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Background: Paclitaxel is an effective chemotherapeutic agent for the treatment of cancer 
patients. Accumulating evidence suggests that circular RNAs (circRNAs) play critical roles 
in the occurrence and development of human cancers. However, there are few studies on 
interactions between paclitaxel and circRNAs in hepatocellular carcinoma (HCC).
Materials and Methods: Cell counting kit-8 (CCK-8) assay and colony formation assay were 
conducted to determine cell proliferation. Cell apoptosis was assessed by flow cytometry. The 
expression levels of circRNA baculoviral IAP repeat-containing 6 (circ-BIRC6), microRNA- 
877-5p (miR-877-5p), and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, zeta (YWHAZ) were detected by quantitative real-time polymerase chain reaction (qRT- 
PCR). The mice xenograft model was established to investigate the roles of circ-BIRC6 and 
paclitaxel in vivo. The interaction between miR-877-5p and circ-BIRC6 or YWHAZ was 
predicted by bioinformatics analysis and verified by dual-luciferase reporter assay. Western 
blot assay was applied for measuring the protein expression of YWHAZ.
Results: Paclitaxel suppressed HCC tumorigenesis through decreasing cell proliferation and 
accelerating apoptosis. Circ-BIRC6 and YWHAZ were upregulated, and miR-877-5p was 
downregulated in HCC tissues and cells. Paclitaxel treatment inhibited the expression of circ- 
BIRC6 and YWHAZ while promoted the expression of miR-877-5p. Circ-BIRC6 overexpres-
sion or miR-877-5p interference reversed the inhibitory effect of paclitaxel on HCC tumor-
igenesis. Moreover, miR-877-5p could specially bind to YWHAZ, and its knockdown abated 
the suppressive effect of circ-BIRC6 depletion on HCC tumorigenesis. Additionally, YWHAZ 
was identified as a direct target of miR-877-5p. Besides, circ-BIRC6 functioned as 
a molecular sponge of miR-877-5p to regulate YWHAZ expression.
Conclusion: Paclitaxel limited HCC tumorigenesis via modulating circ-BIRC6/miR-877- 
5p/YWHAZ axis, providing a novel therapeutic approach for the treatment of HCC.
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Introduction
Liver cancer is one of the most lethal and prevalent cancers, causing approximately 
782, 000 deaths in 2018 worldwide.1 Hepatocellular carcinoma (HCC) accounts for 
85–90% of primary liver cancer.2 In recent years, despite new advances in the 
development of treatment strategies, the prognosis of patients remains poor as most 
HCC patients are usually diagnosed at advanced stages.3 Therefore, it is important 
to explain the underlying mechanisms of HCC tumorigenesis and improve the 
therapeutic effect and prognosis of HCC patients.
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The systemic chemotherapy or combination che-
motherapy of paclitaxel is applied for treating multiple 
types of cancer, including HCC.4,5 The effective antitumor 
effect of paclitaxel is mediated by a variety of mechan-
isms. Paclitaxel directly induces DNA damage and apop-
tosis, leading to cell death.6 Understanding the underlying 
molecular mechanisms of paclitaxel-mediated cell death 
can help improve therapeutic efficacy and select the appro-
priate combinations with other therapies.

Circular RNAs (circRNA), a new type of endogenous 
non-coding (nc) RNAs, covalently connect the 5ʹ and 3ʹ 
ends of the RNA to create closed-loop structures.7 It has 
been reported that circRNAs play critical roles in many 
biological processes and have higher stability and conser-
vation than linear RNA.8 Up to now, some studies have 
shown that circRNAs have essential roles in the tumori-
genesis of multiple malignancies, such as cervical,9 

bladder,10 breast,11 and pancreatic12 cancers. CircRNA 
baculoviral IAP repeat-containing 6 (circ-BIRC6; ID: 
hsa_circ_0003288, chr2:32,703,702–32,718,734) has 
been found to act as an oncogene in HCC.13 However, 
more functions of circ-BIRC6 and its association with 
paclitaxel in HCC are still largely unknown.

It is well known that circRNAs contribute to cancer 
development through serving as microRNA (miRNA) 
sponges to modulate gene and protein expression.14 

MiRNAs, a kind of small RNA (about 22 nucleotides), 
lack protein-coding capacity and inversely modulate gene 
expression through binding to complementary sequences 
on target mRNA.15,16 MiR-877-5p has been suggested to 
act as an anti-oncogene in many cancers, including 
HCC.17 Some studies have demonstrated that miRNAs 
are involved in paclitaxel-mediated function in multiple 
cancers.18 However, the interactions among miR-877-5p, 
circ-BIRC6, and paclitaxel have not been clarified. 
Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase 
activation protein, zeta (YWHAZ, also known as 14-3-3ζ), 
has been observed to be frequently upregulated in HCC.19 

Bioinformatics tool exhibits the putative binding sites 
between miR-877-5p and circ-BIRC6 or YWHAZ, imply-
ing that circ-BIRC6 may function as a molecular sponge 
for miR-877-5p to regulate YWHAZ expression.

In this work, we explored the effects of paclitaxel and 
circ-BIRC6 on HCC cell proliferation and apoptosis. 
Moreover, we investigated whether the functions of pacli-
taxel were regulated by circ-BIRC6 and miR-877-5p. 
Additionally, the regulatory network of circ-BIRC6/miR- 
877-5p/YWHAZ axis was explored in HCC cells. The 

purpose of our research was to provide a promising avenue 
for treating HCC.

Materials and Methods
Patient Samples
In our research, HCC tissues (n=30) and adjacent non-tumor 
tissues (n=30) were obtained from patients who underwent 
surgery at Suizhou Hospital, Hubei University of Medicine. 
None of the patients received any treatment before surgery. 
These tissue samples were timely frozen in liquid nitrogen 
until use. These patients had provided informed consent, and 
this procedure was granted by the Ethics Committee of 
Suizhou Hospital, Hubei University of Medicine (with the 
approval No. 20,190,413), which was in accordance with the 
Declaration of Helsinki Principles. Informed consent was 
obtained from all participants.

Cell Culture and Transfection
Human HCC cells (Huh-7 and Hep3B) and human normal 
liver cells (THLE-2) were purchased from COBIOER 
(Nanjing, China). These cells were cultured in Dulbecco’s 
modified eagle medium (DMEM; Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% (v/v) fetal bovine serum 
(Gibco, Carlsbad, CA, USA) and antibiotics (100 U/mL peni-
cillin, 100 μg/mL streptomycin) at 37°C in a humidified atmo-
sphere with 5% CO2. Paclitaxel (Sigma-Aldrich, St. Louis, 
MO, USA) was used to treat Huh-7 and Hep3B cells.

Circ-BIRC6 overexpression plasmid (circ-BIRC6) and 
its control (pcDNA), small interfering RNA against circ- 
BIRC6 (si-circ-BIRC6) and its control (si-NC), mimic or 
inhibitor of miR-877-5p (miR-877-5p or anti-miR-877-5p) 
and their controls (miR-NC or anti-miR-NC) were provided 
by GenePharma (Jiangsu, China). Lentivirus-mediated short 
hairpin RNA interference targeting circ-BIRC6 (sh-circ- 
BIRC6) and matched control (sh-NC) were bought from 
Genechem (Shanghai, China). According to the manufac-
turer’s suggested protocol, transient transfection was per-
formed in our research by using Lipofectamine 3000 
Reagent (Invitrogen).

Cell Viability Assay
Cell Counting Kit-8 (CCK-8; Beyotime, Shanghai, China) 
was applied for detecting cell viability. In brief, Huh-7 and 
Hep3B cells were seeded in 96-well plates one day prior to 
transfection, and different concentrations of paclitaxel (2, 10, 
and 20 nM) were added after transfection. CCK-8 (10 μL) 
solution was added to per well and incubated for an 
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additional 3 h. The microplate reader (Bio-Rad, Hercules, 
CA, USA) at 450 nm was employed to measure the optical 
density (OD) value at 48 h.

Colony Formation Assay
After treatment or/and transfection, Huh-7 and Hep3B 
cells were counted and placed in 6-well plates. The culture 
medium was updated every 3 days during colony growth. 
After incubation for 2 weeks, the cells were washed twice 
using the phosphate-buffered saline (PBS), followed by 
fixing with paraformaldehyde (4%) and staining with crys-
tal violet (0.1%, Sigma-Aldrich). The number of colonies 
was calculated only if they contained more than 50 cells.

Cell Apoptosis Assay
After treatment or/and transfection, Huh-7 and Hep3B 
cells were harvested, centrifuged, and re-suspended, fol-
lowed by staining with Annexin V-fluorescein isothiocya-
nate (FITC)/Propidium Iodide (PI) (Key GEN BioTECH, 
Jiangsu, China). Flow cytometry (Partec AG, Arlesheim, 
Switzerland) was used to analyze apoptosis.

Quantitative Real-Time Polymerase Chain 
Reaction (qRT-PCR)
Trizol reagent (Invitrogen) was utilized to gain total RNA 
from tissue samples and cells. The first strand of comple-
mentary DNA (cDNA) was synthesized with the FastQuant 
RT kit (Tiangen Biotech, Beijing, China). The qRT-PCR was 
carried out using SYBR Select Master Mix (Tiangen 
Biotech) on an ABI 7300 system (Thermo Fisher Scientific, 
Waltham, MA, USA). The primers used for qRT-PCR were 
exhibited as below: circ-BIRC6 (Forward, 5ʹ- 
TGAAAGGTTCTTGCACGCAT-3ʹ; Reverse, 5ʹ-GCTGGG 
GTTCGTTCACAATC-3ʹ); miR-877-5p (Forward, 5ʹ-GTA 
GAGGAGATGGCGCAGGG-3ʹ; Reverse, 5ʹ-CAGTGCGT 
GTCGTGGAGT-3ʹ); YWHAZ (Forward, 5ʹ-GTCGATC 
AGTCACAACAAGCA-3ʹ; Reverse, 5ʹ-CCGATGTCCAC 
AATGTCAAGT-3ʹ); glyceraldehyde3-phosphate dehydro-
genase (GAPDH) (Forward, 5ʹ-ACCACAGTCCATGCCAT 
CAC-3ʹ; Reverse, 5ʹ-TCCACCACCCTGTTGCTGTA-3ʹ); 
U6 (Forward, 5ʹ-CTCGCTTCGGCAGCACATATACT-3ʹ; 
Reverse, 5ʹ-ACGCTTCACGAATTTGCGTGTC-3ʹ). The 
expression levels of circ-BIRC6, YWHAZ and miR-877-5p 
were evaluated using the 2−ΔΔCt method and normalized with 
GAPDH (for circ-BIRC6 and YWHAZ) and U6 (for miR- 
877-5p).

Tumor Xenograft Model
Animal experiments have been approved by the Animal Care 
and Use Committee of Suizhou Hospital, Hubei University of 
Medicine, and performed according to the guidelines for 
laboratory animal welfare (GB T 35,892–2018). Five-week- 
old male BALB/c nude mice (n=6/group) were bought from 
Huafukang (Beijing, China). They were raised in an SPF 
environment, with 12 h light/dark cycles, and constant and 
suitable temperature (25°C) and humidity (60%). All mice 
were allowed free access to drinking water and sterilized 
standard diet. We made reasonable efforts to minimize the 
suffering of animals. The sh-circ-BIRC6 or sh-NC was trans-
fected into Hep3B cells. Subsequently, stably transfected cells 
(4×106/0.2 mL PBS) were subcutaneously injected in BALB/c 
nude mice. Transfected mice were divided into 4 groups: sh- 
NC + PBS, sh-circ-BIRC6 + PBS, sh-NC + paclitaxel, sh-circ- 
BIRC6 + paclitaxel. From the 7th day, mice were treated with 
paclitaxel (30 mg/kg) every 3 days for 5 cycles. The tumor size 
was tested using a caliper every 3 days and calculated using the 
formula: 0.5 ×length × width2. After injection for 22 days, all 
mice would be sacrificed by cervical dislocation after deep 
anesthesia with 2% isoflurane (Baxter Healthcare Corporation, 
Deerfield, IL, USA), and the excised tumor tissues were col-
lected for weight and subsequent qRT-PCR analysis.

Dual-Luciferase Reporter Assay
Targeting the relationship between miR-877-5p and circ- 
BIRC6 or YWHAZ was predicted using the starBase v2.0. 
Fragments from circ-BIRC6 and YWHAZ 3ʹUTR that con-
tained wild-type (WT) or mutant (MUT) miR-877-5p 
binding sites were amplified and cloned into pmirGlO 
luciferase reporter vector (Promega, Madison, WI, USA), 
named as WT-circ-BIRC6, YWHAZ 3ʹUTR-WT, MUT-circ 
-BIRC6, and YWHAZ 3ʹUTR-MUT. The reporter plasmids 
were transfected into Huh-7 and Hep3B cells along with 
miR-877-5p or miR-NC for 48 h. Finally, a dual-luciferase 
assay system (Promega) was utilized for measuring the 
luciferase activity, followed by normalizing to Renilla 
luciferase activity.

Western Blot Assay
Total protein was extracted using RIPA lysis buffer that con-
tained 1 nM phenylmethylsulfonyl fluoride (PMSF; Sigma- 
Aldrich). BCA Protein Assay kit (Applygen, Beijing, China) 
was applied to quantify the protein concentration. Next, 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) was applied to separate the equal amounts of 
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protein and then polyvinylidene difluoride membranes 
(Beyotime) were used to transfer the protein. Membranes 
were blocked using the 5% non-fat milk (Sangon Biotech, 
Shanghai, China) and then incubated overnight with the pri-
mary antibody against YWHAZ (1:500, ab51129, Abcam, 
Cambridge, MA, USA) or GAPDH (1:2000, ab37168, 
Abcam), followed by incubation with secondary antibody 
(1:4000, ab205718, Abcam). After the membranes were com-
pletely washed, the enhanced chemiluminescence detection 
reagent (Tanon, Shanghai, China) was applied to visualize 
the protein bands. Signal intensity was quantified by ImageJ 
software, followed by normalizing to GAPDH expression.

Statistical Analysis
In this study, all data from at least three independent experi-
ments were expressed as mean ± standard deviation (SD) and 
analyzed with Graphpad Prism version 6.0 software 
(GraphPad Software, San Diego California, USA). The 
Student’s t-test was applied to compare the significance of 
differences between two groups, and one-way analysis of 
variance (ANOVA) was used for multiple-group comparisons. 
Correlation between miR-877-5p and circ-BIRC6 or YWHAZ 
was detected by Spearman’s rank correlation. P < 0.05 was 
considered statistically significant.

Results
Paclitaxel Could Suppress HCC 
Tumorigenesis by Reducing Cell 
Proliferation and Promoting Apoptosis
To explore the effect of paclitaxel on HCC tumorigenesis, 
functional experiments were performed. CCK-8 analysis 
revealed that cell viability was dose-dependently inhibited in 
Huh-7 and Hep3B cells after treatment with paclitaxel, and 
IC50 values of paclitaxel were 8.4 and 3.7 nM in Huh-7 and 
Hep3B cells, respectively (Figure 1A and B, Supplementary 
Figure 1A and 1B). Likewise, colony formation assay dis-
played that the number of colonies was dose-dependently 
decreased in Huh-7 and Hep3B cells following exposure to 
paclitaxel (Figure 1C). And the original figures of the colony 
formation were presented in Supplementary Figures 2–9. Flow 
cytometry analysis was applied to measure the proportion of 
apoptotic cells. As presented in Figure 1D, paclitaxel treatment 
increased cell apoptosis in a dose-dependent manner. These 
results indicated that paclitaxel inhibited cell proliferation and 
induced apoptosis in HCC cells.

The Expression Level of Circ-BIRC6 Was 
Upregulated, and miR-877-5p Was 
Downregulated in HCC
To investigate the potential roles of circ-BIRC6 and miR-877- 
5p in HCC, their levels were examined by qRT-PCR. As 
illustrated in Figure 2A and B, the expression of circ-BIRC6 
was enhanced in HCC tumor (T) tissues and cells compared 
with their matched normal (N) tissues. However, the level of 
miR-877-5p was lowly expressed in HCC tissues and cells in 
contrast to their corresponding controls (Figure 2C and D). In 
addition, the correlation between miR-877-5pand circ- 
BIRC6expression was analyzed in HCC tissues. As presented 
in Figure 2E, miR-877-5pexpression was negatively correlated 
with the circ-BIRC6 level in HCC tissues (r=−0.5798, 
p<0.001). These data implied that circ-BIRC6 and miR-877- 
5p might play critical roles in HCC tumorigenesis.

Paclitaxel Inhibited HCC Tumorigenesis 
Through Down-Regulating Circ-BIRC6
To explore the effect of paclitaxel on circ-BIRC6 expression, 
qRT-PCR assay was carried out. The results showed that 
paclitaxel treatment dose-dependently reduced the expression 
of circ-BIRC6 in Huh-7 and Hep3B cells (Figure 3A). 
Subsequently, the transfection of circ-BIRC6 abated the 
repressive impact of paclitaxel on the expression of circ- 
BIRC6 (Figure 3B). Next, we explored whether the function 
of paclitaxel in HCC tumorigenesis is mediated by circ- 
BIRC6. We uncovered that overexpression of circ-BIRC6 
reversed the inhibitory effect of paclitaxel on proliferation by 
increasing cell viability and colonies (Figure 3C-E). Moreover, 
the upregulation of circ-BIRC6 weakened paclitaxel-induced 
apoptosis in Huh-7 and Hep3B cells (Figure 3F). These data 
suggested that paclitaxel exerted its function by regulating circ- 
BIRC6 in HCC cells in vitro.

Knockdown of Circ-BIRC6 and Paclitaxel 
Treatment Inhibited Tumor Growth in vivo
To explore whether circ-BIRC6 and paclitaxel have the same 
effect in vivo, we established a xenograft model. We observed 
that circ-BIRC6 knockdown or paclitaxel treatment inhibited 
tumor volume and weight in the xenograft model and combi-
nation of circ-BIRC6 interference and paclitaxel treatment 
further suppressed tumor growth (Figure 4A and B). 
Moreover, the expression of circ-BIRC6 was decreased in sh- 
circ-BIRC6 or paclitaxel group, and its expression was further 
reduced in sh-circ-BIRC6 + paclitaxel group (Figure 4C). 
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Consistent with in vitro assays, these results demonstrated that 
circ-BIRC6 downregulation and paclitaxel treatment could 
inhibit tumor growth in vivo.

Circ-BIRC6 Directly Interacted with 
miR-877-5p in HCC Cells
Given the alteration of circ-BIRC6 and miR-877-5p in HCC 
tissues and cell lines, as well as the negative correction between 
circ-BIRC6 and miR-877-5p expression, we wondered 
whether the effect of circ-BIRC6 was mediated by miR-877- 
5p through complementary binding sites. Through web-based 

tool starBase v2.0, miR-877-5p was predicted to have com-
plementary bases pairing with circ-BIRC6 (Figure 5A). To 
verify the direct binding between circ-BIRC6 and miR-877- 
5p, luciferase reporter plasmids containing the WT or MUT in 
circ-BIRC6 were constructed and co-transfected with miR- 
877-5p or miR-NC into Huh-7 and Hep3B cells. The data 
showed that miR-877-5p led to an apparent decrease in lucifer-
ase activity of WT-circ-BIRC6 relative to the miR-NC group, 
but not that of MUT-circ-BIRC6 (Figure 5B and C). qRT-PCR 
results indicated that si-circ-BIRC6 reduced the expression of 
circ-BIRC6, and transfection of circ-BIRC6 increased the 
expression of circ-BIRC6, suggesting that si-circ-BIRC6 and 

Figure 1 Paclitaxel inhibited cell proliferation and contributed to apoptosis in HCC cells. Huh-7 and Hep3B cells were exposed to different concentrations of paclitaxel (2 
nM, 10 nM and 20 nM). (A and B) CCK-8 assay was utilized to assess cell viability. (C) Colony formation assay was utilized to determine the number of colonies. (D) Cell 
apoptosis was examined with flow cytometry analysis. *P<0.05.
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circ-BIRC6 were successfully transfected into Huh-7 and 
Hep3B cells (Figure 5D). The regulatory effect of circ- 
BIRC6 on miR-877-5p expression was investigated by qRT- 
PCR. The data indicated that knockdown of circ-BIRC6 pro-
moted the expression of miR-877-5p, and overexpression of 
circ-BIRC6 presented an opposite effect (Figure 5E). In addi-
tion, interference of miR-877-5p attenuated si-circ-BIRC6- 
mediated promotion of miR-877-5p expression (Figure 5F). 
Next, we explored whether the circ-BIRC6-mediated function 
was regulated by miR-877-5p. As shown in Figure 5G and H, 
knockdown of circ-BIRC6 repressed cell viability and colony 
formation, while the silence of miR-877-5p abated these 
effects. Furthermore, the downregulation of circ-BIRC6 accel-
erated cell apoptosis, which was reversed by the interference of 
miR-877-5p (Figure 5I). Overall, these results elucidated that 
knockdown of circ-BIRC6 inhibited HCC tumorigenesis by 
up-regulating miR-877-5p.

Paclitaxel Repressed HCC Tumorigenesis 
via Up-Regulating miR-877-5p
Next, we explored the connection between miR-877-5p and 
paclitaxel in HCC cells. The results from qRT-PCR showed 
that paclitaxel exposure dose-dependently increased the 
expression of miR-877-5p (Figure 6A). Moreover, we found 

that the downregulation of miR-877-5p abated paclitaxel’ pro-
motion effect on expression of miR-877-5p (Figure 6B). 
Additionally, silencing miR-877-5p reversed the suppressive 
effect of paclitaxel on cell viability and colony formation 
(Figure 6C-E). Also, interference of miR-877-5p abolished 
the pro-apoptosis effect induced by paclitaxel in Huh-7 and 
Hep3B cells (Figure 6F). Therefore, we concluded that pacli-
taxel exerted its effect via modulating miR-877-5p in HCC 
cells.

YWHAZ Was a Direct Target of miR-877- 
5p in HCC Cells
Considering that miRNAs exert their biological roles through 
binding to the 3ʹUTR of specific target genes, we further 
predicted the candidate targets of miR-877-5p by starBase 
v2.0 tool. As displayed in Figure 7A, YWHAZ contained 
miR-877-5p binding sites in the 3ʹUTR. We performed a dual- 
luciferase reporter assay to validate this prediction. The results 
revealed that luciferase activity of YWHAZ 3ʹUTR-WT was 
markedly reduced in Huh-7 and Hep3B cells after transfection 
with miR-877-5p compared with the miR-NC group, while no 
difference was found in the mutant group (Figure 7B and C). 
Next, we analyzed the expression of YWHAZ in HCC tissues 
and cells. The results indicated that YWHAZ mRNA level and 

Figure 2 Circ-BIRC6 was upregulated and miR-877-5p was downregulated in HCC. (A) The expression of circ-BIRC6 was detected by qRT-PCR in normal tissues, and 
HCC tissues. (B) Circ-BIRC6 level was detected by qRT-PCR human normal liver cells (THLE-2), and HCC cells (Huh-7 and Hep3B). (C) The level of miR-877-5p was 
measured by qRT-PCR in normal tissues and HCC tissues. (D) MiR-877-5p level was measured by qRT-PCR in THLE-2 cells, and HCC cells (Huh-7 and Hep3B). (E) The 
correlation between circ-BIRC6 and miR-877-5p was analyzed in HCC tissues. *P<0.05.
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protein level were increased in HCC tissues compared to 
normal tissues (Figure 7D and E). Likewise, the protein level 
of YWHAZ was also elevated in HCC cells compared with 

THLE-2 cells (Figure 7F). Moreover, we found that the 
YWHAZ mRNA level was inversely correlated with miR- 
877-5p expression in HCC tissues (Figure 7G) (r=−0.6372, 

Figure 3 Paclitaxel exerted its function through regulating circ-BIRC6 in HCC cells. (A) The expression of circ-BIRC6 determined by qRT-PCR in Huh-7 and Hep3B cells 
treated with different concentrations of paclitaxel (2 nM, 1020 nM). (B–F) Huh-7 and Hep3B cells were divided into 4 groups: Control, paclitaxel, paclitaxel + pcDNA, 
paclitaxel + circ-BIRC6. (B) Circ-BIRC6 abundance was tested by qRT-PCR in treated Huh-7 and Hep3B cells. (C and D) CCK-8 assay was conducted to evaluate cell viability 
in treated Huh-7 and Hep3B cells. (E) The number of colonies was measured by colony formation assay in treated Huh-7 and Hep3B cells. (F) Cell apoptosis was 
determined using flow cytometry analysis in treated Huh-7 and Hep3B cells. *P<0.05.

Figure 4 Combination of circ-BIRC6 interference and paclitaxel treatment inhibited tumor growth in vivo. Xenograft model was established by injection Hep3B cells stably 
transfected with sh-NC or sh-circ-BIRC6. These mice were treated with PBS or paclitaxel. (A and B) Tumor volume and weight were detected. (C) Relative expression of 
circ-BIRC6 was analyzed using the qRT-PCR analysis in resected tumor tissues. *P<0.05.
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p<0.001). QRT-PCR analysis showed that miR-877-5p was 
over-expressed in Huh-7 and Hep3B cells transfected with 
miR-877-5p compared to control or miR-NC group, and its 
expression was reduced in those cells transfected with anti- 
miR-877-5p, suggesting that transfection of miR-877-5p and 
anti-miR-877-5p was successful (Figure 7H). Besides, we 
observed that overexpression of miR-877-5p reduced the pro-
tein abundance of YWHAZ, and knockdown of miR-877-5p 
increased the protein level of YWHAZ (Figure 7I). In a word, 
these data indicated that YWHAZ directly interacted with miR- 
877-5p.

Circ-BIRC6 Acted as a Molecular Sponge of 
miR-877-5p to Regulate YWHAZ in HCC Cells
To explore the effects of circ-BIRC6 and miR-877-5p on the 
expression of YWHAZ, Huh-7 and Hep3B cells were trans-
fected with si-NC, si-circ-BIRC6, si-circ-BIRC6 + anti-miR 
-NC, or si-circ-BIRC6 + anti-miR-877-5p. Western blot 

assay presented that interference of circ-BIRC6 reduced 
the protein expression of YWHAZ, which was abolished 
by downregulating miR-877-5p (Figure 8A). Next, we ana-
lyzed whether paclitaxel could regulate YWHAZ expression. 
As displayed in Figure 8B, paclitaxel treatment inhibited the 
protein expression of YWHAZ, while this effect was 
reversed by the addition of circ-BIRC6. Thus, our data 
proved that paclitaxel exerted its effect by modulating circ- 
BIRC6/miR-877-5p/YWHAZ axis.

Discussion
HCC is common and aggressive, and it is related to a large 
number of cancer-related deaths in the world.20 Emerging 
evidence shows that circRNAs play functional roles in the 
pathogenesis of tumors and also offer novel insights into 
the biology of cancer progression.21,22 Changes in 
circRNA expression have been found in various cancer 
cells exposed to radiotherapy or chemotherapy.23,24 Many 

Figure 5 Circ-BIRC6 exerted its function by sponging miR-877-5p in HCC cells. (A) Predicted binding sites between circ-BIRC6 and miR-877-5p were shown. (B and C) 
Dual-luciferase reporter assay was conducted to determine luciferase activity in Huh-7 and Hep3B cells co-transfected with miR-877-5p or miR-NC and WT-circ-BIRC6 or 
MUT-circ-BIRC6. (D and E) The expression levels of circ-BIRC6 and miR-877-5p were detected through qRT-PCR analysis in control group or HCC cells (Huh-7 and Hep3B) 
transfected with si-NC, si-circ-BIRC6, pcDNA, or circ-BIRC6. (F-I) Huh-7 and Hep3B cells were divided into 5 groups: Control, si-NC, si-circ-BIRC6, si-circ-BIRC6 + anti- 
miR-NC, si-circ-BIRC6 + anti-miR-877-5p. (F) MiR-877-5p level was examined in transfected Huh-7 and Hep3B cells (G) CCK-8 assay was performed to examine cell 
viability. (H) The number of colonies was determined by colony formation assay. (I) Cell apoptosis was measured using the flow cytometry analysis.*P<0.05.
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reports have shown that paclitaxel-based chemotherapy is 
especially effective in multiple cancer cases.5,25 Previous 
studies have demonstrated that paclitaxel sensitivity may 
be linked to the expression of circCELSR1 in ovarian 
cancer,26 hsa_circ_0002483 in lung cancer,27 and circ- 
PVT1 in gastric cancer.28 However, there is no study on 
the association between circRNAs and paclitaxel in HCC.

Some studies have proven that paclitaxel could inhibit 
the progression of HCC through inhibiting growth and 
inducing cell cycle arrest and apoptosis.29,30 Here, we 
found that paclitaxel treatment suppressed cell growth 
and accelerated apoptosis in HCC cells. A previous 
study showed that circ-BIRC6 was highly expressed in 
HCC tissues and cells, and circ-BIRC6 knockdown inhib-
ited the progression of HCC via regulating the miR-3918/ 
Bcl2 axis.13 Moreover, miR-877-5p was reported to be 
downregulated and play an anti-cancer role in many 
cancers, such as cervical cancer,31 glioblastoma,32 renal 
cell carcinoma,33 and colorectal cancer,34 as well as 

HCC.17 In agreement with these findings, we also 
observed that circ-BIRC6 expression was enhanced, and 
the miR-877-5p level was reduced in HCC tissue samples 
and cells. Next, we explored whether the effect of pacli-
taxel was regulated by circ-BIRC6 and miR-877-5p. We 
found that paclitaxel treatment dose-dependently 
decreased circ-BIRC6 expression in HCC cells, while 
increased the abundance of miR-877-5p in HCC cells. 
Moreover, overexpression of circ-BIRC6 or silence of 
miR-877-5p decreased the suppressive effect of pacli-
taxel on HCC tumorigenesis. Consistent with our results, 
a previous study proved that miR-877 level was elevated 
in paclitaxel-treated HCC cells, and its restoration par-
tially restored paclitaxel sensitivity.35 Moreover, we 
uncovered that paclitaxel treatment and knockdown of 
circ-BIRC6 inhibited tumor growth in vivo. These data 
suggested that paclitaxel inhibited the progression of 
HCC through down-regulating circ-BIRC6 and up- 
regulating miR-877-5p.

Figure 6 Paclitaxel exerted its effect through modulating miR-877-5p in HCC cells. (A) The expression of miR-877-5p was evaluated by qRT-PCR in Huh-7 and Hep3B cells 
treated with various concentrations of paclitaxel (2 nM, 1020 nM). (B–F) Huh-7 and Hep3B cells were divided into 4 groups: Control, paclitaxel, paclitaxel + anti-miR-NC, 
paclitaxel + anti-miR-877-5p. (B) The abundance of miR-877-5p was calculated by qRT-PCR analysis. (C and D) Cell viability was assessed by CCK-8 assay. (E) Colony 
formation ability was determined using colony formation assay. (F) Cell apoptosis was examined using flow cytometry analysis. *P<0.05.
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Accumulating evidence shows that some circRNAs 
participate in tumorigenesis through functioning as 
sponges for miRNAs to modulate gene transcription or 
protein translation.36 Interestingly, miR-877-5p was iden-
tified as a direct target of circ-BIRC6, and interference of 
miR-877-5p reversed the inhibitory effect of circ-BIRC6 
knockdown on HCC tumorigenesis, implying that circ- 
BIRC6 exerted its function by sponging miR-877-5p. To 
further elucidate the regulatory mechanism of miR-877- 
5p in HCC, we searched the possible downstream targets 
of miR-877-5p using the starBase v2.0. We uncovered 
that YWHAZ was a downstream target of miR-877-5p. 
YWHAZ has been demonstrated to participate in diverse 
physiological and pathological processes as well as drug 
resistance in human cancer cells.37,38 More importantly, 
some reports indicated that YWHAZ was overexpressed 

and acted as an oncogene in HCC.39–41 In line with these 
results, we observed that YWHAZ was increased in HCC 
tissue samples and cells. Additionally, circ-BIRC6 posi-
tively regulated YWHAZ by sponging miR-877-5p, and 
paclitaxel inhibited the expression of YWHAZ by regulat-
ing circ-BIRC6 expression. These findings collectively 
indicated that paclitaxel repressed the progression of 
HCC through regulating circ-BIRC6/miR-877-5p/ 
YWHAZ axis.

In summary, we demonstrated that paclitaxel inhibited 
the expression of circ-BIRC6 and YWHAZ while pro-
moted expression of miR-877-5p. Paclitaxel suppressed 
HCC tumorigenesis by modulating circ-BIRC6/miR-877- 
5p/YWHAZ axis (Figure 8C). These findings may serve as 
guidelines for the development of paclitaxel-based che-
motherapy for the treatment of HCC.

Figure 7 MiR-877-5p directly targeted YWHAZ in HCC cells. (A) The putative binding sites between miR-877-5p and YWHAZ were predicted by starBase v2.0. (B and C) 
Relative luciferase activity was assessed in Huh-7 and Hep3B cells co-transfected with YWHAZ 3ʹUTR-WT or YWHAZ 3ʹUTR-MUT and miR-877-5p or miR-NC. (D and E) 
The mRNA and protein expression of YWHAZ were determined in normal tissues and HCC tissues by qRT-PCR and Western blot analyses, respectively. (F) YWHAZ 
protein level was evaluated by Western blot assay in THLE-2 cells and HCC cells (Huh-7 and Hep3B). (G) The association between miR-877-5p abundance and YWHAZ 
mRNA level was measured in HCC tissues. (H) The expression of miR-877-5p was determined by qRT-PCR analyse in control group or HCC cells (Huh-7 and Hep3B) 
transfected with miR-NC, miR-877-5p, anti-miR-NC, or anti-miR-877-5p. (I) YWHAZ protein level was detected by Western blot analyses in control group or HCC cells 
(Huh-7 and Hep3B) transfected with miR-NC, miR-877-5p, anti-miR-NC, or anti-miR-877-5p. *P<0.05.
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