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Purpose: This study aimed to investigate the functions of the circular RNA circMYLK 
(hsa_circ_0002768) in the development of hepatocellular carcinoma (HCC) and to identify 
the underlying mechanisms of the circMYLK/miR29a/KMT5C axis.
Materials and Methods: Quantitative real-time polymerase chain reaction (qRT-PCR) was 
utilized to explore the expressions of circMYLK, miR-29a and KMT5C in HCC tissues and 
cells. A potential miRNA (miR-29a) regulated by circMYLK was also explored, and the 
target relationship between miR-29a and KMT5C was confirmed. FISH, qRT-PCR, Western 
blotting, and dual-luciferase reporter assays were used to examine the circMYLK/miR29a/ 
KMT5C signaling pathways involved in HCC development. Additionally, HCC cells were 
implanted into nude mice subcutaneously to test the role of circMYLK in tumor growth.
Results: circMYLK was determined to be significantly upregulated in HCC tissues and 
cells. Suppression of circMYLK repressed HCC cell proliferation, migration, and invasion 
while increasing apoptosis. In addition, FISH, qRT-PCR, and Western blotting, as well as 
dual-luciferase reporter assays, revealed that circMYLK could bind to miR-29a. In rescue 
experiments, miR-29a had the potential to eliminate the inhibitory effect of circMYLK 
knockdown in HCC. Moreover, miR-29a was found to target the KMT5C gene, which was 
positively regulated by circMYLK. Finally, a nude mouse tumorigenicity assay showed that 
injection of circMYLK siRNA into nude mice drastically suppressed xenograft tumor 
formation in vivo.
Conclusion: Our current study demonstrated that circMYLK promotes HCC progression by 
acting as a competing endogenous RNA of miR-29a, which regulates the downstream 
oncogene KMT5C.
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Introduction
Hepatocellular carcinoma (HCC) is a common malignant gastrointestinal cancer 
and ranks fifth in terms of global cases and second in terms of deaths for males.1 

The prognosis of HCC is unfavorable, and HCC often presents at a high recurrence 
rate due to the high frequency of intrahepatic and extrahepatic metastases.2 Despite 
many different known therapeutic interventions, including chemotherapy and sur-
gery, the clinical efficacy and prognosis of treatments are not high.1,3,4 Therefore, 
elucidating the molecular mechanisms that drive HCC development is a necessity 
and is crucial for the development of better strategies and therapeutic methods for 
this disease.
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Circular RNAs (circRNAs) are noncoding RNAs with 
a continuous closed loop structure due to the joining of 
their 5′ and 3′ RNA ends in a covalent manner.5 CircRNAs 
are tissue-specific, conserved, abundant, and normally 
stable.6 Multiple circRNAs have been found to be abnor-
mally expressed in tumor tissues and participate in cancer 
progression and metastasis.7,8 Recent studies have shown 
that circRNAs can regulate gene expression by acting as 
microRNA (miRNA) sponges, transcription regulators, 
and even RNA-binding protein sequestering agents.9 

However, it is well known that the ceRNA system repre-
sents the main means through which circRNAs achieve 
their biological functions. For example, CircFAT1 pro-
motes invasion and tumorigenesis of osteosarcoma via 
sequestration of miR-375.10 Hsa_circ_001783 regulates 
breast cancer by modulating miR-200c, ZEB1/2 or 
ETS1.11 CircSMARCA5 acts as a potential biomarker in 
the diagnosis of glioblastoma multiforme.12 CircMTO1 
promotes HCC proliferation, invasion and metastasis by 
directly targeting miR-9.13 Moreover, a recent study indi-
cated that circMYLK is upregulated in HCC.14 

Interestingly, through bioinformatics analysis, we found 
that circMYLK may specifically bind to miR-29a in 
HCC. miRNAs are non-coding small RNAs that can bind 
to the 3ʹUTR of an mRNA, thereby inhibiting the transla-
tion of this mRNA or reducing its stability.15,16 Studies 
have shown that various miRNAs play a vital role in the 
progression of HCC by regulating cell proliferation, inva-
sion, and apoptosis.17,18 Our previous study indicated that 
miR-29a was down-regulated in HCC and further revealed 
that miR-29a could repress HCC cell growth and 
invasion.19 Moreover, bioinformatics analysis found that 
Histone lysine N methyltransferase 5C (KMT5C) was 
a target gene of miR-29a. Studies have demonstrated that 
KMT5C plays an important role in human cancer and is 
correlated with the progression of gastrointestinal 
tumors.20 Based on these studies, we have explored here 
the potential effects of circMYLK in HCC development 
and examined whether circMYLK affects HCC progres-
sion through the miR29a/KMT5C signaling pathway.

Materials and Methods
Clinical Samples
The Institutional Ethics Committee of the Second 
Affiliated Hospital of Nanchang University in China 
approved all the experiments that involved the use of 
humans as subjects. All experiments were conducted in 

accordance with the Helsinki Declaration of 1964. All 
patients received and signed a written informed consent 
prior to participation. Tumor tissues and associated para-
cancerous tissue specimens were collected from 60 HCC 
patients who underwent surgical treatment at the Second 
Affiliated Hospital of Nanchang University between the 
years 2015 and 2017. All samples were pathologically 
confirmed, and the patients did not undergo immunother-
apy, chemotherapy, or radiotherapy before surgery. After 
collection, the samples were immediately preserved in 
liquid nitrogen at −80°C. Clinical data for the patients 
are summarized in Supplementary Table S1.

Cell Culture
HCC cell lines (MHCC-97H, HCC-LM3) and the human 
normal liver cell line HL-7702 were procured from the 
Shanghai Institute of Cell Biology (Shanghai, China). 
Cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM) containing 10% of fetal bovine serum (FBS) 
[Biological Industries, Israel] and maintained in an incu-
bator with 5% CO2 at 37°C.

Cell Transfection
MHCC-97H and HCC-LM3 cell lines were transfected 
with corresponding plasmids and microRNA inhibitors 
(RiboBio, Guangzhou, China) using Lipofectamine 3000 
(Invitrogen, Thermo Fisher Scientific, Inc., USA) accord-
ing to the manufacturer’s protocol. The cells were har-
vested for further evaluation 48 hours post-transfection. 
The siRNA sequences used are listed in Supplementary 
Table S2.

qRT-PCR and Western Blotting
Quantitative RT-PCR was conducted following methods 
described previously.19 The 2−ΔΔCt method was used for 
the calculation of relative mRNA levels. Primers for U6, 
circMYLK, miR-29a, and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) were synthesized by RiboBio 
(Primer sequences for qRT-PCR are shown in 
Supplementary Table S3). For Western blotting, cells 
were treated with radioimmunoprecipitation assay buffer 
(RIPA) [Solarbio, Beijing, China], and cell lysates were 
separated via 10% SDS-PAGE. Blocking was performed 
using 5% Difco™ Skim Milk, and membranes were sub-
sequently incubated with primary antibodies (targeting 
KMT5C or GAPDH; Abcam). Finally, horseradish perox-
idase-conjugated secondary antibody (TransGen Biotech, 
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Beijing, China) was added, and protein levels were nor-
malized to total GAPDH levels.

Cell Proliferation Assay
A CCK8 kit was used for the analysis of cell viability. 
Briefly, transfected cells (5×103 cells/well) were seeded 
into 96-well plates and cultured in complete medium for 
different times. Cells were then prepared using CCK8 
reagents (Dojindo Molecular Technologies, Tokyo, 
Japan), and their density was measured after different 
times using a microplate reader (ELx808) at an absorbance 
of 450 nm.

Cell Wound Healing Assay
The cell migration ability was evaluated by seeding 
MHCC-97H and HCC-LM3 cells in 6-well plates, fol-
lowed by incubation at 37°C in DMEM supplemented 
with 10% FBS. After cells reached 90–100% confluence, 
a 200-μL pipette tip was used to generate small artificial 
wounds over the cell surface. The cell debris was washed 
three times with phosphate-buffered saline (PBS), and then 
the cells were cultured in fresh medium for 24 hours. After 
that, micrographs of cell migration areas were captured 
and wound areas were compared.

Transwell Assay
Transwell chambers (Corning Inc., Corning, USA) with 
8-μm pores were used to assess the migration and invasion 
abilities of cells. The cells were reconstituted in a serum- 
free medium and then added to the upper chamber in the 
presence or absence of Matrigel 24 hours post- 
transfection. The lower chambers were filled with 10% 
FBS-containing medium, and then the cells were cultured 
for 24 hours. Cells from the top chamber were harvested 
and fixed in polyoxymethylene, followed by staining with 
0.1% crystal violet. Examination and counting of the cells 
was conducted using a microscope.

Flow Cytometry Analysis
Cell apoptosis was assessed via flow cytometry according 
to the manufacturer’s instructions. To achieve this, cells 
were first dissociated with trypsin and then collected and 
washed twice with PBS. Next, the cells were stained with 
5 µL of Annexin V-FITC and 5 µL of a Propidium Iodide 
(PI) solution and incubated in the dark at room tempera-
ture. Subsequently, the cell apoptosis rate was analyzed 
using a flow cytometer (BD Biosciences).

5-Ethynyl-2′-Deoxyuridine (EdU) Assay
The rate of cell proliferation was determined using an EdU 
test (RiboBio), which was performed via fluorescence- 
activated cell sorting.

Tumorigenicity Assay
In vivo tumorigenicity tests were performed by suspending 
HCC-LM3 cells (1x106 cells/100 μL) in phosphate-buffered 
saline. The cells were subsequently injected (subcutaneously) 
into the right flank of 6-week-old nude mice. A caliper was 
used to measure the tumor size at three-day intervals based on 
the following formula: Tumor volume = (shortest diameter 
2 × longest diameter)/2. After five weeks, all the nude mice 
were euthanized, and the tumors were extracted and weighed. 
To confirm lung metastasis, 1×106 cells/100 μL PBS were 
injected into nude mice through the tail vein. The mice were 
then sacrificed after four weeks, and the lungs were processed 
and embedded in paraffin. All animal experiment procedures 
were carried out following the ethical standards under 
a protocol approved by the Animal Experimental Ethics 
Committee of the Second Affiliated Hospital of Nanchang 
University, and were executed conforming to the “Guide for 
the Care and Use of Laboratory Animals” (revised 1985).

Luciferase Reporter Assay
Dual-luciferase reporter gene assays were performed to 
determine the binding sites of circMYLK and miR-29a and 
between miR-29a and the 3′-UTR of KMT5C. RiboBio 
designed the mutant-type MYLK (Mut-circMYLK) and 
wild-type circMYLK (Wt-MYLK) vectors. Using 
Lipofectamine 3000, 293T cells were co-transfected with 
a mimic control or miR-29a mimic. Luciferase activity was 
determined using a Dual-Luciferase Assay System 
(Promega Corp., Madison, WI, USA) 48 hours post trans-
fection. Furthermore, the effect of miR-29a expression on 
the luciferase activity of the 3′-UTR of KMT5C was deter-
mined as described above, and the relative luciferase activity 
was standardized to that of Renilla luciferase.

Fluorescence in situ Hybridization (FISH)
Fluorescence in situ hybridization (FISH) experiments were 
conducted using a Cy5-labeled probe (5ʹ-DIG-ACATCCCC 
CATGGTCTTCTACTGTCAACT-3ʹ) to examine the expres-
sion of circMYLK and a Cy3-labeled probe (5ʹ-DIG-TA 
ACCGATTTCAGATGGTGCTA-3ʹ) to examine miR-29a 
expression. After prehybridization (1×PBS/0.5% Triton 
X-100), samples were hybridized in hybridization buffer 
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(1000 mg/mL sheared salmon sperm DNA, 1000 mg/mL 
yeast transfer RNA, 10 mM DDT, 4×SSC, 1×Denhardt’s 
solution, 10% dextran sulfate, and 40% formamide) with 
specific probes at 60°C overnight and then imaged.

Hematoxylin and Eosin (H&E) Staining, 
Immunohistochemistry, and 
Immunofluorescence Assays
After specimens were fixed with 10% formalin, they were 
embedded in paraffin blocks and sectioned. Subsequently, 
some sections were deparaffinized and stained with H&E 
(Hematoxylin and Eosin) for morphological examination, 
whereas others were immunostained. For immunohisto-
chemistry and immunofluorescence assays, after being 
dewaxed, dehydrated, and rehydrated, the sections were 
treated with 5 μg/mL anti-KMT5C antibody (ab91224; 
Abcam) overnight at 4°C. Then, a biotinylated secondary 
antibody (TransGen Biotech, Beijing, China) was applied 
based on an SP-IHC assay. All experiments were per-
formed according to the methods described previously.21

Statistical Analyses
Data were analyzed using GraphPad Prism 7.0 (San Diego, 
CA) and SPSS 22.0 (SPSS, Inc., Chicago, IL) software. 
Measurement data are reported as the mean ± the standard 
deviation. A Student’s t-test was used to compare the means of 
two groups, whereas analysis of variance (ANOVA) was used 
to compare the means of three or more groups. A comparison 
with P < 0.05 was considered statistically significant.

Results
circMYLK Overexpressed in HCC 
Tissues and Cell Lines
To assess the expression levels and functions of 
circMYLK in HCC, 60 HCC specimens and adjacent non- 
tumor tissues were analyzed via qRT-PCR. The results 
indicated that circMYLK expression was significantly 
higher in HCC tissues compared to paired normal speci-
mens (Figure 1A). Similarly, qRT-PCR revealed that the 
expression of circMYLK in four HCC cell lines (HepG2, 
PLC, MHCC-97H, HCC-LM3) was higher than the human 
normal liver cell line HL-7702, and the two HCC cell lines 
with the highest expression of circMYLK were selected 
for follow-up experiments (Figure 1B). In addition, 
a dose–response experiment was conducted to determine 
the amount of RNA circMYLK that could achieve the 
maximum effect, and we then used this optimal dose to 

transfect liver cancer cells (Supplementary Figure 1A–B). 
Next, we conducted a FISH experiment, which also 
revealed that circMYLK was overexpressed in HCC tis-
sues relative to non-tumor samples (Figure 1C; 
Supplementary Figure 1C). In addition, the expression of 
circMYLK was closely associated with clinical features, 
including tumor size, differentiation, and tumor-node- 
metastasis classification (Supplementary Table S1). 
Finally, a Kaplan-Meier survival curve was plotted based 
on each patient’s follow-up situation, which showed that 
elevated circMYLK expression was related to poor overall 
survival rate in HCC patients (Figure 1D). Generally 
speaking, then, circMYLK was overexpressed in HCC 
tissue samples and cell lines.

circMYLK Promotes the Development 
and Progression of HCC
The effects of circMYLK on HCC cell proliferation, 
migration, invasion, and apoptosis were next determined 
by transfecting HCC cell lines with circMYLK siRNA (si- 
circMYLK) or a circMYLK overexpression vector 
(p-circMYLK). Subsequently, qRT-PCR was performed 
48 hours post transfection to assess the transfection effi-
ciency of p-circMYLK and si-circMYLK in HCC cell lines 
(Figure 2A and B). CCK8 and EdU assays showed that 
silencing of circMYLK led to a significant inhibition of 
cell viability and proliferation, whereas circMYLK over-
expression significantly promoted cell viability and prolif-
eration (Figure 2C–F). Flow cytometry indicated that the 
apoptotic rate increased with suppression of circMYLK, 
while the apoptotic rate decreased with circMYLK over-
expression (Figure 2G–H). Wound healing and transwell 
assays demonstrated that circMYLK knockdown hindered 
HCC cell migration and invasion, while circMYLK over-
expression promoted HCC cell migration and invasion 
(Figure 2I–L). These results revealed that circMYLK was 
involved in and facilitated the progression of HCC.

circMYLK Specifically Binds to miR-29a
According to miRbase, there was a miR-29a seed region 
within the circMYLK complementary sequence (Figure 3A). 
Subsequently, qRT-PCR results from 60 pairs of HCC tissues 
and adjacent normal tissues demonstrated that miR-29a 
expression was downregulated in HCC tissues (Figure 3B). 
Correlation analysis revealed that there was a significant nega-
tive correlation between miR-29a and circMYLK (Figure 3C). 
Dual luciferase reporter gene assays indicated that circMYLK 
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(WT) was blocked by a miR-29a mimic, whereas no similar 
reduction in luciferase activity was observed with the 
circMYLK 3′-UTR after mimic NC treatment, suggesting 
that circMYLK could competitively bind to miR-29a 
(Figure 3D). Additionally, FISH analysis revealed that 
circMYLK and miR-29a were colocalized in the cytoplasm 
of HCC cells (Figure 3E). qRT-PCR results showed that in 
both cell lines, circMYLK knockdown led to a significant 
increase in miR-29a expression, while circMYLK overexpres-
sion displayed the exact opposite phenotype (Supplementary 
Figure 2A). Next, we performed qRT-PCR to verify the trans-
fection efficiency of our miR-29a inhibitor in MHCC-97H and 
HCC-LM3 cell lines. MiR-29a expression was significantly 
reduced in both cell lines, indicating that it had good transfec-
tion efficiency (Supplementary Figure 2B). To determine 
whether circMYLK promoted HCC progression via interac-
tion with miR-29a, rescue experiments were conducted by co- 
transfection with a miR-29a inhibitor and circMYLK siRNA. 
Edu assays indicated that the si-circMYLK+miR29a inhibitor 

group showed a higher growth rate than the si-circMYLK 
group, and no apparent differences were observed in compar-
ison to the si-NC group (Figure 3F). In addition, compared 
with the si-NC group, anoikis in the si-circMYLK+miR-29a 
inhibitor group was not significantly different (Figure 3G). 
Wound healing, migration, and invasion assays revealed that 
HCC cells in the si-circMYLK+miR-29a inhibitor group 
exhibited faster migration and greater invasion ability than 
those in the si-circMYLK group, and no apparent differences 
were observed in comparison with the si-NC group 
(Figure 3H–I; Supplementary Figure 2C). Thus, the results 
demonstrated that circMYLK can specifically bind to 
miR-29a.

circMYLK Regulates KMT5C Expression 
via miR-29a
The downstream target genes of miR-29a were predicted 
using three ellipses: TargetScan, microT, and Pictar, and the 

Figure 1 circMYLK expression upregulated in HCC tissues and HCC cell lines. (A) qRT-PCR was performed to evaluate the expression of circMYLK in 60 HCC tissues and 
adjacent normal samples. (B) Relative expression of circMYLK in the human normal liver cell line HL-7702 and the HCC cell lines by qRT-PCR. (C) FISH was used to detect 
the expression levels of circMYLK in HCC tissues. (D) Kaplan-Meier survival curve showing that elevated circMYLK is correlated with low survival rates. *P < 0.05, 
compared with normal tissues or HL-7702 cells.
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results are presented in a Venn diagram. Target genes were 
found in the intersection of the three databases (Figure 4A). It 
is worth noting that because KMT5C is related to the metas-
tasis of digestive tract cancer,20 and its function in HCC 
remains unclear, it was selected for further analysis. As per 
the TCGA database, date obtained demonstrated that KMT5C 

was highly expressed in HCC (Figure 4B). Subsequently, we 
conducted a dual luciferase reporter gene assay to confirm the 
regulatory relationship between miR-29a and KMT5C. Our 
results showed that miR-29a mimics could reduce the luci-
ferase activities of the wild-type KMT5C reporter vector 
(KMT5C-WT) rather than a mutant KMT5C reporter vector 

Figure 2 circMYLK promotes HCC cell migration, invasion, and proliferation while attenuating apoptosis. (A–B) qRT-PCR was carried out to detect the transfection 
efficiency of si-circMYLK and p-circMYLK in the MHCC-97H and HCC-LM3 cell lines. Both showed successful transfection. (C–D) The effect of si-circMYLK and 
p-circMYLK on the proliferation of HCC cell lines as examined by CCK-8 assays. (E–F) EdU assays for the assessment of cell proliferation ability. (G–H) Flow cytometry 
assessment of apoptosis levels in HCC cells. (I–J) Wound healing assay for evaluating the HCC cell migration capacity following transfection. (K–L) Transwell assays were 
performed to detect the migration and invasion ability of HCC cells from each group. *P < 0.05 compared with a blank group.
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(KMT5C-MUT), indicating that KMT5C was the target gene 
of miR-29a (Figure 4C). Additionally,   immunofluorescence 
assay revealed that KMT5C was overexpressed in HCC 

tissues (Figure 4D; Supplementary Figure 3A). Moreover, 
a total of 60 HCC specimens and adjacent non-tumor tissues 
were subjected to qRT-PCR, and the results indicated 

Figure 3 Targeting the relationship between circMYLK and miR-29a. (A) Schematic representation of putative binding sites between circMYLK and miR-29a predicted by 
miRbase. (B) Relative expression of miR-29a determined by qRT-PCR in HCC tissues and adjacent normal samples. (C) Correlation analysis between miR-29a and circMYLK. 
(D) Relative luciferase activities of circMYLK-WT or circMYLK-Mut analyzed in HEK-293T cells after co-transfection with miR-29a or miR-NC. (E) FISH revealed circMYLK 
and miR-29a were colocalized in the cytoplasm of HCC cells. (F) EdU assay results showed a positive growth rate in the group with knockdown of both miR-29a and 
circMYLK compared with the si-circMYLK group. (G) Anoikis cells were decreased after co-transfection of MHCC-97H and HCC-LM3 cells with miR-29a inhibitor and 
circMYLK siRNA. (H–I) Wound healing, migration, and invasion assays indicate that HCC cells co-transfected with miR-29a inhibitor and si-circMYLK exhibit improved 
migration and invasion abilities compared with the si-circMYLK group. *P < 0.05.
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increased expression levels of KMT5C mRNA in HCC tis-
sues (Figure 4E). Next, Western blot analysis was carried out 
to detect the protein expression levels of KMT5C in a human 
normal liver cell line and two HCC cell lines. Not surpris-
ingly, the results revealed that the KMT5C protein expression 
levels in HCC cell lines were higher than that in our human 
normal liver cell line (Supplementary Figure 3B). Correlation 
analysis showed that KMT5C was negatively correlated with 
miR-29a expression (Figure 4F). In addition, there was 
a remarkable positive correlation between KMT5C and 
circMYLK expression in HCC (Figure 4G). Finally, 
Western blot analysis was used to assess changes in 
KMT5C protein quantity after circMYLK knockdown or 

a reduction in miR-29a expression, and the results indicated 
that a miR-29a inhibitor increased the elevation of KMT5C 
protein, while si-circMYLK decreased the KMT5C protein 
level through a sponge effect on miR-29a (Figure 4H). The 
obtained findings indicated that circMYLK regulated 
KMT5C expression via miR-29a.

Role of KMT5C and miR-29a in HCC 
Progression Stimulated by circMYLK
We next turned to explore how circMYLK exerts its biolo-
gical function in HCC. Si-KMT5C, miR-29a inhibitor and 
p-circMYLK were transfected into HCC cell lines, and we 

Figure 4 circMYLK regulates KMT5C expression via miR-29a. (A) Target genes of miR-29a were revealed via Venn diagram analysis of three groups: TargetScan, microT, and Pictar. (B) Relative 
expression of KMT5C in HCC according to TCGA. The abscissa indicates sample type, while the ordinate indicates gene expression. The box plot on the left represents KMT5C expression in 
HCC samples, while that on the right represents KMT5C expression in normal samples. (C) Dual-luciferase reporter gene assay revealing that miR-29a mimic reduced the luciferase activity of the 
KMT5C-WT reporter vector but not that of the KMT5C-Mut vector, indicating that KMT5C is a miR-29a target gene. (D) Protein level of KMT5C in HCC tissues as determined by 
immunofluorescence assay. (E) qRT-PCR was used to evaluate the mRNA expression of KMT5C in 60 HCC tissues and adjacent normal samples. (F) Correlation analysis of miR-29a and KMT5C 
in HCC tissues. (G) The correlation analysis of circMYLK and KMT5C in HCC tissues. (H) The effect of circMYLK and miR-29a on the expression of KMT5C via Western blot. miR-29a inhibitors 
increase the level of KMT5C protein, while si-circMYLK down-regulates KMT5C protein levels by harboring the same miRNA, miR-29a. *P < 0.05.
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then divided the cells into five transfection groups: Blank, si- 
KMT5C, miR-29a inhibitor, si-KMT5C+miR-29a inhibitor, 
and si-KMT5C+p-circMYLK. Moreover, the expression of 
KMT5C was examined through qRT-PCR experiments. In 
cells transfected with miR-29a inhibitors, or p-circMYLK, 
the mRNA level of KMT5C was upregulated in MHCC-97H 
and HCC-LM3 cells (Figure 5A). Wound healing assays 
showed that silencing of KMT5C significantly inhibited 
cell migration in HCC cell lines, whereas a miR-29a inhibitor 
enhanced cell migration and weakened the inhibitory effect 
of si-KMT5C on cell migration. In addition, upregulation of 

circMYLK eliminated the inhibitory effect of si-KMT5C on 
cell migration (Figure 5B; Supplementary Figure 4A). Flow 
cytometry results showed that si-KMT5C increased the 
apoptotic rate of HCC cells, while miR-29a inhibitor resulted 
in decreased apoptosis. In addition, miR-29a inhibitor elimi-
nated the role of si-KMT5C in HCC cells and decreased the 
level of cell apoptosis. Up-regulation of circMYLK in HCC 
cells further abolished the role of si-KMT5C on cell apopto-
sis (Figure 5C; Supplementary Figure 4B). EdU assays 
demonstrated that HCC cell growth was significantly 
reduced in this si-KMT5C group, while the miR-29a 

Figure 5 miR-29a inhibitor abolishes the effect of KMT5C silencing on HCC growth. (A) Relative KMT5C mRNA expression in HCC cells in each group. (B) Wound healing 
assays show the migration ability of HCC-LM3 and MHCC-97H cells in each group. (C) Flow cytometry reveals the rates of apoptosis in HCC cells in each group. (D) EdU 
proliferation assay demonstrates the HCC cell growth in each group. (E–F) Migration and invasion assays indicated the migration and invasion abilities of MHCC-97H and 
HCC-LM3 cells in each group. *P < 0.05 compared with a Blank group.
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inhibitor group showed increased cell proliferation. miR-29a 
inhibitor restrained the effect of si-KMT5C on cell prolifera-
tion. Moreover, overexpression of circMYLK in HCC cells 
eliminated the effect of si-KMT5C on cell proliferation 
(Figure 5D; Supplementary Figure 4C). Finally, migration 
and invasion assays yielded the same results, based on the 
number of migratory and invasive cells (Figure 5E–F; 
Supplementary Figure 4D). Thus, our study results revealed 
that circMYLK competitively combines with miR-29a to 
upregulate the expression of KMT5C to promote HCC 
progression.

circMYLK Knockdown Suppresses the 
Tumorigenicity of HCC Cells in vivo
The effect of circMYLK in vivo was determined by stably 
transducing HCC-LM3 cells with negative control (si-NC) 
and si-circMYLK, followed by subcutaneous administration 
in nude mice. The results show that injection of si-circMYLK 
into mice drastically repressed the tumorigenicity of HCC 
cells (Figure 6A–B). Evaluation of tumor growth 35 days 
after administration showed that si-circMYLK diminished 
the average tumor weight relative to negative controls 

(Figure 6C). qRT-PCR analysis further revealed that 
circMYLK expression in tumors from the group adminis-
tered si-circMYLK was significantly reduced compared to 
that in NC group tumors (Figure 6D). Moreover, immuno-
histochemical staining demonstrated that si-circMYLK 
reduced KMT5C expression in nude mouse tumor tissues 
(Figure 6E). In addition, si-circMYLK decreased lung metas-
tasis in nude mice relative to mice in the control group 
(Figure 6F). These results show that silencing of 
circMYLK reduced KMT5C expression and suppresses 
xenograft tumor formation in vivo.

Discussion
HCC is one of the most common malignant tumors through-
out the world.22 There are few noticeable symptoms in the 
early stages of HCC. When symptoms emerge, patients are 
often already at an advanced disease stage and thus have 
lost the opportunity for radical surgery.23 In addition, HCC 
is not very sensitive to radiotherapy or chemotherapy and 
has a poor prognosis.24 If the pathogenesis of HCC can be 
elucidated, a great progress can be made in liver cancer 
treatment. Our current study aimed to identify the role of 
circMYLK in regulating miR-29a and KMT5C in HCC 

Figure 6 Down-regulation of circMYLK inhibits xenograft tumor formation in nude mice. (A) Tumors were dissected and photographed 35 days after administration. (B–C) 
Weights and volumes of tumors from nude mice injected with HCC-LM3 cells transfected with si-NC or si-circMYLK. (D–E) qRT-PCR and immunohistochemistry analysis of 
si-circMYLK and si-NC mouse group xenografts. (F) Images of H&E–stained lung tissues derived from negative control and si-circMYLK cells depicted on the left. The rate of 
lung metastasis in nude mice is provided on the right. *P < 0.05 compared with the si-NC group.
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progression. In general, our study revealed that suppression 
of circMYLK upregulated miR-29a to repress HCC cell 
proliferation, migration, and invasion abilities and pro-
moted apoptosis through the inhibition of KMT5C in HCC.

circMYLK, derived from the MYLK gene, is among 
several circRNAs that have been implicated in malignant 
tumor development.25,26 Previous studies have revealed 
that circMYLK is upregulated and plays key roles in 
some solid tumors, such as bladder cancer and prostate 
cancers.25,27 The initial results obtained from our current 
study indicated that circMYLK was highly expressed in 
HCC specimens and cell lines and was related to the 
clinical features of HCC. With regard to function, upregu-
lation of circMYLK enhanced HCC cell migration, prolif-
eration, and invasion and subsequently inhibited apoptosis 
as evidenced by cell functional tests. Studies have reported 
that circRNAs acting as competing endogenous RNAs for 
miRNAs are a prime example of a cancer development 
mechanism. circRNAs are ncRNAs with closed-loop 
structures28 and are widely involved in carcinogenesis 
and cancer progression, including in HCC.29,30 For 
instance, Liu et al10 reported that CircFAT1 is anomalously 
transcribed in osteosarcoma cell lines and tissues and is 
closely related to cell metastasis and invasion in osteosar-
coma. In addition, Han et al13 demonstrated that 
circMTO1 was an ideal biomarker in HCC through the 
regulation of miR-9. Similarly, Yu et al31 reported that 

circ-cSMARCA5 was a competing endogenous RNA of 
miR-17-3P and miR-181b-5p, thereby greatly decreasing 
HCC cell migration and proliferation. The results of the 
current study demonstrated that circMYLK influenced 
KMT5C levels through miR-29a, indicating that 
circMYLK was an oncogene involved in HCC pathogen-
esis and development.

Another significant finding of the present study was that 
circMYLK functioned as a ceRNA to regulate KMT5C via 
sequestration of miR-29a in HCC. Various studies have 
reported that miR-29a is intensively involved in different 
types of tumors, including breast cancer32 and Burkitt 
lymphoma,33 as well as some solid tumors.34,35 In addition, 
other reports have also indicated aberrant function and 
expression of miR-29a in HCC. For instance, Mahati et al36 

showed that miR-29a was decreased in HCC and functioned 
as a tumor suppressor by inhibiting HCC cell migration and 
growth through regulation of CLDN1. Similarly, Xu et al37 

demonstrated that miR-29a acts as a tumor suppressor gene 
in metastatic HCC through regulation of SPARC. Our pre-
vious studies have shown that miR-29a reduced migration, 
proliferation and invasion of HCC via IFITM3.19 This was 
corroborated by the findings of the current study, which 
showed that miR-29a inhibited HCC progression by inhibit-
ing KMT5C. Histone lysine N methyltransferase 5C 
(KMT5C), also referred to as suppressor of variegation 
4–20 homolog 2 (SUV420H2), plays an important role in 

Figure 7 The proposed mechanism of circMYLK as a ceRNA for miR-29a regulation of KMT5C expression in HCC tissues. In HCC cells, circMYLK competitively interacts 
with miR-29a to prevent miR-29a from inhibiting KMT5C expression, thus upregulating the expression of KMT5C to inhibit apoptosis and promote HCC migration and 
invasion.
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human cancer and is highly associated with invasive 
activity.38 A number of studies have demonstrated the role 
played by KMT5C in tumorigenicity using both in vitro and 
in vivo assays. In human pancreatic cancer, it was shown 
that KMT5C was highly expressed in tumor tissues com-
pared with adjacent normal tissues.20 Furthermore, the epi-
genetic orchestrator activity of KMT5C is fundamental to 
pancreatic cancer development because it maintains epithe-
lial/mesenchymal cell states.39 Apart from this, KMT5C is 
known to exert a vital impact on the motility and invasive-
ness of breast cancer cells, further emphasizing its potential 
as a target for breast cancer therapy.40 Our findings further 
indicate that circMYLK rescued miR-29a-induced suppres-
sion of the KMT5C gene. Thus, it is reasonable to conclude 
that circMYLK promotes HCC progression through the 
miR29a/KMT5C signaling pathway.

In conclusion, the current study suggests that circMYLK 
is upregulated in HCC tissues and cell lines. Suppression of 
circMYLK restores miR-29a to repress HCC cell prolifera-
tion, migration, and invasion while increasing apoptosis via 
down-regulation of KMT5C levels (Figure 7), suggesting 
that the circMYLK/miR-29a/KMT5C axis has potential as 
a treatment target for HCC and should be explored. 
However, further research is needed in other HCC cell 
lines to understand the regulatory mechanisms underlying 
the occurrence and development of HCC.
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