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Hepatocellular carcinoma (HCC) is one of the major causes of
cancer-related death worldwide. Circular RNAs (circRNAs), a
novel class of non-coding RNA, have been reported to be
involved in the etiology of various malignancies. However, the
underlying cellular mechanisms of circRNAs implicated in the
pathogenesis of HCC remain unknown. In this study, we identi-
fied a functional RNA, hsa_circ_0000384 (circMRPS35), from
public tumor databases using a set of computational analyses,
and we further identified that circMRPS35 was highly expressed
in 35 pairs of HCC from patients. Moreover, knockdown of the
expression of circMRPS35 in Huh-7 and HCC-LM3 cells
suppressed their proliferation, migration, invasion, clone
formation, and cell cycle in vitro, and it suppressed tumor
growth in vivo as well. Mechanically, circMRPS35 sponged
microRNA-148a-3p (miR-148a), regulating the expression of
Syntaxin 3 (STX3), which modulated the ubiquitination and
degradation of phosphatase and tensin homolog (PTEN). Unex-
pectedly, we detected a peptide encoded by circMRPS35
(circMRPS35-168aa), whichwas significantly induced by chemo-
therapeutic drugs and promoted cisplatin resistance in HCC.
These results demonstrated that circMRPS35 might be a novel
mediator in HCC progress, and they raise the potential of a
new biomarker for HCC diagnosis and prognosis, as well as a
novel therapeutic target for HCC patients.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is one of the most frequently diag-
nosed cancers and cancer-related deaths globally.1,2 Due to the lack of
symptoms in the early stage of HCC, most patients are usually
diagnosed at an advanced stage, and the 5-year survival rate is
approximately 14% for HCC patients.3,4 Therefore, valuable diag-
nostic biomarkers and therapeutic targets are urgently needed to be
explored and verified. In general, surgical resection combined with
chemotherapy is curative for the early stage of HCC.5 However, che-
moresistance has been detected in most HCC patients with long-term
Molecular Therapy Vol. 30 No 1 Januar
chemotherapy, leading to a poor prognosis.6,7 Therefore, the underly-
ing molecular mechanism of chemoresistance in HCC needs further
study.

Circular RNAs (circRNAs) are a novel type of non-coding RNA that
are covalently closed single-stranded RNAs derived from the back-
spliced mechanism of precursor (pre-)mRNA during the process of
transcriptions.8,9 Recently, with the advance of sequencing
technologies and bioinformatics approaches, more and more
circRNAs have been found, and some of them have been shown to
have significant bio-functions.10 A growing body of evidence shows
that circRNAs play important biological roles in the process of
HCC tumorigenesis.11–13

In this study, by re-analyzing the RNA sequencing (RNA-seq) data-
base from GEO datasets (GEO: GSE77509, GSE114564, and
GSE159220), and combined with a series of experimental verifica-
tions, we found that hsa_circ_0000384 (circMRPS35) was signifi-
cantly elevated in HCC. We hypothesized that circMRPS35 might
play a crucial role in HCC progression. In order to test our hypothesis,
we used the stabilized circMRPS35-knockdown (KD) Huh-7 and
HCC-LM3 cell lines to address its critical roles in HCC tumorigenesis
both in vitro and in vivo. Unexpectedly, we found that circMRPS35
encodes a novel peptide with 168 aa upon chemotherapeutic drug
treatments, which promoted cisplatin resistance in HCC cells.

Our findings may provide a better understanding of circMRPS35 and
its potential novel diagnostic and therapeutic effects on HCC.
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Table 1. Association between circMRPS35 expression and clinical features

of HCC

Clinical features N High expression Low expression p Value

Sex

Male 29 25 4

Female 6 5 1 0.8973

Age (years)

<50 16 14 2

>50 19 16 3 0.8831

Tumor size (cm)

<5 17 14 3

>5 18 16 2 0.2858

Lymph node metastasis

No 25 21 4

Yes 10 9 1 0.013

HBV infection

Yes 31 27 4

No 4 3 1 0.0429

TNM stage

I–II 14 13 1

III–IV 21 17 4 0.0564

TNM, tumor-lymph node-metastasis.
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RESULTS
The expression and characteristics of circMRPS35 in HCC

tissues and cell lines

We mined the RNA-seq database from three GEO datasets (GEO:
GSE77509, GSE114564, and GSE159220), and top eight significantly
differentially expressed circRNAs in all the three datasets were
selected for the further study (Figures 1A and S1A; Tables S2, S3,
and S4). Due to four of these eight circRNAs having been thoroughly
investigated in HCC studies,14–17 we then focused on the other four
circRNAs. By comparison studies, we found that circMRPS35 was
most significantly differentially and highly expressed both inHCC tis-
sues and HCC cell lines (Figures 1B, 1C, and S1B). The receiver oper-
ating characteristic (ROC) analysis showed that circMRPS35 yields an
excellent diagnostic ability to differentiate between patients with HCC
and the unaffected controls (Figure 1D). Based on the clinicopatho-
logical characteristics, we further categorized 35 samples of HCC pa-
tients into circMRPS35 high- and low-expression groups. We found
Figure 1. Expression and characteristics of circMRPS35 in HCC tissues and ce
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*p < 0.05, **p < 0.01, ***p < 0.001.
that the expression of circMRPS35 was positively correlated with
lymph node metastasis and hepatitis B virus (HBV) infection (Ta-
ble 1). We observed that circMRPS35 was derived from mitochon-
drial ribosomal protein S35 (MRPS35) with exon 2 to exon 5
(410 bp) of head-to-tail back spliced (Figure S1C). By using a pair
of divergent primers crossing its splicing site, we confirmed that
circMRPS35 existed and resisted RNase-R digestion in HCC cells
(Figures 1E, 1F, and S1D). Moreover, circMRPS35 had a longer
half-life than its linear transcript of MRPS35 in Huh-7 and HCC-
LM3 cells upon actinomycin D (ACTD) treatment (Figure 1G).
The nucleus-cytoplasmic separation analysis showed that
circMRPS35 was predominantly localized in the cytoplasm of HCC
cells (Figures 1H and S1E). Taken together, these results suggested
that circMRPS35 was highly expressed in HCC and was predomi-
nantly located in the cytoplasm of HCC cells.

circMRPS35 acts as an oncogene in HCC cells

To further study themolecular actions of circMRPS35 inHCC cells, we
silenced the expression of circMRPS35 by short hairpin RNAs
(shRNAs) against the back-spliced sites of circMRPS35 in Huh-7
andHCC-LM3 cells; meanwhile, these shRNAs did not affect the linear
transcription of MRPS35 (Figures 2A and 2B). Next, cell viability and
colony formation assays demonstrated that the proliferation of Huh-7
and HCC-LM3 cells was suppressed significantly when circMRPS35
was stabilized by KD (Figures 2C and 2D). Subsequently, the
wound-healing and transwell assays showed that migration and inva-
sion of the stabilized circMRPS35 KD cells were significantly inhibited
(Figures 2E and 2F). The results of flow cytometry showed that cell
cycle progression was arrested at the G0/G1 phase in the stabilized
circMRPS35 KD cells (Figures 2G and 2H). To evaluate the biological
functions of circMRPS35 in vivo, shRNA (sh)-circMRPS35-1 or sh-
scramble Huh-7 and HCC-LM3 cells were subcutaneously injected
into BALB/c nude mice, respectively (n = 6). The growth rate and
size (volume and weight) of the xenograft tumors decreased in
circMRPS35-stabilized KD tumors (Figures 2I, S2A, and S2B).
Moreover, immunohistochemistry (IHC) analysis showed that the
expression of Ki67 was significantly decreased in the stabilized
circMRPS35 KD tumors (Figure 2J). Taken together, the results
showed that suppression of circMRPS35 expression inhibited the pro-
liferation, migration, invasion, cell cycle of HCC cells, and tumor
growth both in vitro and in the xenograft tumor models in vivo.

circMRPS35 serves as a sponge for miR-148a in HCC cells

circRNAs can serve as a microRNA (miRNA) sponge through com-
plementary binding sites.18 We then explored whether circMRPS35
lls

icted by overlapping GEO: GSE77509, GSE114564, and GSE159220 data (left) and
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time PCR analysis of circMRPS35 after RNA nucleocytoplasmic separation, with U6

pectively. Error bars represent the means ± SEM of three independent experiments.
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promoted HCC progress by interacting with miRNAs. A list of 24
potential miRNAs that might directly bind to circMRPS35 were
generated through screening bioinformatics databases (miRanda,
ENCORI, and circBank) (Figure 3A; Table S5). In addition, we
screened out four miRNAs (miR-148a, miR-23c, miR-676, miR-
421) of this list with significantly different expressions and poor prog-
nosis in HCC for the further study by reanalyzing The Cancer
Genome Atlas (TCGA) RNA-seq data (Figures 3B, S3A, and S3B).
Anti-argonaute 2 (AGO2) complex RNA immunoprecipitation
(RIP) assays were routinely used to purify the interactive miRNAs.19

We confirmed that AGO2 could accumulate circMRPS35 and the
above four miRNA candidates; however, only miR-148a was signifi-
cantly accumulated by circMRPS35, which suggested that miR-148a
was associated with circMRPS35 in HCC cells (Figures 3C, 3D,
and S3C).

miR-148a belongs to the miR-148a/148b/152 family with highly
identical sequences (Figure S3E). We found that the expressions of
miR-148a/148b/152 were significantly decreased in HCC tissues
and HCC cell lines (Figures 3E and 3F). Moreover, the expression
of circMRPS35 was negatively correlated with the expression of
miR-148a/148b/152 (Figure 3G). Unexpectedly, we found that miR-
148a had significantly higher expression and presented a worse prog-
nosis than those of miR-148b and miR-152 in HCC via re-analyzing
TCGA RNA-seq data (Figures S3F and S3G). Thus, we estimated that
miR-148a might play the most important role in HCC progression
compared with miR-148b and miR-152. Notably, by analyzing
circMRPS35 in the TargetScan database, we found that circMRPS35
had four binding sites with miR-148a (Figure S3H). The dual-lucif-
erase reporter results showed that the miR-148a mimic decreased
the relative luciferase intensity of the circMRPS35 containing lucif-
erase vector, compared with the four sites of mutant (Mut) vector
in Huh-7 and HCC-LM3 cells. (Figures 3H and S3I). In addition, a
series of rescue assays showed that the suppressed effects of
miR-148a in HCC cells were reversed by the stabilized circMRPS35
overexpression in both Huh-7 and HCC-LM3 cells (Figures 3I–3K).
Overall, these results provided the evidence that the oncogenic func-
tions of circMRPS35 were acted on via sponging miR-148a in HCC.

circMRPS35 sponges miR-148a to regulate the expression of

STX3 in HCC cells

By using multiple databases (TargetScan, miRWalk, miRDB, and
TCGA), we screened out five downstream targets of the
Figure 2. circMRPS35 acts as an oncogene in HCC cells

(A) Schematic representation of target sequences of shRNAs of circMRPS35. (B) Quantit
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circMRPS35-miR-148a axis, including syntaxin 3 (STX3), leptin
receptor overlapping transcript like 1 (LEPROTL1), macrophage im-
munometabolism regulator (MACIR), tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein b (YWHAB), and
ubiquitin conjugating enzyme E2 D1 (UBE2D1), which were signifi-
cantly highly expressed in HCC and negatively correlated with the
expression of miR-148a (Figures 4A–4C and S4A–S4D). Further
studies showed that these five genes were highly expressed in HCC
cells (Figures 4D and S4E–S4H). However, only STX3 was markedly
decreased by overexpression of miR-148a in Huh-7 and HCC-LM3
cells, and this higher STX3 expression further presented the worse
prognosis in HCC patients (Figure 4E, 4F, and S4I–S4L). In addition,
we confirmed that STX3 was highly expressed in HCC tissues (Figures
4G and 4H). In parallel, the expression of circMRPS35 was positively
correlated with the expression of STX3 in HCC tissues (Figure 4I).
Moreover, we found that miR-148a mimic decreased the relative
luciferase intensity of the STX3 30 untranslated region (UTR)-con-
tained luciferase vector, compared with the Mut vector in Huh-7
and HCC-LM3 cells (Figure 4J). Furthermore, the expression of
STX3 was significantly decreased in the stabilized circMRPS35 KD
or miR-148a overexpressed Huh-7 and HCC-LM3 cells (Figures 4K
and 4L), respectively. Overall, we demonstrated that circMRPS35
could sponge miR-148a, which in turn regulates the expression of
STX3.

The stability of PTEN is regulated by circMRPS35 and STX3 in

HCC cells

A previous study showed that STX3 could degrade phosphatase and
tensin homolog (PTEN) by increasing its ubiquitination in breast
cancer.20 We then tested whether circMRPS35 could promote the
degradation of PTEN through regulating the expression of STX3
in HCC. Two specific small interfering RNAs (siRNAs) were de-
signed to silenced the expression of STX3 in Huh-7 and HCC-
LM3 cells. We observed that silenced STX3 did not change the
mRNA level of PTEN compared with control cells (Figures 5A,
S5A, and S5B). However, the protein level of PTEN was upregulated
in STX3-silenced cells, which indicated that STX3 might regulate the
stability of PTEN (Figure 5B). By using both the anti-STX3 and anti-
PTEN antibodies, we showed that PTEN could interact with STX3 in
Huh-7 and HCC-LM3 cells in IP assays (Figure 5C). Then, we found
that overexpressing of STX3 increased the ubiquitin signals of PTEN
in 293T cells, and the ubiquitin signals of PTEN were also decreased
in STX3-silenced Huh-7 and HCC cells (Figures 5D and 5E).
ative real-time PCR analysis of circMRPS35 andMRPS35 of circMRPS35 KD Huh-7

S35 KD or control Huh-7 and HCC-LM3 cells. (D) Colony formation assays were
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assays of invasion andmigration in circMRPS35 KD or control Huh-7 and HCC-LM3

st levels of circMRPS35 KD or control Huh-7 and HCC-LM3 cells: G0/G1, green only;
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rror bars represent the means ± SEM of three independent experiments. *p < 0.05,
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Furthermore, we also showed that the protein level of PTEN was
upregulated in stabilized circMRPS35 KD cells without alteration
in the mRNA level of PTEN (Figures 4L, S5C, and S5D), and the
ubiquitin signals of PTEN were decreased in stabilized circMRPS35
KD Huh-7 and HCC-LM3 cells (Figure 5F). In addition, we showed
that circMRPS35 KD Huh-7 and HCC-LM3 cells increased the
stability of PTEN (Figures 5G and 5H). Overall, we demonstrated
that circMRPS35 could regulate PTEN stability through the
circMRPS35-miR-148a-STX3 axis in HCC cells.

Chemotherapy induces the translation of circMRPS35-168aa in

HCC

By further re-analyzing the RNA-seq database (GEO: GSE140202),
we found that circMRPS35 was highly expressed in the sorafenib-
treated group in HCC (Figure 6A), which indicated that
circMRPS35 might be related to chemotherapy. We then used
five commonly used chemotherapeutic drugs (doxorubicin
[DOX], ACTD, etoposide, cisplatin, and sorafenib) to treat
Huh-7 and HCC-LM3 cells and found that circMRPS35 was
most highly elevated with cisplatin treatment (Figure 6B).
However, the expressions of STX3 and miR-148a were not
changed in cisplatin-treated cells, which revealed that the
circMRPS35 might have other functions in HCC cells rather
than sponging miR148a in cisplatin treatment (Figures S6A–
S6C). By analysis from using circRNADb, we found that
circMRPS35 has two internal ribosome entry site (IRES) putative
regions (IRES 1, 14–158 sites; IRES 2, 81–161 sites) that potentially
code a 168-aa peptide (Figure S6D). We confirmed that IRES 1
induced high firefly luciferase (F-Luc)/Renilla luciferase (R-Luc)
activity compared with the negative control and IRES 2 (Fig-
ure 6C). The translation process of circRNAs could be associated
with polyribosome (polysome).21,22 The results of separation of
polysome fractionation showed that circMRPS35 was present in
all polysome fractions in HCC-LM3 and Huh-7 cells (Figure 6D).
Then we used IP of FLAG antibody in circMRPS35-FLAG-overex-
pressed Huh-7 cells, and the 20-kDa band was further detected
and identified as circMRPS-168aa by liquid chromatography-
mass spectrometry (LC-MS) (Figures 6E and 6F). Due to 115 aa
of circMRPS35-168aa that originated from MRPS35, we used an
MRPS35 antibody to test this peptide and found that
circMRPS35-168aa was significantly induced by cisplatin, DOX,
and etoposide (Figure 6G). Taken together, we demonstrated
that circMRPS35 contemporarily encoded an uncharacterized pep-
tide induced by multiple chemotherapeutic drugs in HCC cells.
Figure 3. circMRPS35 serves as a sponge for miR-148a in HCC cells

(A) Schematic illustration of the target miRNAs of circMRPS35 predicted by overlapping

in HCC (n = 364). (C) Quantitative real-time PCR analysis of circMRPS35 and miR-148

protein level in Huh-7 andHCC-LM3 cells. (E) Quantitative real-time PCR analysis of miR-

Quantitative real-time PCR analysis of miR-148a/148b/152 in HCC cell lines compar

expression (n = 35). (H) Predicted complementary binding sites between circMRPS35 an

148a and circMRPS35 in Huh-7 and HCC-LM3 cells (down). (I–K) Co-transfection with m

assays (scale bars, 1 cm) (J), and migration and invasion assays (scale bars, 100 mm)

independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
circMRPS35-168aa resists the cisplatin treatment in HCC cells

We used cisplatin, DOX, etoposide, and ACTD to identify whether
the sensitivity of these drugs was regulated by circMRPS35. The re-
sults showed that stabilized circMRPS35 KD mostly inhibited the
cell viability of cells treated with cisplatin, while the overexpressed
circMRPS35-168aa mostly induced cisplatin resistance (Figures 7A
and S7A–S7D). The half-maximal inhibitory concentration (IC50)
was also decreased in stabilized circMRPS35 KD cells and increased
in circMRPS35-168aa overexpressed cells with cisplatin treatment
(Figure 7B). Apoptosis analysis showed that the apoptosis rate
decreased in circMRPS35-168aa overexpressed Huh-7 and HCC-
LM3 cells with cisplatin treatment (Figures 7C and 7D). Western
blot results showed that the high expression of circMRPS35-168aa
counteracted the cisplatin-induced high level of cleaved caspase-3
(c-caspase-3) (Figure 7E). In summary, our results showed that
circMRPS35-168aa can play a critical role in cisplatin resistance in
HCC cells.

DISCUSSION
circRNAs, characterized by high stability and conservation, have been
increasingly demonstrated to function as novel promising therapeutic
RNA molecules for diverse human diseases, including cancers.23 In
this study, we determined that circMRPS35 was significantly upregu-
lated in HCC and that stabilized silenced expression of circMRPS35
suppressed the growth, migration, invasion, and cell cycle progression
of HCC cells. Furthermore, we demonstrated that circMRPS35 en-
coded a novel peptide (circMRPS35-168aa), which was significantly
induced by chemotherapeutic drugs and promoted cisplatin resis-
tance in HCC cells. We demonstrated that circMRPS35 might be a
novel mediator in HCC progress, which raises its potential as a new
biomarker for HCC diagnosis and prognosis, as well as a novel ther-
apeutic target for HCC patients.

Mechanistically, multiple functions of circRNAs were shown in
HCC.24,25 For example, circMTO1 acted as an endogenous sponge
for miR-9 to regulate the progression of HCC;11 circZKSCAN1 served
as the sponge for fragile X mental retardation protein (FMRP) to
suppress the Wnt/b-catenin signaling pathway in HCC;12 and
circb-catenin coded a peptide to promote the progression of HCC.13

However, in this study, we found that circMRPS35, on the one
hand, acted as a miRNA sponge, forming a circMRPS35-miR148a-
STX3-PTEN axis to control malignant progression of HCC cells. On
the other hand, circMRPS35 encoded a novel 168-aa peptide endow-
ing the HCC cells with chemoresistance in cisplatin treatment.
miRanda, ENCORI, and circBank databases. (B) Kaplan-Meier analysis of miR-148a

a with AGO2-RIP in Huh-7 and HCC-LM3 cells. (D) Western blot analysis of AGO2

148a/148b/152 in 35 pairs of HCC and adjacent tissues normalized to U6 or U48. (F)

ed to L02 cells. (G) Correlation analysis of circMRPS35 and miR-148a/148b/152

dmiR-148a (up) and a luciferase reporter assay were used to test the binding of miR-

iR-148amimics and circMRPS35 to test the proliferation assays (I), colony formation

(K) in Huh-7 and HCC-LM3 cells. Error bars represent the means ± SEM of three
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Figure 4. circMRPS35 sponges miR-148a to regulate the expression of STX3 in HCC cells

(A) Schematic illustration showing the target mRNAs of miR-148a predicted by overlapping TargetScan, miRWalk and miRDB databases (left) and the HCC TCGA database

(right). (B and C) TCGA analysis of expression of STX3 in HCC tissues and correlation analysis of miR-148a and STX3 expression. (D) Quantitative real-time PCR assays of
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Many studies have shown that miR-148a is an important tumor
suppressor and a potential biomarker with its low expression in
HCC.26–30 To our knowledge, studies have mainly focused on the
functions of miR-148a, but the regulators of miR-148a were rarely re-
ported in HCC. In this study, we showed that circMRPS35 acted as a
regulator to sponge miR-148a, which in turn regulated the pre-
mRNA degradation of STX3 through the RNA-induced silencing
complex (RISC). STX3 is a member of soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) family
localized in plasma membrane, mediating vesicular trafficking
and exocytosis.31–33 However, the potential roles of STX3 in
HCC remain unknown. In this study, we put forward that STX3 pro-
moted the degradation of PTEN through STX3 mediating ubiquitin
in HCC.

Notably, increased cisplatin chemoresistance is the main clinical
problem of HCC chemotherapy; however, the mechanisms of
cisplatin chemoresistance remain unclear.34–36 A few studies have
shown that circRNAs are relatively resistant to cisplatin in HCC.
For instance, circRNA_102272 was upregulated by cisplatin treat-
ment and promoted cisplatin resistance via sponging miR-326 to
regulate the RUNX2 axis.37 In this study, we showed that cisplatin
promoted the expression of circMRPS35-168aa, which led to cisplatin
resistance via suppressing cisplatin-induced apoptosis.

For cell apoptosis, the release of cytochrome c from the mitochondria
caused by the increase of mitochondrial outer membrane permeabi-
lization activated the cleavage of caspase-3.38,39 Furthermore,
circMRPS35-168aa was predicted as a mitochondrial-localized pep-
tide by Cell-PLoc 2.0. Base on the above findings, future studies
may be necessary to elucidate the mechanical possibility of
circMRPS35-168aa participating in the regulation of mitochondrial
outer membrane permeabilization to inhibit cisplatin-induced
apoptosis.

A previous study showed that circMRPS35 was expressed at a low
level and acted as a protein sponge of lysine acetyltransferase 7
(KAT7) for histone acetylation to regulate the transcription of
FOXO1 and FOXO3a in gastric cancer.40 In contrast to this gastric
cancer study, we found that circMRPS35 was highly expressed and
had other multiple functions in HCC. This discrepancy may be due
to the complicated roles of circMRPS35 in various cancers, and the
actions of circMRPS35 may depend on the context of its binding tar-
gets inside the particular cells, or under various conditions.

It is well known that the biogenesis of circRNAs was regulated by the
RNA-binding proteins (RBPs).41 For example, FUS RBP regulated
STX3 expression in HCC cell lines compared to L02 cells. (E) Quantitative real-time PCR

Meier analysis of the expression of STX3 in HCC (n = 364). (G) Quantitative real-time PC

analysis of STX3 in five pairs of HCC and adjacent tissues. (I) Correlation analysis of circ

between STX3 and miR-148a (upper); a luciferase reporter assay was used to test the b

real-time PCR assays of STX3 in circMRPS35 KD or control Huh-7 and HCC-LM3 ce

overexpression and control Huh-7 and HCC-LM3 cells. Error bars represent the mean
circRNA biogenesis in motor neurons derived from murine embry-
onic stem cells,42 and heterogeneous nuclear ribonucleoprotein L
(HNRNPL) circularized circARHGAP35 in HCC.43 In a future study,
we will analyze the potential binding of RBPs for MRPS35-specific
motifs in the flanking introns combined with the HCC different
RBP expression profiles to clarify the potential biogenesis regulators
of circMRPS35 in HCC.

In our current study, the clinical evidence of circMRPS35 was still
limited, and the correlationbetween circMRPS35andclinical diagnosis,
prognosis, pathogenesis, and chemoresistance ofHCC in a large clinical
trial needed to be further studied. In future studies,wewill continue col-
lectingHCC tissues (with or without chemotherapy) and recording the
corresponding follow-up information to investigate the relationship be-
tween circMRPS35 and the prognostication of HCC.

In summary, by using functional verification together with clinical
evidence, the present study demonstrates that circMRPS35 could
be a crucial regulator for the progression and chemoresistance in
HCC with its different expression pattern under different condi-
tions. circMRPS35 not only elicited its oncogenic role in HCC
through sponging miR-148a to regulate the STX3-PTEN axis, but
also by encoding circMRPS35-168aa, leading to cisplatin resistance
(Figure 7F).

Taken together, we showed that circMRPS35 has the potential to be a
biomarker to predict prognosis for HCC therapy and a therapeutic
target for HCC, especially in HCC chemoresistance.

MATERIALS AND METHODS
Patients and tissue samples

In this study, 35 pairs of HCC and their corresponding adjacent tis-
sues were collected and stored at �80�C from patients who under-
went surgery at the Chinese PLA General Hospital between 2018
and 2020. None of the patients was treated with either chemotherapy
or radiation prior to surgery. Clinical data of patients are summarized
in Table 1.

Bioinformatics analysis

For circRNA expression analysis, HCC RNA-seq data (GEO:
GSE77509, GSE114564, and GSE159220) were downloaded from
the NCBI SRA database. CIRI2, CIRCexplorer2, and find_circ
were used for characterization of circRNAs.44 HISAT2, Bowtie2,
and StringTie were performed to re-assemble the sequencing tran-
scriptome after aligning to reference genome human GRCh37.
Then, the quantification of these circRNAs was performed by using
a modified version of edgeR in CIRIquant, and circBase was used for
assays of STX3 in miR-148a overexpression HCC-LM3 and Huh-7 cells. (F) Kaplan-

R analysis of STX3 in 35 pairs of HCC and adjacent tissues (n = 35). (H) Western blot

MRPS35 and STX3 expression (n = 35). (J) Predicted complementary binding sites

inding of STX3 and miR-148a in Huh-7 and HCC-LM3 cells (lower). (K) Quantitative

lls. (L) Western blot analysis of STX3 and PTEN in circMRPS35 KD and miR-148a

s ± SEM of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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annotation of these circRNAs. The differentially expressed circR-
NAs were identified by using the edgeR package (version 3.12.1)
with general linear model, and a fold change >2 and p value <0.05
were recognized as significantly differentially expressed circRNAs.
The expressions of miRNAs and mRNA were generated by the
ggboxplot or pheatmap R package via analysis of TCGA HCC
RNA-seq data (https://www.cancer.gov/about-nci/organization/
ccg/research/structural-genomics/tcga). Kaplan-Meier curves of
overall survival in HCC patients were drawn by using the Kaplan-
Meier Plotter (http://kmplot.com/analysis/). The localization of
circMRPS35 was predicted by Cell-PLoc 2.0 (http://csbio.sjtu.edu.
cn/bioinf/Cell-PLoc-2/).

Cell culture

Human 293T cells, human HCC cell lines HepG2, SNU-398, SMMC-
7721, Huh-7, and HCC-LM3, and the human normal liver cell line
L02 were used in the present study. The cell lines of 293T and
HepG2 were purchased from the Cell Bank of the Peking UnionMed-
ical College Hospital (Beijing, China). The other cell lines were a
generous gift from the State Key Laboratory of Proteomics, Beijing
Proteome Research Center, Beijing Institute of Radiation Medicine
(Beijing, China). L02 and SNU-398 cell lines were cultured in Roswell
Park Memorial Institute 1640 medium (Gibco, Carlsbad, CA, USA),
and other cell lines were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM, Gibco) with 10% fetal bovine serum (FBS, Gibco) at
37�C with 5% CO2.

RNA extraction and reverse transcription

Total RNAs were extracted from cell lines and tissues using TRIzol
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s in-
structions. cDNAs were synthesized from total RNA using Moloney
murine leukemia virus (M-MLV) reverse transcriptase (Takara,
Dalian, China) based on the manufacturer’s instructions.

RNase R treatment and ACTD assay

Total RNAswere treatedwithRNaseR for 30min at 37�Cusing 3U/mg
RNase R (Epicenter Technologies, Madison,WI, USA). HCC-LM3 and
Huh-7 cells were treated with ACTD (1 mg/mL) (Sigma-Aldrich, St.
Louis, MO, USA) at 0, 2, 6, 12, and 24 h before RNA extraction.

Nucleocytoplasmic separation

The RNA of nuclear and cytoplasmic fractions was separated and ex-
tracted using a Paris kit (Invitrogen) according to the manufacturer’s
instructions.
Figure 5. The stability of PTEN is regulated by circMRPS35 and STX3 in HCC c

v(A) Quantitative real-time PCR assays of STX3 in STX3 silenced or control Huh-7 an

or control Huh-7 and HCC-LM3 cells. (C) IP by anti-IgG, anti-PTEN, or anti-STX3 a

cells. (D) 293T cells were transfected and treated with/without MG132, and then

indicated antibodies. (E) STX3 silenced or control Huh-7 and HCC-LM3 cells were tre

western blot by indicated antibodies. (F) circMRPS35 KD or control Huh-7 and HCC

PTEN antibodies and western blot by indicated antibodies. (G and H) circMRPS35

times; western blot and quantification of relative PTEN protein levels are shown. Erro

**p < 0.01, ***p < 0.001.
Reverse transcriptase PCR (RT-PCR) and quantitative real-time

PCR

RT-PCR was conducted using PrimeSTAR Master Mix (Takara)
according to manufacturer’s instructions along with PCR control.
Products were separated on a 2% agarose gel and visualized with
GelRed (Beyotime, Shanghai, China). Quantitative real-time PCR
analyses were performed by using SYBR Green PCR master mix
(Invitrogen) with the StepOnePlus system (Invitrogen) according to
the manufacturer’s instructions. GAPDH was used as the internal
control to normalize circMRPS35; MRPS35, STX3, PTEN, U6, and
U48 were used as internal controls to normalize miR-148a/miR-
148b/miR-152. The relative expression of target genes was calculated
by the 2�DDCt method. Primers are listed in Table S1.

Oligonucleotide synthesis, plasmid construction, and

transfection

The oligonucleotides of miR-148a mimics, control mimics, STX3-
siRNA-1, STX3-siRNA-2, and negative control (NC)-siRNA were
synthesized by GenePharma (Suzhou, China). Two specific shRNAs
for circMRPS35 designed to target the covalent closed junction
were cloned into PLKO.1-TRC plasmid to silence the expression of
circMRPS35. The PLO5-ciR plasmid (Geneseed, Guangzhou, China)
containing the sequence of circMRPS35 was constructed and used to
upregulate circMRPS35 expression. The PLV plasmid containing the
sequence of circMRPS35-168aa was constructed and used to upregu-
late circMRPS35-168aa expression. The coding sequences of STX3-
Myc and PTEN-FLAG were constructed in PLV plasmid and used
to upregulate the expression of STX3-Myc and PTEN-FLAG. For
the dual-luciferase reporter gene assay, wild-type (WT) and Mut of
miR-148a putative binding sites reporter plasmids were constructed
using the circMRPS35 and 30 UTR of STX3 sequences in the psi-
CHECK2 vector (Promega, Madison, WI, USA). For IRES activity
analysis, the promoter region of F-Luc in the psiCHECK2 vector
was deleted and the IRES sequences of circMRPS35 were cloned
behind R-Luc. Plasmids, miR-148a mimics, control mimics,
STX3-siRNA-1, STX3-siRNA-2, and NC-siRNA were transfected,
respectively, into cells by using Lipofectamine 3000 (Invitrogen)
based on the manufacturer’s instructions.

Lentivirus packaging, infection, and puromycin selection

Vectors (PLKO.1-sh-circMRPS35-1, PLKO.1-sh-circMRPS35-2,
PLKO.1-sh-scramble, PLV, PLO5-ciR, PLO5-ciR-circMRPS35,
PLO5-ciR-circMRPS35-FLAG, and PLV-circMRPS35-168aa) were
co-transfected, respectively, with packaging plasmids psPAX2
ells

d HCC-LM3 cells. (B) Western blot analysis of STX3 and PTEN in STX3 silenced

ntibodies and western blot analysis of PTEN and STX3 in Huh-7 and HCC-LM3

cells were immunoprecipitated with anti-FLAG antibodies and western blot by

ated with MG132; cells were immunoprecipitated with anti-PTEN antibodies and

-LM3 cells were treated with MG132; cells were immunoprecipitated with anti-

KD or control Huh-7 and HCC-LM3 cells were treated with CHX for indicated

r bars represent the means ± SEM of three independent experiments. *p < 0.05,
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Figure 6. Chemotherapy induces the expression of circMRPS35 and translation of circMRPS35-168aa

(A) RNA-seq (GEO: GSE140202) analyses of circMRPS35 in sorafenib-treated cells compared to non-treated cells. (B) Quantitative real-time PCR analysis of circMRPS35

after DOX, etoposide, ACTD, and cisplatin treatment or non-treated Huh-7 and HCC-LM3 cells. (C) Schematic illustration showing that IRESs in circMRPS35 were cloned

between R-Luc and F-Luc reporter genes with independent start and stop codons (upper). The relative luciferase activity of F-Luc/R-Luc in the above vectors was tested in

(legend continued on next page)
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and pMD2.G into 293T cells. Infectious supernatant was harvested
at 48 and 72 h after transfection and filtered through 0.45-mm fil-
ters (Millipore, Billerica, MA, USA). Huh-7 and HCC-LM3 cells
were infected with recombinant lentivirus at a multiplicity of
infection (MOI) of 15 and 40, respectively, for 48 h and then
selected by 3 and 1 mg/mL puromycin (Sigma-Aldrich) for 72 h.

Cell proliferation assays and wound-healing assay

Huh-7 and HCC-LM3 cells were reseeded in 96-well plates (1 � 103

cells per well), and the cell viability was detected by Cell Counting
Kit-8 (CCK-8, Beyotime) with absorbance of a wavelength of
450 nm for each well. For cell colony formation assays, the treated
Huh-7 and HCC-LM3 cells were placed in six-well plates (3 � 103

cells per well) incubated at 37�C with 5% CO2 for 7 days. Cells
were stained with crystal violet staining solution (Beyotime). For
the wound-healing assay, the treated Huh-7 and HCC-LM3 cells
from different groups were placed in six-well plates (4 � 104 cells
per well) with serum-free medium. Constant-diameter strips were
scratched in the confluent monolayers with a 10-mL sterile Eppendorf
pipette tip. The width of scratches was obtained at 0 and 48 h in the
same places using a microscope (Ti-U, Nikon, Tokyo, Japan).

Migration and invasion assays

Transwells (8-mm pore size, Corning Life Sciences, NY, USA) were
used for invasion and migration assays. For migration assays, Huh-
7 and HCC-LM3 cells were reseeded in small chambers (2� 104 cells
per well), and 600 mL of cell culture medium was added in the bottom
chambers at 37�Cwith 5%CO2 for 48 h. For invasion assays, the small
chambers were first coated with 100 mL of Matrigel (Invitrogen) for a
30-min incubation at 37�C, and thenHuh-7 andHCC-LM3 cells were
reseeded in the small chambers (2 � 104 cells per well) and 600 mL of
cell culture medium was added in the bottom chambers at 37�C with
5% CO2 for 48 h. Cells were stained with crystal violet staining solu-
tion (Beyotime) and inner cells of small chambers were removed. The
outer cells were imaged randomly with a microscope (Nikon).

Cell cycle analysis

Treated Huh-7 and HCC-LM3 cells (2 � 105 cells) were digested by
trypsin, washed twice with PBS, and fixed 4 h at 4�C in 70% ethanol.
Cells were washed with PBS and strained with a cell cycle analysis kit
(Beyotime). Flow cytometry (BD Biosciences, Franklin Lakes, NJ,
USA) was used to analyze the staining, and the data were analyzed
with FlowJo 7.6 software (Tree Star, San Francisco, CA, USA).

Dual-luciferase reporter gene assay

Huh-7 and HCC-LM3 cells were co-transfected with WT or Mut
circMRPS35, STX3 30 UTR, and miR-148a-mimics or NC-mimics. R-
Luc activity was normalized to F-Luc. For IRES activity analysis,
293T cells with transfected with IRES-contained plasmids. F-Luc activ-
Huh-7 cells (lower). The encephalomyocarditis virus (EMCV) IRES was used as a positiv

cell lysate, with GAPDH as the positive control. (E and F) IP by FLAG antibody and SDS-

band (red frame) (left) analyzed by LC-MS (right). (G)Western blot analysis of the expressi

HCC-LM3 cells, with GAPDH as the control. Error bars represent the means ± SEM of
ity was normalized to R-Luc activity. After transfection for 48 h, cells
were subjected to dual-luciferase analysis. Luciferase activity was as-
sessedusing the dual-luciferase reporter kit (TransGene, Beijing,China)
and performed via a dual-luciferase reporter assay system (Promega).

RIP assays

RIP assays were performed using the Magna RIP RBP IP kit (Milli-
pore) with the mouse anti-Ago2 antibody (Millipore) according to
the manufacturer’s instructions. Mouse anti-immunoglobulin G
(IgG) antibody (Millipore) was used as a negative control.

Western blot and IP assay

For the western blot assay, total protein was extracted by protein lysis
buffer, separated by SDS-PAGE gel, and transferred onto the polyvi-
nylidene fluoride (PVDF) membrane (Millipore). After incubating
with a primary antibody and corresponding secondary antibody,
chemiluminescent reagent was used for detecting the signal of the
membranes. For the IP assay, the primary antibodies were incubated
with protein A/G magnetic beads (Sigma-Aldrich) at 4�C with gentle
rotation for 3 h. Lysis was incubated with the beads for 2 h at 25�C,
and the precipitated complex was subjected to western blot analysis.
In this study, the following antibodies were used: GAPDH (AC002,
ABclonal, Wuhan, China), STX3 (15556-1-AP; Proteintech, Wuhan,
China), PTEN (9188; Cell Signaling Technology, Danvers, MA, USA),
MRPS35 (16457; Proteintech), cleaved caspase-3 (9664; Cell Signaling
Technology), ubiquitin (3936; Cell Signaling Technology), FLAG
(AE005, ABclonal), goat anti-rabbit IgG horseradish peroxidase
(HRP) conjugate (SA00001-1; Proteintech), and goat anti-mouse
IgG HRP conjugate (SA00001-2; Proteintech).

In vivo ubiquitination assay

293T cells were transfected with combinations of plasmids (PLV-
PTEN-FLAG, pCMV- HA-ubiquitin with or without PLV-
STX3-Myc) for 48 h, and then cells were treated with or without
10 mg/mL MG132 (Sigma-Aldrich) for 12 h. Cells were lysed and
the protein lysates were immunoprecipitated with anti-FLAG-A/G
beads. Huh-7 and HCC-LM3 cells were treated with 10 mg/mL
MG132 for 12 h and the protein lysates were immunoprecipitated
with anti-PTEN-A/G beads. The precipitated complex was subjected
to western blot analysis.

Cycloheximide (CHX) chase assay

Huh-7 and HCC-LM3 cells were treated with 10 mM CHX (Sigma-
Aldrich) for (0, 1, 2, 4, and 8 h). Cell lysates were then subjected to
western blot analysis.

In vivo xenograft assay

Four-week-old female BALB/c nude (nu/nu) mice were purchased
from the Si Pei Fu (Beijing, China). Mice were housed under specific
e control. (D) Polysome fractionation and RT-PCR analysis of Huh-7 and HCC-LM3

PAGE separation of protein bands stained by Coomassie brilliant blue (CBB) and the

on of circMRPS35-168aa after treatment with five chemotherapy drugs in Huh-7 and

three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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pathogen-free (SFP) conditions. Huh-7 and HCC-LM3 cells (2� 106

cells) with different expression of circMRPS35 were subcutaneously
injected in BALB/c nude mice. Tumor volumes were measured every
5 days and calculated using the following formula: volume (mm3) =
(length � width2)/2. Tumor weights were determined 25 days after
injection.

IHC assay

For immunostaining, sections were pretreated with hydrogen
peroxide (3%) for 10 min to remove the endogenous peroxidase, fol-
lowed by antigen retrieval in a microwave for 15 min in 10mM citrate
buffer (pH 6.0). Ki67 primary antibody (Ab15580; Abcam, Cam-
bridge, MA, USA) was used at a dilution of 1:1,000 and incubated
for 30 min at room temperature, followed by washing and incubation
with the biotinylated secondary antibody for 30 min at room temper-
ature and the stained with IHC staining kits (Boster, Beijing, China)
according to the manufacturer’s instructions. The slides were coun-
terstained with hematoxylin and dehydrated in alcohol and xylene
before mounting. The slides were imaged randomly with microscopy
(Nikon).

Polysome fractionation assay

Huh-7 and HCC-LM3 cells were pre-treated with 200 mM CHX for
5 min at 37�C and washed with ice-cold PBS containing 200 mM
CHX. Cells were then lysed with polysome lysis buffer for 30 min
on ice. After centrifugation at 14,000 rpm for 10 min at 4�C, the su-
pernatant was loaded onto 10-mL continuous 15%–50% sucrose
gradient buffer containing 50 U/mL RNase inhibitor. The samples
were centrifuged at 4�C for 3 h at 100,000 � g by using an Avanti
J-30XP (Beckman, Brea, CA, USA), and the fractions were collected
using a Brandel fractionation system (Biocomp, Fredericton, NB,
Canada), and an Isco UA-6 ultraviolet detector (Bio-Rad, Hercules,
CA, USA) was used to produce polysome profiles for gradients.
Extraction and transcription of total RNA from each fraction and
RT-PCR were conducted as described above. GAPDH served as pos-
itive control.

LC-MS analysis

Proteins were separated via SDS-PAGE, and gel bands were manually
excised and digested with sequencing-grade trypsin (Promega). The
digested peptides were analyzed using a Q Exactive mass spectrom-
eter (Invitrogen). Fragment spectra were analyzed using the National
Center for Biotechnology Information nonredundant protein data-
base with Mascot (Matrix Science, Boston, MA, USA).
Figure 7. circMRPS35-168aa resists cisplatin treatment in HCC cells

(A) Cell viability assay of different circMRPS35-168aa-expressed Huh-7 and HCC-LM3

circMRPS35-168aa-expressed Huh-7 and HCC-LM3 cells with different concentrations

of apoptosis for different circMRPS35-168aa-expressed Huh-7 and HCC-LM3 cells with

blot analysis of cleaved caspase-3 in different circMRPS35-168aa-expressed Huh-7 a

model, circMRPS35 elicited its oncogenic role in HCC via sponging miR-148a to regula

PTEN, and circMRPS35 was further upregulated in chemotherapeutic drug treatmen

suppressed the cisplatin-induced apoptosis via inhibiting the cleavage of caspase-3, w

dependent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
Apoptosis analysis

Huh-7 and HCC-LM3 cells were resuspended and washed with PBS
three times, and cells were stained with a cell apoptosis analysis kit
(Beyotime) based on the manufacturer’s instructions. Flow cytometry
(BD Biosciences) was used to analyze the staining and the data were
analyzed with FlowJo 7.6 software (Tree Star).
Chemotherapeutic drug treatment

Huh-7 and HCC-LM3 cells were reseeded in six-well plates (8 �
105 cells per well) overnight, and cells were then treated with
0.5 mg/mL DOX (Sigma-Aldrich), 50 mM etoposide (Sigma-
Aldrich), 5 mg/mL cisplatin (Sigma-Aldrich), 0.2 mg/mL ACTD,
and 10 mM sorafenib (Sigma-Aldrich), respectively. After a 24-h
treatment, cells were collected for quantitative real-time PCR and
western blot analysis.
IC50 analysis

Huh-7 and HCC-LM3 cells were reseeded in 96-well plates (5 � 103

cells per well) overnight, and then cells were treated with DOX (0, 0.1,
0.2, 0.5, 1, 1.5, 3, and 5 mg/mL), etoposide (0, 5, 15, 25, 50, 100, 250,
and 500 mM), cisplatin (0, 1, 2.5, 5, 10, 15, 25, and 50 mg/mL), and
ACTD (0, 0.1, 0.15, 0.2, 0.5, 1, and 2.5 mg/mL), respectively, for 24
h. Cell viability was detected by CCK-8 kits (Beyotime) with absor-
bance of wavelength of 450 nm for each well. IC50 was ensured based
on the cell viability data.
Statistical analyses

All data are expressed as the mean ± SEM (standard error of the
mean). Two-tailed unpaired or paired Student’s t tests were applied
to analyze the differences between two groups. Data conforming to
normal distribution among multiple groups were analyzed by one-
way or two-way analysis of variance (ANOVA). The values of *p <
0.05, **p < 0.01, and ***p < 0.001 are indicative of statistical signifi-
cance, and ns is indicative of not significant. Statistical analyses
were performed using GraphPad Prism 8.0. (GraphPad, La Jolla,
CA, USA).
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