-370 inhibitor. (E) A colony formation assay was performed to

evaluate cell proliferation. (F) EdU assays of HCC cells cotransfected with sh-circHPS5 and miR-370 inhibitor were performed to evaluate cell proliferation. Scale bar, 50um.

(G) Flow cytometry was used to assess cell apoptosis. (H) Transwell experiments were used to assess cell invasion. Scale bar,50um. (I) Wound healing assay. Scale bar,

100um. **p < 0.01, ***p < 0.001.
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that noncoding RNAs promote HCC development by targeting
HMGA2.26,27 In conclusion, we identified a novel circular RNA,
termed circHPS5, whose expression was increased in tissues from
HCCpatients and inHCCcell lines.m6Amodification of circHPS5 ex-
pedites cytoplasmic output and facilitates EMT and CSC phenotypes,
promoting HCC migration and proliferation processes by acting as a
miR-370 sponge to regulate HMGA2 expression. Thus, this study re-
veals a novel potential biomarker and therapeutic target for HCC.

MATERIALS AND METHODS
circRNA microarray

Using four identical arrays on a slide, a CapitalBio Technology
Human CircRNA Array v2 was established. A total of three paired
carcinoma tissues and paracancerous normal tissues were tested.
We employed GeneSpring software V13.0 to study the circRNA array
information for quality control, normalizing the process and summa-
rizing the information.

m6A sequencing

This study measured two pairs of HCC carcinoma and paracancerous
tissues with m6A-specific antibodies to immunoprecipitate RNA
644 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
fragments with m6A modification in the cell and subjected the en-
riched circRNA fragments to high-throughput sequencing. Com-
bined with bioinformatics analysis, the m6A modification process
can be systematically studied within the scope of the transcriptome.

Cases and tissue specimen collection

This work was approved by the First Affiliated Hospital of Nanjing
Medical University. We performed the informing process in this
study in a manner consistent with the Declaration of Helsinki. In
advance of the study, the patients provided written informed consent.
At the Hepatobiliary/Liver Transplantation Center, human HCC and
normal tissues were collected from 46 patients who underwent sur-
geries under informed consent. All the patients were followed-up
regularly, and the total overall survival (OS) period ranged from the
date of surgery to the date of death or the last follow-up visit.

Cell cultures

Shanghai Institutes for Biological Sciences, China provided human
HCC cell lines and the human liver cell line HL7702. All cell lines
were cultured in DMEM (Life Technologies, USA) supplemented
with 10% fetal bovine serum (GIBCO, Australia), 100 IU/ml penicillin



Figure 8. circHPS5 promotes HCC progression by sponging miR-370 to regulate HMGA2

(A) The expression of HMGA2 in HCC tissues and normal tissues via TCGAdatabase prediction. (B) The association between HMGA2 expression and TNM stage. (C) Kaplan–

Meier survival curve showing the relationship between HMGA2 and overall survival time. (D–G) circHPS5 possesses a complementary sequence to the miR-370 seed region

according to bioinformatics analysis. Relative luciferase activities were analyzed in 293T cells cotransfected with miR-370 inhibitor and the luciferase reporter vectors pGL3-

circHPS5-WT or pGL3-circHPS5-Mut. Relative luciferase activities were analyzed in 293T cells cotransfected with miR-370 inhibitor and the luciferase reporter vectors

pGL3-HMGA2-WT or pGL3-HMGA2-Mut. In addition, relative luciferase activities were analyzed in 293T cells cotransfected with miR-370 inhibitor or sh-circHPS5 and the

luciferase reporter vectors pGL3-HMGA2-WT or pGL3-HMGA2-Mut. (H) FISH assay showing the location of circHPS5 and miR-370. Scale bar, 10um. (I) The relative

expression of HMGA2 mRNA in cells transfected with sh-circHPS5 and miR-370 inhibitor was evaluated using qRT-qPCR. (J and K) The relative expression of HMGA2

protein in cells transfected with sh-circHPS5 and/or miR-370 inhibitor was evaluated using western blotting. **p < 0.01.
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and 100 mg/ml streptomycin in a humidified incubator with 5% CO2

at 37�C.

Sanger sequencing

For determination of their full length, this study inserted the
amplification products into a T-vector for Sanger sequencing.
Divergent primers were designed to confirm the back-splice junc-
tion of circHPS5. Sanger sequencing was performed by Realgene
(China).

Quantitative reverse transcription polymerase reaction (qRT-

PCR)

Using the manufacturer’s protocol, total RNA was isolated from tis-
sues and cells with TRIzol reagent (Invitrogen, USA). Based on a
reverse transcription kit (Takara, Japan), cDNA was synthesized for
circRNA and mRNA; based on a RiboBio reverse transcription kit
(Guangzhou, China), overall RNA was reverse transcribed for
miRNA. Using a SYBR Green PCR Kit (Takara, Japan), we quantified
mRNA and circular RNA; using a PCR Kit (RiboBio, China), miRNA
PCR was carried out. All primer sequences are listed in Table S2.
GAPDH was used to normalize the mRNA and circRNA expression
levels, and U6 was used to normalize the miRNA expression levels
before calculation.

Nucleus-cytoplasm fractionation

First, 1 � 106 HCC cells were washed two times with PBS. The cell
layer was scraped in 500 mL of PBS and centrifuged for 5 min at
500 � g at 4�C. Using a PARIS KIT 50 RXNS (Life AM1921, USA),
nuclear and cytoplasmic RNA from cultured HCC cells was isolated
according to the manufacturer’s instructions. We performed qRT-
PCR for circHPS5 abundance detection.

Oligonucleotide transfection and stable transfection

sh-circHPS5, miR-370 inhibiting elements and their relevant regu-
lating oligonucleotides were designed and synthesized by RiboBio
(China). All transfections were conducted with miRNA inhibitor
and sh-circHPS5. Lipofectamine 2000 reagent (Invitrogen, USA)
was added to the transfection medium. In compliance with the man-
ufacturer’s instructions, human HCC cell lines were infected with
lentivirus at a multiplicity of infection of 50. All cell lines underwent
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Figure 9. circHPS5 promotes HCC growth in vivo

(A) Representative images of HCC tumor-bearing BALB/c nude mice and xenograft HCC tumors. (B) Growth curves of xenograft tumors. The tumor volumes were measured

every 4 days. (C) The relative weights of tumors were evaluated. (D) Immunohistochemical analysis showing KI67 staining in tumors formed by HCC cells. Scale bar, 50um.

**p < 0.01, ***p < 0.001.
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the selection process with 2 mg/mL puromycin for two weeks. All
probe sequences are listed in Table S2.

Fluorescence in situ hybridization (FISH)

A fluorescence in situ hybridization experiment was conducted for
circHPS5 and miR-370 detection using a Fluorescence in Situ
Hybridization Kit (RiboBio, China). circHPS5 was captured with a
Cy5-labeled probe; miR-370 was captured with a Cy3-labeled probe.
After the prehybridization process, the circHPS5 and miR-370
probes were hybridized in prepared hybridization buffer with
HCC cells. Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). Confocal microscopy was adopted to more effectively
visualize the presence of circHPS5 and miR-370. All probe
sequences are listed in Table S2.

Cell proliferation experiments

In the clone forming experiments, HCC cells under transfection
received the seeding inside 6-well plates at 1000 cells per well density.
After 10 days, the cells received the fixing based on the use of meth-
anol, followed by the staining with GIMSA. Eventually, colonies
received the imaging and counting. For CCK8 assay, HCC cells
were seeded in 96-well plates at 4000 cells per well. Seeded cells
received 10 ml of CCK-8 solution (RiboBio, China) at 0 h, 24 h,
48 h, 72 h, and 96 h. Subsequently, cell absorbance at 450 nm was an-
alysed at the respective times with a microplate reader in accordance
with the manufacturer’s instructions (Synergy4, USA). Using a Cell-
Light EdU DNA Cell Proliferation Kit (RiboBio, China), an EdU
experiment was performed to assess the proliferation of cells. HCC
cells were plated in 24-well plates and cultured for 24 h. The
mentioned cell lines were fixed with 4% paraformaldehyde after incu-
646 Molecular Therapy: Nucleic Acids Vol. 26 December 2021
bation with 50 mMEdU solution for 2 h. Next, in accordance with the
manufacturer’s protocol, cell lines underwent a sealing process with
Apollo Dye Solution and Hoechst separately. Under an Olympus
FSX100microscope (Olympus, Japan), the EdU cell lines were imaged
and counted.

Cell apoptosis assays

HCC cells were stained with AnnexinV-PE and 7-AAD using an
apoptosis detection kit (BD Biosciences, USA). FACScan (BD Biosci-
ences, USA) was used to analyze stained cells, and all apoptosis data of
different cell lines were analyzed using FlowJo V10 software (Tree
Star, USA).

Transwell invasion assays

For this assay, according to the manufacturer’s protocol, HCC cells
were seeded in the upper chambers with 200 mL of serum-free me-
dium. The Transwell chamber (Corning, USA) was coated with Ma-
trigel mix (BD Biosciences, USA) for the invasion assay. The bottom
chamber was filled with medium and 10% FBS as a cancer cell chemo-
attractant. After incubation for 24 h, cells in the upper chambers were
fixed and stained with crystal violet for 15 minutes. For visualization,
the cells were photographed and counted in different fields.

Scratch wound experiment

When cell confluence reached approximately 90% at 24 h posttrans-
fection, wounds were created with a 200 ml pipette tip, and the cells
were rinsed with medium to remove free-floating cells and debris.
The medium was added, and the culture plates were incubated at
37�C. Wound healing was assessed at various time points. Further-
more, representative scrape lines were imaged.
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Sphere formation assay

Cells were seeded into six-well ultralow attachment plates (Corning,
USA) in DMEM/F12 (GIBCO, USA) supplemented with 2% B27,
10 mng/ml EGF and 10 mng/ml basic FGF (GIBCO, USA). After
7 days of culture, HCC cell pellets were grown, centrifuged, and di-
gested with StemPro Accutase Cell Dissociation Reagent (Invitrogen,
USA) and then seeded (500 cells/well) to form another secondary pel-
let. Spheres with a diameter > 75 mm were counted.

RNA-binding protein immunoprecipitation (RIP)

HCC cells were harvested 48 h after the transfection process and lysed
in RIP lysis buffer on ice for 30 min. After centrifugation, the superna-
tant was incubated with antibodies and 30 ml of Protein-A/G agarose
beads (Roche, USA). After incubation overnight, the immune com-
plexeswere centrifuged and subsequently cleaned six times using clean-
ing buffer. Immunoprecipitated RNA was analyzed via qRT-PCR.

Biotin-coupled probe RNA pulldown experiment

In compliance with the manufacturer’s instructions, cell lysate was
incubated with magnetic beads coated with streptavidin (Invitrogen,
USA) to pull biotin-conjugated RNA complexes down. Through
qRT-PCR analysis, the enrichment of circHPS5 in the capture region
was assessed. The bound protein was eluted from the packaged beads
and analyzed via SDS-PAGE.

Luciferase reporter experiment

Mutant and wild-type sequences of the 30-UTR of circHPS5 or
HMGA2 displaying associations with the miR-370 binding site
were designed, synthesized, and inserted into pGL3-basic vectors
(Realgene, China). Next, 293T cells were cotransfected with pGL3-
basic vectors and miR-370 inhibiting element or sh-circHPS5 lenti-
virus. After 48 h, the luciferase activity in cotransfected cells was
collected and detected in a dual-luciferase reporter experiment
(Promega, USA).

Western blotting

Cells were lysed in RIPA lysis buffer. The protein was prepared and
quantified using a bicinchoninic acid (BCA) analysis (Beyotime,
China). Identical amounts of proteins were separated in 10% SDS–
PAGE gels and transferred to PVDF membranes (Millipore, Ger-
many). The proteins were blocked using 5% skim milk powder and
incubated with the primary antibodies anti-GAPDH (ab9485) and
anti-HMGA2 (ab207301) at 4�C for 12 h. Subsequently, the mem-
branes were incubated with secondary antibody for 2 h. Finally, the
blots were detected with an enhanced chemiluminescence kit (Pierce,
USA), and the relevant information was obtained using Image Lab
Software.

Xenografts in mice

The animal management committee of Nanjing Medical University
approved the animal experiments, and all experimentally related pro-
cesses and animal care were in accordance with the institutional ethics
directions for animal-related experimental processes. To create the
xenograft neoplasm system, 40 male BALB/c nude mice aged 5 weeks
were randomly separated into sh-NC, sh-circHPS5, sh-circHPS5+
CTRL, and sh-circHPS5+SAH groups (n = 5 for each group). HCC
cells were subcutaneously injected into the axilla of the nude mice.
The volume of tumors in all the injected nude mice was determined
every 4 days using digital callipers.

Immunohistochemistry (IHC)

In brief, sections embedded in paraffin underwent deparaffinization
and rehydration. Peroxidase activity was blocked with 3% hydrogen
peroxide. Sections were incubated overnight with a primary antibody
against KI67 (ab15580) at 4�C. Next, a biotinylated secondary anti-
body was incubated with tissue sections, and the sections were then
incubated with streptavidin-horseradish peroxidase complex. Diami-
nobenzidine was used to show immunoreactivity. The sections were
counterstained with hematoxylin. The tissue sections were imaged
under a fluorescence microscope. KI67 quantitation was performed
using Image-Pro Plus 6.0 software according to the integrated optical
density/area of the color value.

Statistical analysis

SPSS 19.0 software (IBM, USA) was used for data analysis, and a p
value < 0.05 was considered to indicate statistical significance. Com-
parison of continuous information was based on an individual t test
between the two groups, while categorically related data were
analyzed with a chi-square test. The Kaplan-Meier approach and a
log rank test were the primary applications used to assess survival
rates.

Ethics approval and consent to participate

This study was approved by the Institutional Ethics Committee of
The First Affiliated Hospital of NanjingMedical University. Informed
consent was obtained from all patients prior to analysis. All animal
experimental methods involved in this study are in line with the
Declaration of Helsinki and approved by NanjingMedical University.

Availability of data and material

Data of high-throughput sequencing are deposited publically in GEO:
GSE166678.
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