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Mounting evidences indicate that circular RNAs (circRNAs)
play vital roles in the development and progression of various
cancers. However, the detailed functions and underlying mech-
anisms of circRNAs in hepatocellular carcinoma (HCC) remain
largely unknown. The expression profile of circRNAs was
screened by circRNA microarrays. Quantitative real-time PCR
was used to determine the level-10 circRNAs selected from the
top five upregulated (hsa_circ_0001955, hsa_circ_0001535,
hsa_circ_0061395, hsa_circ_0000502, and hsa_circ_0066659)
and top five downregulated circRNAs (hsa_circ_0046366,
hsa_circ_0003418, hsa_circ_0026134, hsa_circ_0005692, and
hsa_circ_0014130). The effects of circTMEM45A in HCC cells
were studied both in vitro (in a Cell Counting Kit-8 assay,
apoptosis analysis, and cell cycle assays) and in vivo (by means
of tumor xenografts in nude mice). Luciferase reporter, RNA
immunoprecipitation (RIP), and rescued assays were used to
confirm the interactions between circTMEM45A, miR-665,
and insulin growth factor 2 (IGF2). We found that the level
of circTMEM45A was significantly upregulated in HCC and
was positively correlated with clinicopathological features
and poor prognosis of patients with HCC. Functionally,
circTMEM45A promoted cell mobility in vitro, as well as in vivo
tumorigenesis. Mechanistically, circTMEM45A acted as a miR-
65 sponge to relieve the repressive effect of miR-665 on its target
IGF2. Moreover, circTMEM45A was upregulated in serum
exosomes from HCC patients. circTMEM45A promotes HCC
progression through the miR-665/IGF2 axis and may serve as
a novel diagnostic marker and target for treatment of HCC
patients.

INTRODUCTION
Hepatocellular carcinoma (HCC) is a highly aggressive primary liver
malignancy that represents the third leading cause of global cancer-
related mortalities.1 Data showed 782,500 new liver cancer cases
and 745,500 deaths worldwide, with China alone accounting for
�50% of the total number of cases and deaths.2 Because themolecular
pathogenesis of HCC is not yet fully understood, there has been
limited success in improving the disease-free survival rate of HCC pa-
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tients. Thus, novel cancer-promoting genes involved in HCCmust be
identified and characterized to obtain a better understanding of this
lethal disease and to develop clinical applications for its treatment.

Circular RNAs (circRNAs) are a novel type of endogenous RNA
derived from exons, introns, or intergenic regions and formed by a
covalently closed loop.3 Based on whether they can be translated,
circRNAs may be divided into noncoding circRNAs and coding
circRNAs.4 They have been demonstrated to be participants in
various biological processes by different mechanisms.5 Accumulating
evidence has established that circRNAs perform vital roles in the
pathogenesis of human diseases, especially in malignant tumors,
including HCC.6–8 In terms of post-transcriptional regulation,
circRNAs are well acknowledged to act as competing endogenous
RNAs (ceRNAs) to upregulate mRNAs by competitively binding to
microRNA (miRNA) response elements (MREs).9 Therefore, investi-
gating the function and mechanism of novel circRNAs is essential for
finding inhibitors or facilitators in tumorigenesis.

Exosomes are small membrane-derived vesicles with a diameter of
approximately 30–150 nm.10 It has been well established that that a
number of molecules regulate exosome secretion.11 Exosomes can
regulate the physiological and pathological functions of various can-
cers as mediators of cell-to-cell communication by transferring onco-
genic molecules;12 however, there is little evidence for the expression
profile and potential function of secreted circRNAs in HCC. In this
study, by using high-throughput RNA sequencing (RNA-seq), we
explored the expression profiles of exosomal circRNAs and identified
significantly dysregulated circRNAs in HCC. We further tested
circTMEM45A (hsa_circ_0066659) in 58 pairs of HCC samples by
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quantitative real-time PCR, and the results showed that the expres-
sion of circTMEM45A was markedly elevated both in HCC tissues
and exosomes from HCC plasma. Silencing circTMEM45A sup-
pressed HCC cell growth both in vitro and in vivo. To detect the
potential mechanism pattern of circTMEM45A in HCC, we detected
the cellular localization of circTMEM45A in HCC cells and deter-
mined that circTMEM45A was predominantly located in the cyto-
plasm of HCC cells, indicating that circTMEM45A may regulate
gene expression at the post-transcriptional level. Furthermore, we
carried out bioinformatics analysis and mechanism experiments to
determine downstream genes of circTMEM45A. It was found
that circTMEM45A can regulate insulin growth factor 2 (IGF2)
expression by sponging miR-665. Our findings will provide new
insights into the regulatory mechanisms of circTMEM45A in HCC
progression.

RESULTS
circRNA Profiling in Human HCC Tissues and hsa_circ_0066659

Characterization

To identify circRNA-mediated regulation of gene expression profiles in
human circRNA, we isolated RNAs fromHCC tissues and paired peri-
cancerous tissues from five patients (biological replicates) and per-
formed circRNA microarrays to examine their expression profiles in
each tissue. The differentially expressed circRNAs were identified by
fold-change filtering (|fold change| > 2) and the Student’s t test (p <
0.01), which revealed 981 circRNAs that were significantly differen-
tially expressed in the HCC tumor tissue versus the adjacent normal
tissue set. In contrast to the normal tissue group, a total of 357 circR-
NAs were markedly upregulated and 624 were significantly downregu-
lated in the HCC group. Among the 981 differentially expressed circR-
NAs, 289, including 141 upregulated ones and 148 downregulated
ones, were verified as novel circRNAs; 692 circRNAs, including 216
upregulated and 476 downregulated ones, had been identified before-
hand and listed in the circRNA database (circBase; http://www.
circbase.org) (Figure 1A). The 981 identified circRNAs were divided
into five different categories on the basis of the way they were pro-
duced. Exonic circRNAs consisting of the protein-encoding exons ac-
counted for 72.99% (716/981), intronic circRNAs from intron lariats
comprised 8.97% (88/981), sense overlapping circRNAs that originated
from exon and other sequence circRNAs comprised 13.86% (136/981),
and intergenic circRNAs composed of unannotated sequences of the
gene and antisense circRNAs originating from antisense regions
equally comprised 4.18% (41/981) (Figure 1B).

The heatmap in Figure 1C shows the top 10 dysregulated circRNAs
between HCC tissues and adjacent normal samples. Expression levels
of 10 circRNAs selected from the top five upregulated and top five
downregulated circRNAs were measured by quantitative real-time
PCR in HCC tissues and adjacent normal samples (Figure 1D). There
was an increasing trend in hsa_circ_0066659 (chr3:100274052–
100296285) levels from adjacent normal samples to HCC tumor
tissues, with more than a 2-fold change from microarray analysis
(Figure 1E). By browsing the human reference genome (GRCh37/
hg19), we identified that hsa_circ_0066659 is derived from
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TMEM45A, which is located on chromosome 3 and is 1,254 bp in
length, and thus we named it circTMEM45A.

circTMEM45A Was Upregulated in HCC Tissues and Cell Lines

Moreover, the expression level of circTMEM45A was examined in
HCC samples and adjacent samples collected from 68 HCC patients.
As expected, circTMEM45A was expressed at a higher level in HCC
samples compared to adjacent normal samples (p < 0.001, Figure 1F).
We used the receiver operating characteristic (ROC) curve to examine
the diagnostic value of circTMEM45A in HCC tissues compared with
ANT, and found the area under the ROC curve (AUC) to be 0.888
(95% confidence interval [CI] = 0.823–0.954, p < 0.0001; Figure 1G).
Then, the correlations of circTMEM45A expression and special
clinicopathological parameters and prognosis of HCC were analyzed
(Table 1). Using the median expression level of circTMEM45A as a
cutoff value, we divided the 68 HCC patients into low- and high-
expression groups. Correlation regression analysis of 68 samples
demonstrated that high expression of circTMEM45A was signifi-
cantly correlated with tumor size (p = 0.0033), tumor, node, and
metastasis (TNM) stage (p = 0.0078), and vascular invasion (p =
0.043) of HCC patients. Furthermore, HCC patients with low expres-
sion of circTMEM45A displayed obviously longer overall survival
times than did those with high expression of circTMEM45A accord-
ing to Kaplan-Meier survival curve analysis (p = 0.0045) (Figure 1H).
To demonstrate the universal expression of circTMEM45A in HCC
cell lines, we selected the normal liver cell line L02, a human HCC
cell line of Hep3B with low invasiveness, and highly metastatic poten-
tial HCC cell lines HLE, Huh7, BEL7402, SMCC7721, MHCC97L,
MHCC97H, HCCLM3 and HCCLM6. Notably, MHCC97H and
Hep3B were characterized as having relatively high and low metasta-
tic potential, in which the circTMEM45A was highly and lowly ex-
pressed, respectively (Figure 1I). On the basis of this result,
MHCC97H cells were selected for a loss-of-function assay, whereas
Hep3B cells were selected for a gain-of-function assay. These data
indicated that circTMEM45A might be a participant in the tumori-
genesis of HCC.

Confirmation of Subcellular Localization of circTMEM45A

We investigated the stability and localization of circTMEM45A in
MHCC97H cells. Total RNAs from MHCC97H cells were isolated
at the indicated time points after treatment with actinomycin D, an
inhibitor of transcription. Analysis for stability of circTMEM45A
and TMEM45A in MHCC97H cells treated with actinomycin D re-
vealed that the half-life of the circTMEM45A transcript exceeded
24 h, with more stability than TMEM45A (Figure 2A). RNase R is
an exoribonuclease that can degrade RNA from its 30 to 50end but
does not act on circRNA. In contrast to the linear TMEM45A
mRNA, circTMEM45A was resistant to RNase R (Figure 2B). We
then investigated the localization of circTMEM45A. The quantitative
real-time PCR of RNAs from nuclear and cytoplasmic fractions
indicated that circTMEM45A was predominantly localized in the
cytoplasm of MHCC97H cells (Figure 2C). Our results implied that
circTMEM45A harbored a loop structure and was predominantly
localized in the cytoplasm.

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


Figure 1. circRNA Profiling in Human HCC Tissues and circTMEM45A Characterization

(A) Among the 981 differentially expressed circRNAs, 289 circRNAs were verified as novel circRNAs, and 692 circRNAs were identified beforehand and listed in the circRNA

database. (B) The number of upregulated (red) and downregulated (green) circRNAs according to their categories of formation mode. (C) The heatmap shows the top 10

dysregulated circRNAs between HCC tissues and adjacent normal samples. (D) Expression levels of top 10 dysregulated circRNAs were measured by quantitative real-time

PCR. (E) Comparison of log2 fold changes (FCs) in circRNAs between circRNA microarrays and quantitative real-time PCR results. (F) The level of circTMEM45A was

significantly increased in HCC samples compared to adjacent normal samples. (G) Evaluation of the diagnostic performance of circTMEM45A for HCC diagnosis. (H) Kaplan-

Meier curve revealed that high expression of circTMEM45A was relative to a poor overall survival in HCC patients. (I) The levels of circTMEM45Awere significantly increased in

HCC cell lines compared to the normal liver cell line L02. All tests were performed at least three times. Data are expressed as mean ± SD. **p < 0.01, ***p < 0.001.
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Table 1. Association of circTMEM45A Expression with Clinicopathological

Features of HCC Patients

Characteristics
circTMEM45A
Low (n = 34)

Expression
High (n = 34) p

Age (years)

<55 14 16 0.807

R55 20 18

Sex

Female 15 12 0.620

Male 19 22

HBsAg status

Positive 16 19 0.627

Negative 18 15

Liver cirrhosis

Yes 12 15 0.620

No 22 19

Tumor size (cm)

<5 23 10 0.0033

R5 11 24

Tumor number

Single 28 26 0.765

Multiple 6 8

TNM stage

I–II 29 18 0.0078

III–IV 5 16

Tumor differentiation 0.340

Well to moderate 30 26

Poor 4 8

Vascular invasion

Yes 4 12 0.043

No 30 22

HBsAg, hepatitis B surface antigen.
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circTMEM45A Loss of Function Dramatically Impairs the HCC

Cell Malignant Phenotypes In Vitro

Given that circTMEM45A exhibited the highest expression in
MHCC97H cells and the lowest expression inHep3B cells, we knocked
down circTMEM45A in MHCC97H cells by designing small inter-
fering RNA (siRNA) oligonucleotides that would target the unique
backsplice junction, and overexpressed circTMEM45A in Hep3B cell
lines. The backsplice junction-specific siRNAs successfully decreased
circTMEM45A expression but did not affect the linear TMEM45A
mRNA level in MHCC97H cells. Compared with the negative control
siRNA, the expression of circTMEM45A was only downregulated by
siRNAs specific to circTMEM45A (si-circTMEM45A) but was not
affected by si-TMEM45A (Figure 2D). Also, the expression vector
markedly increased the expression of circTMEM45A compared with
the empty vector (Figure 2E). Functionally, Cell Counting Kit-8
(CCK-8) assays showed that circTMEM45A knockdown significantly
288 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
decreased the cell vitality of MHCC97H cells (Figure 2F), whereas
overexpression of circTMEM45A increased the cell vitality of Hep3B
cells (Figure 2G). Similarly, colony formation assays revealed that
circTMEM45A knockdown greatly attenuated the numbers of visible
colonies of MHCC97H cells (Figure 2H), whereas ectopic expression
of circTMEM45A in Hep3B cells led to an opposite result (Figure 2I).
Flow cytometric analysis of apoptosis showed that downregulated
circTMEM45A increased the percentage of apoptotic cells in
MHCC97H cells (Figure 3A). Conversely, apoptosis of transfected
Hep3B cells was significantly reduced compared to the normal control
group (Figure 3B). Moreover, flow cytometry analysis was performed
to determine whether circTMEM45A affected the cell cycle profile. As
presented in Figure 3C, silencing of circTMEM45A arrested the cell cy-
cle in the G1 phase in MHCC97H cells. However, overexpression of
circTMEM45A induced G1/S cell cycle progression of Hep3B cells
(Figure 3D). These data collectively demonstrated that circTMEM45A
promoted the growth phenotype of HCC cells and cell cycle
progression.

Knockdown of circTMEM45A Inhibits HCC Growth In Vivo

To identify the effect of circTMEM45A on tumor growth in vivo, we es-
tablished a nude mouse xenograft model by implanting Hep3B cells
with vector or circTMEM45A. The tumor volumes were monitored
from 14 days after Hep3B cell injection. We found that overexpression
of circTMEM45A drastically increased tumor growth of Hep3B cells.
The tumor volumes and weights were significantly accelerated by
circTMEM45A (Figures 4A and 4B). After harvesting the subcutaneous
tumor tissues, immunohistochemistry (IHC)was performed. Results of
IHC revealed that xenograft tumors derived from Hep3B cells with
overexpression of circTMEM45A had lower expression of TUNEL
(terminal deoxynucleotidyltransferase-mediated deoxyuridine triphos-
phate nick end labeling) than did the vector group (Figure 4C).

In addition, the impact of circTMEM45A knockdown upon tumor
growth in vivo was also investigated. A xenograft tumor model of
MHCC97H cells was developed, and then tumors were treated with
intratumoral injection of cholesterol-conjugated si-circTMEM45A
or negative control siRNA (si-NC). As shown in Figures 4D and
4E, treatment with si-circTMEM45A significantly inhibited growth
of MHCC97H in vivo. Results of IHC revealed that xenograft tumors
derived from MHCC97H cells with circTMEM45A knockdown had
lower expression of Ki67 than did the si-NC group (Figure 4F). Taken
together, these findings suggest that circTMEM45A may play an
oncogenic role in HCC in vivo.

circTMEM45A Acted as a miR-665 Sponge in HCC Cells

Considering the cytoplasmic localization of circTMEM45A in HCC
cells, we investigated whether circTMEM45A may also bind to
miRNAs as a sponge and regulate targets via the ceRNA mechanism.
We therefore analyzed the sequence of circTMEM45A usingmiRanda,
PITA, and RNAhybrid and identified five candidate miRNAs by over-
lapping theprediction results of themiRNArecognition elements in the
circTMEM45A sequence (miRNA-665, miRNA-1197, miRNA-1251,
miRNA-145, and miRNA-1286; Figure 5A). It is well known that



Figure 2. circTMEM45A Loss of Function Dramatically Impairs the HCC Cell Malignant Phenotypes In Vitro

(A) Quantitative real-time PCR for the abundance of circTMEM45A and TMEM45A in MHCC97H cells treated with actinomycin D at the indicated time points. (B) Quantitative

real-time PCR for the expression of circTMEM45A and TMEM45A mRNA in MHCC97H cells treated with or without RNase R. (C) Levels of circTMEM45A in the nuclear and

cytoplasmic fractions of MHCC97H cells. (D) The expression of circTMEM45A was only downregulated by si-circTMEM45A but was not affected by si-TMEM45A. (E) The

circTMEM45A expression vector markedly increased the expression of circTMEM45A compared with the empty vector. (F) CCK-8 assays showed that circTMEM45A

knockdown significantly decreased the cell vitality of MHCC97H cells. (G) Overexpression of circTMEM45A promoted the proliferative ability of Hep3B cells. (H) Colony

formation assays revealed that circTMEM45A knockdown greatly attenuated the numbers of visible colonies of MHCC97H cells. (I) Colony formation assays revealed

that overexpression of circTMEM45A greatly increased the numbers of visible colonies of Hep3B cells. All tests were performed at least three times. Data are expressed as

mean ± SD. **p < 0.01, ***p < 0.001.
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miRNAs usually silence gene expression by combining with the AGO2
protein and form the RNA-induced silencing complex (RISC). In the
context of the ceRNAmechanism, itmight be a prevalent phenomenon
that AGO2 could bindwith both circRNAs andmiRNAs.We therefore
conducted a RNA immunoprecipitation (RIP) assay to pull downRNA
transcripts that bind to AGO2 inMHCC97H and Hep3B cells. Indeed,
endogenous circTMEM45Awas efficiently pulled down by anti-AGO2
(Figure 5B). To further detect whether circTMEM45A could sponge
miRNAs, we performed a miRNA pull-down assay using biotin-
coupled miRNA mimics (miR-665, miR-1197, miR-1251, miR-145,
and miR-1286). Interestingly, circTMEM45A was only efficiently en-
riched by miR-665, but not by the other four miRNAs (Figure 5C).
To validate the interaction between circTMEM45A and miR-665, we
obtained the binding sequence between miR-665 and circTMEM45A
(Figure 5D) and conducted a luciferase activity analysis. A subsequent
luciferase reporter assay revealed that the luciferase intensity was
reduced after the cotransfection of the wild-type luciferase reporter
and miR-665 mimics, while the mutated luciferase reporter exerted
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 289
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Figure 4. circTMEM45A Promotes Tumor Growth In Vivo

(A) The volume of subcutaneous xenograft tumors of Hep3B cells isolated from nude mice. (B) The weight of subcutaneous xenograft tumors of Hep3B cells isolated from

nude mice. (C) IHC analysis was performed to examine the expression levels of TUNEL in xenograft tumors of Hep3B cells isolated from nude mice. (D) The volume of

subcutaneous xenograft tumors of MHCC97H cells isolated from nude mice. (E) The weight of subcutaneous xenograft tumors of MHCC97H cells isolated from nude mice.

(F) IHC analysis was performed to examine the expression levels of Ki67 in xenograft tumors of MHCC97H cells isolated from nude mice. Data are expressed as mean ± SD.

**p < 0.01, ***p < 0.001.
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no such effect (Figure 5E, p < 0.01). In addition, the RIP assay revealed
that miR-665 was efficiently pulled down by the anti-AGO2 antibody
but not by the nonspecific anti-immunoglobulinG (IgG) antibody (Fig-
ure 5F). Furthermore, silencing of circTMEM45A did not affect the
expression of miR-665, and transfection of miR-665 mimics did not
affect the expression of circTMEM45A (Figures 5G and 5H), which
indicated that circTMEM45A functions as a miRNA sponge without
affecting the expression of sponged miRNAs.

IGF2 Was Positively Regulated by circTMEM45A/miR-665

To validate whether circTMEM45A sponges miR-665 and liberates
the expression of its downstream target, we identified five target genes
of miR-665 by overlapping the prediction results of the four algo-
rithms (miRanda, RNAhybrid, miRWalk, and TargetScan), and
miR-665 could target the 30 UTRs of SOX17, RASSF7, HDAC8,
IGF2, and HOXA10 (Figure 6A). To further verify the downstream
targets of circTMEM45A, mRNA levels of five candidate target genes
were detected after silencing circTMEM45A, and we found that only
IGF2 was downregulated (Figure 6B). To verify whether IGF2 was the
Figure 3. circTMEM45A Regulated Cell Apoptosis and the Cell Cycle of HCC In

(A) circTMEM45A knockdown significantly increased the percentage of apoptotic cells

percentage of apoptotic cells in Hep3B cells. (C) Silencing of circTMEM45A arrested the

induced G1/S cell cycle progression of Hep3B cells. All tests were performed at least t
direct target of miR-665, we first performed the miRNA biotin
pull-down assay. We found that miR-665 could significantly enrich
the 30 UTR of IGF2 mRNA (Figure 6C). To verify whether the
30 UTR of IGF2 mRNA was a target of miR-665 in HCC cells, a lucif-
erase reporter gene assay was used. The wild-type (WT) 30 UTR
sequence or mutant (MUT) 30 UTR sequence of IGF2 was cloned
into a luciferase reporter vector. The luciferase activity was
significantly inhibited by the miR-665 mimics in WT 30 UTR
sequence-transfected cells. Conversely, the luciferase activity was
not inhibited by the miR-665 mimics in MUT 30 UTR sequence-
transfected cells (Figures 6D and 6E). These results suggested that
miR-665 binds to the 30 UTR of IGF2 and directly downregulates
IGF2 expression.

To further confirm the effects of circTMEM45A on IGF2 expression,
MHCC97H cells were transfected with the circTMEM45A siRNA,
and the IGF2 mRNA and protein levels were detected. The results
showed that knockdown of circTMEM45A expression significantly
reduced the IGF2 mRNA and protein levels in MHCC97H cells
Vitro

in MHCC97H cells. (B) Overexpression of circTMEM45A significantly decreased the

cell cycle in the G1 phase in MHCC97H cells. (D) Overexpression of circTMEM45A

hree times. Data are expressed as mean ± SD. **p < 0.01, ***p < 0.001.
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Figure 5. circTMEM45A Acted as miR-665 Sponge in HCC Cells

(A) Schematic illustration showing the overlap of the target miRNAs of circTMEM45A predicted by miRanda, PITA, and RNAhybrid. (B) Endogenous circTMEM45A was

efficiently pulled down by anti-AGO2. (C) miRNA pull-down assay showed that circTMEM45A was only efficiently enriched by miR-665. (D) The binding sequence between

miR-665 and circTMEM45A. (E) The luciferase reporter systems showed that the miR-665 mimic considerably reduced the luciferase activity of the WT-circTMEM45A

luciferase reporter vector compared with the negative control, while the miR-665 mimic did not pose any impact on the luciferase activity of MUT-circTMEM45A-transfected

MHCC97H cells. (F) circTMEM45A and miR-665 simultaneously existed in the production precipitated by anti-AGO2. (G) Silencing of circTMEM45A did not affect the

expression of miR-665. (H) Transfection of miR-665 mimics did not affect the expression of circTMEM45A. All tests were performed at least three times. Data are expressed

as mean ± SD. **p < 0.01.
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(Figures 6F and 6G). Moreover, inhibition of a circTMEM45A-medi-
ated decrease of IGF2 expression was significantly recuperated
following miR-665 inhibitors (Figures 6F and 6G). We determined
the expression of IGF2 in 68 HCC patient tissues using IHC. The
IHC results showed that IGF2 expression in HCC specimens was
significantly upregulated compared with that in the adjacent normal
tissues (53/68 versus 15/68, p < 0.01; Figure 6H). All of these data
292 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
made us draw a conclusion that circTMEM45A positively regulated
IGF2 expression by interacting with miR-665 in HCC cells.

circTMEM45A Is Secreted By Exosomes into Serum of HCC

Patients

Finally, in our current study, we collected abundant sera from 30
HCC patients and 30 healthy controls. Transmission electron



Figure 6. IGF2 Was Positively Regulated by circTMEM45A/miR-665

(A) Venn diagram showing five genes that are putative miR-665 targets computationally predicted by four algorithms (miRanda, RNAhybrid, miRWalk, and TargetScan). (B)

mRNA levels of five candidate target genes were detected after silencing circTMEM45A. (C) miR-665 could significantly enrich the 30 UTR of IGF2 mRNA. (D) The binding

sequence between miR-665 and IGF2. (E) Luciferase reporter assay demonstrated that miR-665 mimics significantly decreased the luciferase activity of IGF2-WT in HCC

cells. (F) Inhibition of circTMEM45A-mediated decrease of IGF2 mRNA expression was significantly recuperated following miR-665 inhibitors. (G) Inhibition of circTMEM45A-

mediated decrease of IGF2 protein expression was significantly recuperated following miR-665 inhibitors. (H) IHC showed that IGF2 expression was higher in HCC tissues

compared to their normal counterparts. All tests were performed at least three times. Data are expressed as mean ± SD. **p < 0.01.
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microscopy (TEM) analysis showed that serum exosomes from HCC
patients and healthy controls had similar morphologies (50–150 nm
in diameter) and exhibited a round-shaped appearance (Figure 7A).
The nanoparticle tracking analysis (NTA) results demonstrated that
serum exosomes showed a similar size distribution, and the peak
size range was 80–130 nm. Western blot analysis confirmed the pres-
ence of three well-known exosomal markers, CD63, TSG101, and
heat shock protein 70 (HSP70) (Figure 7B). Our results showed
that circTMEM45A expression is detectable in extracted serum exo-
somes derived from HCC patients (Figure 7C).
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 293
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Figure 7. circTMEM45A Is Secreted by Exosomes into

Serum of HCC Patients

(A) Serum exosomes were analyzed under TEM, which ex-

hibited a cup-shaped membrane morphology with a diam-

eter of 50–150 nm. (B) Serum exosome-enriched protein

markers, including HSP70, CD63, and TSG101, were

analyzed bywestern blotting in exosomes. (C) circTMEM45A

expression is detectable in extracted serum exosomes

derived from HCC patients. All tests were performed at least

three times. Data are expressed as mean ± SD. **p < 0.01.
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DISCUSSION
Recently, the extensive distribution and functional regulation of
circRNAs have been wildly validated in human cancers.13 To date,
only a few circRNAs have been reported in HCC. In this study, we
analyzed the expression profiles of circRNAs from HCC and adjacent
normal samples by microarray, and focused on the expression of
circTMEM45A, and gradually confirmed the regulatory role of
circTMEM45A and its sponging effect for miRNAs in HCC through
functional andmolecular experiments. We found that circTMEM45A
was upregulated and positively correlated with tumor size (p =
0.0033), TNM stage (p = 0.0078), and vascular invasion (p =
0.043). High expression of circTMEM45A was further identified in
different HCC cells. After downregulation and overexpression of
circTMEM45A, we further confirmed its oncogenic role in cellular
functions. Functionally, circTMEM45A promotes tumor growth of
HCC cells in vitro and in vivo, implying that circTMEM45A is a tu-
mor promoter in HCC. Due to the stable loop structure, great resis-
tance to exoribonuclease, and high abundance in the cytoplasm,
circTMEM45A may be an efficient diagnostic and therapeutic target
and a promising biomarker for prognosis in HCC.

Several studies suggest that circRNAs regulate gene expression and
participate in numerous cellular processes by sponging miRNAs.14

circRNAs contain one or more MREs that act as miRNA sponges to
negatively modulate miRNA activity, attenuating the inhibitory effect
on their target genes.15 The circRNA/miRNA/mRNA axis has been
reported to be associated with cancer progression.9 In this study, bioin-
formatics analysis showed that circTMEM45A and IGF2 share the
MRE of miR-665, implying the formation of the circTMEM45A/
miR-665/IGF2 axis. In the current study, in vitro precipitation, a
luciferase reporter assay, a RIP assay, and biotin-coupled miRNA
capture were undertaken to reveal the direct interaction between
circTMEM45A and miR-665. These findings suggested that
circTMEM45A acts as “miRNA sponge,” interacting with miR-665
and suppressing the activation of miR-665. Recently, a few studies
have implicated that overexpression of IGF2 accelerates formation of
liver tumors in mice with hepatic expression of MYC and AKT1, via
activation of IGF1 receptor signaling.16 In our study, IGF2 was pre-
dicted as the candidate target gene of miR-665 by the predictions of
four algorithms (miRanda, RNAhybrid, miRWalk, and TargetScan).

circRNAs are promising potential biomarkers because of their unique
structure, high stability, and specific expression patterns.17 Exosomes
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are now recognized as critical messengers of intercellular crosstalk by
transferring molecular cargo to recipient cells and have potential clin-
ical applications in cancer diagnosis.18 In particular, cancer-derived
exosomal cricRNAs play a key role in cell-cell communication to pro-
mote tumor progression and exist in body fluids, where they can serve
as non-invasive biomarkers.19 In this study, we found that circulating
exosomes from HCC patients contain higher levels of circTMEM45A
than do healthy circulating exosomes. Thus, we assume that exosomal
circTMEM45A in the serum of HCC patients could function as a
candidate in the diagnosis of HCC.

Taking the results together, we showed that circTMEM45A expres-
sion is elevated in HCC and revealed that the circRNA functions as
an oncogene. circTMEM45A mechanically sponges miR-665 expres-
sion, resulting in the upregulation of IGF2 and HCC progression.
Furthermore, our results advocate the circTMEM45A/miR-665/
IGF2 axis as a potential research avenue for new drug development
strategies in HCC.

MATERIALS AND METHODS
Patient Specimens and Cell Culture

We obtained 68 paired HCC tissues and adjacent normal tissues from
the Harbin Medical University Cancer Hospital. Samples receiving
chemotherapy or radiotherapy before collection were excluded. The
tissue samples were confirmed by two histopathologists. All samples
were immediately snap-frozen in liquid nitrogen and subsequently
stored at�80�C. Additionally, these 68 paired HCC tissues and adja-
cent normal tissue samples were embedded in paraffin to construct a
tissue microarray (TMA). Written consent approving the usage of
HCC tissues in our study were obtained from each patient. The con-
sent forms will be provided upon request. This study was approved by
the Ethics Committee of the Harbin Medical University Cancer
Hospital.

The human liver cell line of L02 (normal), human HCC cell lines of
Hep3B with low invasiveness, and highly invasive HLE, Huh7,
BEL7402, SMCC7721, MHCC97L, MHCC97H, HCCLM3, and
HCCLM6 were purchased from American Type Culture Collection
(ATCC, Manassas, VA, USA). All cell lines were grown routinely in
Roswell Park Memorial Institute (RPMI) 1640 medium (Invitrogen,
CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco,
Carlsbad, CA, USA), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin (Invitrogen). Cells were cultured in a humidified incubator
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at 37�C with 5% CO2. The culture medium was replaced every 3 days.
Cells were passaged as soon as the cell attachment rate reached
80%–90%.

RNA Isolation and Microarrays

The microarray experiments were performed by Shanghai Biotech-
nology following the protocol of Agilent Technologies (CA, USA).
Briefly, total RNA was isolated and purified using a mirVana
miRNA isolation kit (Ambion, TX, USA), according to the manu-
facturer’s instructions. RNA samples from each group were then
used to generate labeled complementary RNA (cRNA) targets using
a Low Input Quick Amp WT labeling kit (Agilent Technologies,
CA, USA) for the Shanghai Biotechnology human ceRNA microar-
ray (4 � 180K). The labeled cRNA targets were then hybridized
with the slides and the slides were scanned on an Agilent microar-
ray scanner (Agilent Technologies, CA, USA). Data were extracted
with Feature Extraction software 10.7 (Agilent Technologies, CA,
USA). circRNAs with high expression abundances, expression levels
with more than 2-fold alteration, and p <0.01 were selected for
further analysis.

Quantitative Real-Time PCR

Total RNA was extracted from tissues and cultured cells using TRI-
zol reagent (Invitrogen, CA, USA) following the supplier’s direc-
tions. 1 mg of total RNA was converted to complementary DNA
(cDNA) with specific primers in line with the protocol of a Prime-
Script RT master mix kit (Takara, Tokyo, Japan). Quantitative real-
time PCR was performed using a SYBR Green PCR kit (Takara) on
Thermal Cycler CFX6 system (Bio-Rad, CA, USA). The amplifica-
tion parameters were as follows: denaturation at 95�C for 10 min,
followed by 40 cycles of denaturation at 95�C for 30 s, annealing
at 60�C for 30 s, and extension at 72�C for 1 min. The relative
RNA expressions were calculated by the 2�DDCt method, normal-
izing to GAPDH or U6. A quantitative real-time PCR assay was per-
formed at least three times.

Actinomycin D and RNase R treatment

To block transcription, 2 mg/mL actinomycin D or dimethyl sulf-
oxide (Sigma-Aldrich, St. Louis, MO, USA) as a negative control
was added into the cell culture medium. For RNase R treatment, total
RNA (2 mg) was incubated for 30 min at 37�C with or without 3 U/mg
of RNase R (Epicenter Technologies, Madison, WI, USA). After treat-
ment with actinomycin D and RNase R, quantitative real-time PCR
was performed to determine the expression levels of circTMEM45A
and TMEM45A mRNA.

Subcellular Fractionation Assays

Cells were suspended in cytoplasm lysis buffer and centrifuged for
4 min. The cytoplasmic supernatant was transferred into a clean
tube. The rest was re-suspended in nucleus lysis buffer at 4�C for
1 g, following centrifugation for 10 min. The RNAs derived from
cytoplasmic and nuclear extracts were obtained by using TRIzol
(Life Technologies, CA, USA). The expression levels of GAPDH
(cytoplasm control), U6 (nucleus control), and circTMEM45A in
the nucleus and cytoplasm were detected by quantitative real-time
PCR.

Cell Transfection

For the overexpression of circTMEM45A, the sequences of
circTMEM45A were inserted into vector pcDNA3.1 to construct
pcDNA3.1/circTMEM45A (termed circTMEM45A), and empty vec-
tor was considered as a negative control in this study. For silencing
circTMEM45A, si-circTMEM45A and si-NC were synthesized
and purchased from RiboBio (Guangzhou, China). Thereafter, cells
(2� 105 cells/well) were transfected with 0.2 mg of the aforementioned
RNAs using 0.5 mL of Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) following the instructions of the manufacturer. For the overex-
pression or knockdown ofmiR-665, miR-665mimics, miR-665 inhib-
itors, and the relative negative control miR-NC were synthesized and
purchased from RiboBio (Guangzhou, China). 0.5 mL of miR-665
mimics, miR-665 inhibitors, or miR-NC was transfected into cells
with 0.6 mL of Lipofectamine 2000. After a 48-h incubation, trans-
fected cells were harvested and utilized for further experiments.

Cell Proliferation

Cell proliferation was examined using a CCK-8 assay (Dojindo Lab-
oratories, Kumamoto, Japan) and the Cell-Light 5-ethynyl-20-deoxy-
uridine (EdU) staining kit (RiboBio, Guangzhou, China) according to
the manufacturers’ instructions.

Colony formation assays were performed to monitor cell cloning
capability as follows: 1 � 103 cells were seeded into six-well plates
and cultured at 37�C in an atmosphere of 5% CO2 for 2 weeks.
Then, the colonies were washed twice with phosphate-buffered saline
(PBS), fixed with 4% paraformaldehyde for 10 min, and dyed with
Wright-Giemsa stain. The numbers of visible colonies were evaluated
under microscopy.

Cell Apoptosis Assay

A cell apoptosis assay was performed using flow cytometry after stain-
ing with an annexinV-labeled detection kit with fluorescein isothiocy-
anate (FITC) andpropidium iodide (PI) (Life Technologies, NY,USA)
based on the user’s guidebook. Cells were harvested after transfection
and washed twice with pre-cooled PBS (Invitrogen, USA). After fixa-
tion with 70% cold ethanol on ice for 1 h, cell lines were re-suspended
in a mixture of 100 mL binding buffer and 5 mL of equal amounts of
annexin V-FITC and PI, followed by a 15-min incubation. Finally,
the stained cells were detected by flow cytometry using a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA). The data were
analyzed using CellQuest software (BD Biosciences, Franklin Lakes,
NJ, USA). This assay was carried out at least three times.

Cell Cycle Assay

The cell cycle was analyzed by flow cytometry. In brief, cells were
collected, fixed with cold ethanol for 2 h at 37�C, washed with
PBS, stained with PI (Keygentec, Nanjing, China) containing
RNase A, and then the cell cycle was detected by a flow cytometer
(FACSCalibur, Becton Dickinson).
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Xenograft Model

For the xenograft model of MHCC97H cells, 2� 106MHCC97H cells
were subcutaneously injected into a single flank of each mouse (12
mice in total). Two weeks later, mice with palpable tumors were
randomly divided into two groups (six mice per group), and
50 nmol of cholesterol-conjugated si-NC or si-circTMEM45A was in-
tratumorally injected into the two groups three times per week for
2 weeks. Tumor growth was examined every 4 days. After mice
were sacrificed, tumors were weighed and processed for further histo-
logical analysis. Tumor volume (V) was calculated as follows: V =
(length � width2)/2. All animal experiments were performed under
approval by the Experimental Animal Care Commission of Harbin
Medical University Cancer Hospital.

For the xenograft model of Hep3B cells, 6-week-old male BALB/c
nude mice were housed under standard conditions and cared for
according to protocols. 2 � 106 Hep3B cells with a circTMEM45A
overexpressed vector or control vector were suspended in 200 mL
serum-free RPMI 1640 and subcutaneously injected into the
right flank of each mouse. The volumes of tumors were measured
from 14 days after injecting. After 31 days the mice were sacrificed.

IHC

IHC analysis was performed under the manufacturer’s instructions.
Briefly, the slides were incubated with primary antibodies overnight
at 4�C and then incubated with secondary antibodies at room tem-
perature for 2 h. The expression was evaluated using a composite
score obtained by multiplying the values of staining intensities
(0, no staining; 1, weak staining; 2, moderate staining; 3, strong
staining) and the percentage of positive cells (0, 0%; 1, <10%; 2,
10%–50%; 3, >50%).

RIP

The EZ-Magna RIP kit (Millipore) was used following the manufac-
turer’s protocol. Lung adenocarcinoma cells were lysed in complete
RIP lysis buffer, and the cell extract was incubated with magnetic
beads conjugated with anti-argonaute 2 (AGO2) or control anti-
IgG antibody (Millipore) for 6 h at 4�C. The beads were washed
and incubated with proteinase K to remove proteins. Finally, purified
RNA was subjected to quantitative real-time PCR analysis.

Biotin-Coupled miRNA Capture

Briefly, the 30 end biotinylated miR-RNA mimic or control biotin-
RNA (RiboBio) was transfected into cells at a final concentration of
20 nmol/L for 1 day. The biotin-coupled RNA complex was pulled
down by incubating the cell lysate with streptavidin-coated mag-
netic beads (Ambion, Life Technologies). The abundance of
circRNA in bound fractions was evaluated by quantitative real-
time PCR analysis.

Luciferase Reporter Assay

The circTMEM45AWT with potential miR-665 binding sites or mu-
tants of each site, as well as the IGF2 promoter region sequence sites,
was amplified and cloned into the psi-CHECK-2 vector (Promega,
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Madison, WI, USA). Then, cells were co-transfected with luciferase
plasmids and miR-665 or control miRNA. After a 48-h transfection,
the luciferase activities of firefly and Renilla were measured with a
Dual-Luciferase reporter assay system (Promega).

Plasma Exosome Isolation

First, the samples were centrifuged twice at 3,000 � g and 10,000 � g
for 20 min at room temperature to remove cells and other debris in
the plasma. The supernatants were then centrifuged at 100,000 � g
for 30 min at 4�C to remove microvesicles that were larger than exo-
somes, harvested, and again centrifuged at 10,000 � g for 70 min at
4�C. Subsequently, the supernatants were gently decanted, and the
exosome sediments were re-suspended in PBS. The concentration
of exosomes was determined using the bicinchoninic acid (BCA)
method as recommended by the manufacturer (Thermo Scientific,
USA).

TEM

The exosome suspension was diluted to 0.5 mg/mL with PBS, and
then spotted onto a glow-discharged copper grid placed on a filter
paper and dried for 10 min by exposure to infrared light. Next, the
exosome samples were stained with one drop of phosphotungstic
acid (1% aqueous solution) for 5 min and dried for 20 min by expo-
sure to infrared light. Finally, the exosomes were visualized under a
transmission electron microscope (HT7700, Hitachi, Tokyo, Japan)
at 100 keV.

NTA

Briefly, the exosomes were resuspended in PBS and filtered with a sy-
ringe filter (Millipore). Then, the samples were diluted until individ-
ual nanoparticles could be tracked. The size distribution of the
exosomes was evaluated using a NanoSight NS300 instrument (Mal-
vern Instruments, Worcestershire, UK).

Western Blot

Total proteins were extracted from cells or exosome samples using
lysis buffer. Each sample was loaded onto a 12% sodium dodecyl
sulfate-polyacrylamide gel and then transferred to a polyvinylidene
fluoride membrane (Roche, Mannheim, Germany). These mem-
branes were immersed in 2% bovine serum albumin at room
temperature for 1 h and incubated with the following primary anti-
bodies: anti-CD63 (1:2,000, Abcam, Cambridge, UK), anti-TSG101
(1:1,000, Abcam, Cambridge, UK), anti-HSP70 (1:1,000, Abcam,
Cambridge, UK), and anti-IGF2 (1:2,000, Abcam, Cambridge, UK)
followed by subsequent incubation with appropriate secondary anti-
bodies after washing with PBS. Immunoblotting reagents from an
electrochemiluminescence kit were used (Amersham Biosciences,
Uppsala, Sweden).

Statistical Analysis

Results are presented expressed as mean ± SD (standard deviation). A
Student’s t test was performed to measure the difference between two
group, and differences between more than two groups were assessed
using one-way ANOVA. p <0.05 was considered significant.
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