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Liver cancer is the sixth most prevalent cancer worldwide and the third leading cause of cancer-related deaths. Adria-
mycin (ADR) resistance, which often leads to the progression of malignant tumors, is a major treatment obstacle for liver
cancer. It has been confirmed that miR-155-5p could reverse drug resistance in human breast cancer. However, the biolog-
ical function of miR-155-5p in ADR-resistant liver carcinoma (HepG2/ADR) cells remains unclear. miR-155-5p and ATG5
expression was determined by RT-qPCR and western blot. In addition, MTT, flow cytometry, immunofluorescence staining,
and western blotting were performed to evaluate the proliferation, apoptosis, and autophagy of liver cancer cells. Finally,
the effect of miR-155-5p on the expression of autophagy-related 5 (ATG5) was analyzed by luciferase activity assay, western
blot, and RT-qPCR. Our results showed that miR-155-5p was downregulated in HepG2/ADR cells. Increasing the expres-
sion of miR-155-5p enhanced the sensitivity of liver carcinoma cells to ADR and promoted apoptosis through inhibition
of autophagy in vitro. In addition, the binding site between miR-155-5p and ATG5 was identified, and miR-155-5p could
directly regulate ATG5. Finally, ATG5 partially rescued the effect of miR-155-5p on autophagy and the apoptosis of HepG2/
ADR cells. In conclusion, our findings showed that miR-155-5p could reverse ADR resistance in liver cancer by targeting
ATGS5, which may function as a potential target for liver cancer treatment.
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Liver cancer is considered a major incurable disease
[1]. Liver cancer remains one of the most difficult cancers
to treat, its incidence is rapidly increasing, and its survival
rates vary by country, especially in China. Moreover, less
than 20% of patients with this malignant tumor are still alive
more than half a year after diagnosis [1-4]. For many years,
efforts towards the treatment of liver cancer were focused on
the liver cancer cells themselves. Currently, the major treat-
ment strategy is chemotherapy. However, the prognostic
effect of liver cancer treatment is still limited. The major
cause for the poor prognosis of liver cancer is the chemo-
resistance of carcinoma cells, especially to adriamycin
(ADR), which occurs in approximately 50% of patients with
advanced liver carcinoma undergoing chemotherapy [5].
Therefore, studying the specific molecular mechanisms of
ADR resistance in liver cancer to find new drug targets and
improve the survival rate of patients with liver cancer is of
great importance.

MicroRNAs (miRNAs) are a group of endogenous
non-coding RNAs (ncRNAs) that function through mRNA
regulation or downregulation of translation by associating

with the 3’-untranslated region (3’-UTR) of their target genes
[6]. MiRNAs play key roles in multiple biological processes,
including proliferation and apoptosis [7, 8]. Additionally,
miRNAs can function as both promoters and suppressors of
malignant tumors. Furthermore, their potential to regulate
numerous target genes makes miRNAs a promising tool in
the fight against malignancies. For instance, recent reports
have indicated that miRNAs can regulate the tumorigen-
esis, progression, and pathogenesis of liver cancer [9-12].
In particular, Ma et al. found that miRNAs could relieve
resistance to TRAIL-induced cell growth inhibition in liver
cancer [13]. Since then, a number of miRNAs have been
confirmed to modulate chemoresistance in liver cancer cells
[6, 14]. Thus, miRNAs involved in chemoresistance in liver
cancer can provide new targets for the treatment of liver
cancer. Moreover, miR-155-5p has been found to regulate the
proliferation, migration, and invasion of cancer cells [15-17].
Zhang et al. revealed that miR-155-5p could rescue paclitaxel
resistance through negative regulation of MYD88 in human
breast cancer [18]. However, the effect of miR-155-5p in
ADR-resistant liver cancer remains unclear.
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Autophagy is known to participate in the biological
processes of many diseases [19]. There are approximately
30 autophagy-related genes (Atgs) with multiple mamma-
lian genetic homologs that have been confirmed [20]. Atgs
are necessary for adapting to microenvironmental stresses,
especially heat stress and the accumulation of reactive
oxygen species (ROS) [20]. Autophagy could be involved in a
series of processes, including lysosomal fusion and initiation
of phagophore assembly [21]. Recent studies have suggested
that inhibition of autophagy can sensitize cancer cells to
chemoresistance [22, 23]. Sui et al. found that ATG5 could
be involved in chemoresistance in malignant tumors [24].
Therefore, we hypothesized that autophagy might act as a key
regulator in ADR-resistant liver cancer.

Opverall, we sought to detect the effect of miR-155-5p on
ADR-resistant liver cancer and its underlying mechanism.
Our study first found that miR-155-5p could reverse ADR
resistance in liver cancer through the inhibition of autophagy
by directly targeting ATG5, which provided a new strategy
for the treatment of liver cancer.

Material and methods

Cell culture. HepG2 and HepG2/ADR cell lines were
provided by the Shanghai Institute of Biochemistry and
Cell Biology, CAS (Shanghai, China). Cells were cultured
in RPMI-1640 (Thermo Fischer Scientific, USA) with 10%
fetal bovine serum (FBS, Thermo Fischer Scientific), 1%
penicillin (Invitrogen) and streptomycin (Thermo Fischer
Scientific) at 37°C and 5% CO,. ADR-resistant HepG2/ADR
cells were maintained via supplementation with 1 pg/ml
ADR. In addition, HepG2/ADR cells were cultured in drug-
free medium for two weeks before the following experiments.

MTT assay. To detect drug resistance, HepG2 and
HepG2/ADR cells were treated with different concentrations
of ADR (0, 0.1, 0.5, 1, 5, 10, and 50 uM) for 48 h. An MTT
assay was then carried out to quantify cell viability. First, 10
ul of MTT solution and 100 pl of medium were mixed and
added per well to the cells for 4 h. Then, the solution was
discarded and 150 pl of DMSO was added to each well. After
the plates were slightly shaken for 10 min, the absorbance
at 490 nm was determined with a spectrophotometer. The
half-maximal inhibitory concentration (IC50) values were
calculated by nonlinear regression analysis using GraphPad
Prism version 5.0 (GraphPad Software, Inc.) software as
previously described [25].

Table 1. Primer sequences for quantitative real-time PCR.

Cell transfection. miR-155-5p mimic/inhibitor and
negative control duplex with a random non-targeting
sequence (names NC mimic and NC inhibitor) were all
synthesized by GenePharma (Shanghai, China). The ATG5
or BCL2-expressing pcDNA3.1 plasmid was purchased from
Origene (Beijing, China). The cells were transfected with a
mixture containing Lipofectamine 2000 reagent (Invitrogen,
USA) and miR-155-5p/NC mimic or miR-155-5p/NC inhib-
itor. Subsequently, the HepG2/ADR cells were treated with
ADR or left untreated. RNA extraction and western blot
experiments were conducted at 48 h.

Reverse transcription-quantitative PCR (RT-qPCR).
Total RNA from HepG2 or HepG2/ADR cells was isolated
by using TRIzol (Invitrogen, USA) as described by the
manufacturer’s instructions. Then, Prime Script RT Master
Mix (TaKaRa, Japan) was used to reverse transcribe RNA
into ¢cDNA. Subsequently, real-time PCR was performed
according to the direction of the SYBR™ Green master mix
(TaKaRa, Japan). The relative expression levels were quanti-
fied using the 2724 method. GAPDH or U6 was used as an
internal control. Primer sequences are listed in Table 1.

Immunofluorescence staining assay. HepG2 or HepG2/
ADR cells were cultured on glass coverslips until 80% conflu-
ence and then fixed with 4% paraformaldehyde for 30 min.
Next, cells were blocked with 10% goat serum for 30 min
at room temperature and then incubated with the primary
antibody anti-LC3II (ab232940, Abcam; 1:500) at 4°C
overnight, followed by the incubation with the secondary
antibody goat anti-rabbit IgG (Abcam; 1:2000) at 37°C for
1h. Then, the nuclei were stained with DAPI (Beyotime,
Shanghai, China) for 5 min. Finally, the cells were imaged by
a fluorescence microscope (Nikon, Japan).

Cell apoptosis assay. An annexin V-FITC apoptosis
detection kit (Beyotime, Shanghai, China) was used to test
cell apoptosis according to the protocol. Cells were double-
stained with annexin V-FITC and propidium iodide (PI),
followed by incubation in the dark at room temperature for
20 min. Apoptotic cells were analyzed using a flow cytometer.
Data were assessed using BD FACSDiva Software version 7.0
(Becton-Dickinson, USA).

Western blotting assay. RIPA buffer was used to isolate
total protein from cell lysates. In addition, proteins were
further quantified by a BCA protein assay kit (Beyotime).
Proteins were separated by using a 10% SDS-PAGE gel, and
proteins were then transferred to PVDF membranes (Milli-
pore, USA). The PVDF membranes were blocked with 5%

Gene Forward sequence Reverse sequence
hsa-miR-155-5p 5-GAGGGTTAATGCTAAT CGTGATAGG-3’ 5-GCACAGAATCA ACACGACTCACTAT-3
ATG5 5- AAGACCTTCTGCACTGTCCA-3 5- GAGTTTCCGATTGATGGCCC-3’

uUe 5-CTCGCTTCGGCAGCACA-3
GAPDH 5-CCAGGTGGTCTCCTCTGA-3’

5’-AACGCTTCACGAATTTGCGT-3’
5-GCTGTAGCCAAATCGTTGT-3
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skim milk in TBST at room temperature for 1 h. After that,
the PVDF membranes were incubated with the following
primary antibodies (Abcam): anti-LC3B (ab51520; 1:3000,
with specificity to LC3I and LC3II), anti-ATG5 (ab108327;
1:2000), anti-Beclin-1 (ab217179; 1:1000), anti-Bax
(ab32503; 1:1000), anti-BCL2 (ab59348; 1:500), anti-cleaved
caspase-3 (ab2302; 1:1000), anti-cleaved caspase-9 (ab2324;
1:1000), and anti-GAPDH (ab9485; 1:2500) overnight at
4°C. After that, the PVDF membranes were incubated with
the secondary anti-rabbit antibody for 1 h at room tempera-
ture. Finally, the bands were analyzed by an ECL detection kit
(Pierce Biotechnology, USA). The relative protein expression
was normalized to GAPDH expression.

Dual-luciferase reporter assay. The dual-luciferase
reporter assay was performed as previously described, with a
slight modification [26]. The predicted miR-155-5p binding
site on the ATG5 3’-UTR sequence or mutant sequence was
cloned into the psiCHECK-2 luciferase vector (Promega,
USA) to generate the ATGS5 wild-type (wt) luciferase
reporter. Subsequently, HepG2/ADR cells were seeded and
cultured in cell plates and were co-transfected with the wild-
type ATG5 3’-UTR vector or mutant ATG5 3’-UTR vector
and miR-155-5p/NC mimic using Lipofectamine 2000
(Invitrogen). Then, the luciferase activity was detected by the
Dual-Luciferase Reporter Assay System (Promega, USA).

Statistical analysis. GraphPad Prism 5.0 was applied
for statistical analysis. Data are represented as the mean +
standard deviation (SD). All experiments were performed
in triplicate. The comparison between the two groups
was analyzed by Student’s t-test. The comparisons among
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multiple groups were made with one-way analysis of variance
(ANOVA) followed by Tukey’s test. A p-value <0.05 was
considered a statistically significant difference.

Results

Hepatocellular carcinoma cell line HepG2/ADR exhibits
chemotherapeutic resistance and enhanced autophagy
activity. In our study, we found that the IC50 of ADR was
obviously higher in HepG2/ADR cells than in HepG2 cells
(20.51 pM vs. 0.89 uM, Figure 1A). This result suggested
that HepG2/ADR cells were highly resistant to ADR. Next,
to further explore the function of autophagy in chemoresis-
tance in liver cancer, immunofluorescence staining assay was
used. As indicated in Figure 1B, LC3 was notably upregulated
in HepG2/ADR cells compared with parental HepG2 cells.
Moreover, the expression of LC3II was notably enhanced
in HepG2/ADR cells (Figure 1C). In addition, miR-155-5p
expression was greatly downregulated in HepG2/ADR cells
compared with HepG2 cells (Figure 1D). All these data
demonstrated that the HepG2/ADR cell line had better
autophagy activity than parental HepG2 cells.

Overexpression of miR-155-5p sensitized HepG2/ADR
cells to ADR by inhibiting autophagy. For the purpose of
verifying the regulatory effect of miR-155-5p on the resistance
of HepG2/ADR cells to ADR, overexpression of miR-155-5p
was conducted via transfection, and apoptosis and autophagy
were determined. As shown in Figure 2A, the upregula-
tion of miR-155-5p notably enhanced the expression of
miR-155-5p compared with the NC mimic, which indicated
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Figure 1. Hepatocellular carcinoma cell line HepG2/ADR exhibits chemotherapeutic resistance and enhanced autophagy activity. A) HepG2 and
HepG2/ADR cells were treated with 0-50 uM ADR for 48 h. Then, the IC50 value in cells was determined by MTT assay. B) After incubation for 48 h,
the expression of LC3 in HepG2 or HepG2/ADR cells was observed by immunofluorescence staining. C) The expression of LC3I and LC3II in HepG2/
ADR cells was detected by western blot. GAPDH was used as an internal control. D) miR-155-5p expression in HepG2 or HepG2/ADR cells was deter-

mined by RT-qPCR. U6 was used as an internal control. *p<0.05; **p<0.01
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Figure 2. Overexpression of miR-155-5p sensitized HepG2/ADR cells to ADR by inhibiting autophagy. A) After incubation for 48 h, miR-155-5p ex-
pression in HepG2/ADR cells was measured by RT-qPCR. B) Apoptotic cells were quantified by FACS. C) Quantitative analysis of (B). D) The expres-
sion of cleaved caspase-3, cleaved caspase-9, Bax, and BCL2 was detected by western blot. E) The expression of LC3 was investigated by immunofluo-
rescence staining. F) The expression of LC3II, LC3I, Beclin-1, and ATG5 was detected by western blot. *p<0.05; **p<0.01; ***p<0.001

that miR-155-5p was stably transfected into HepG2/ADR
cells. Next, flow cytometry was performed to investigate the
effect of miR-155-5p on the apoptosis of HepG2/ADR cells.
As demonstrated in Figure 2B, ADR alone had a limited effect
on the apoptosis of HepG2/ADR cells, while the miR-155-5p
mimic notably promoted apoptosis in HepG2/ADR cells.
Moreover, the expressions of apoptosis-related proteins
were assessed by western blot. As illustrated in Figure 2C,
the expression of BCL2 was significantly reduced, and Bax,

cleaved caspase-3, and cleaved caspase-9 in HepG2/ADR cells
were not notably activated by ADR, while the miR-155-5p
mimic significantly reduced the levels of BCL2 but enhanced
those of Bax, cleaved caspase-3, and cleaved caspase-9.
Immunofluorescence assays showed that ADR alone did not
significantly affect the expression of LC3, while overexpres-
sion of miR-155-5p notably enhanced the inhibitory effect of
ADR on the expression of LC3 (Figure 2D). Finally, western
blotting was performed to measure autophagy-related
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protein expression in HepG2/ADR cells. As indicated in
Figure 2E, the expression of autophagy-related proteins was
slightly decreased in the presence of ADR, which was further
inhibited by the miR-155-5p mimic. Collectively, these
results revealed that overexpression of miR-155-5p sensitized
HepG2 cells to ADR treatment by inhibiting autophagy.

ATG5 and Bcl-2 are direct binding targets of
miR-155-5p. Next, the StarBase software was used to predict
the downstream targets of miR-155-5p. We found that the
3’-UTRsof ATG5and BCL2bound to miR-155-5p (Figure 3A,
Figure S1A). To verify the binding of miR-155-5p and ATG5/
BCL2, a dual-luciferase reporter assay was performed. The
data suggested that luciferase activity was clearly decreased
after co-transfection with the miR-155-5p mimic and wild-
type ATG5/BCL2 vector but was not altered after co-trans-
fection with the miR-155-5p mimic and mutant ATG5/BCL2
vector (Figure 3B, Figure S1B). Moreover, RT-qPCR analysis
showed that ATG5/BCL2 was negatively regulated by the
miR-155-5p mimic (Figures 3C and S1C), which was further
confirmed by western blot (Figure 3D, Figure S1D). All these
data suggest that miR-155-5p binds to ATG5 and negatively
regulates its expression.

miR-155-5p sensitized HepG2/ADR cells to ADR by
targeting ATG5/BCL2. Next, we conducted an experi-
ment to validate the biological function of ATG5/BCL2 in
miR-155-5p-mediated autophagy. As indicated in Figure 4A
and Figures S2A and S2B, the expression of ATG5/BCL2 in
HepG2/ADR cells was significantly inhibited in the presence

of the miR-155-5p mimic, which was partially rescued
by ATG5/BCL2 overexpression. Furthermore, the results
indicated that the miR-155-5p mimic significantly induced
apoptosis in HepG2/ADR cells, while ATG5 overexpression
partially reversed the apoptotic effect of the miR-155-5p
mimic (Figure 4B, Figure S2C). Indeed, as shown in Figure 4C,
miR-155-5p overexpression significantly reduced the relative
expression of BCL2 but enhanced the relative expression of
pro-apoptotic proteins (Bax, cleaved caspase-3, and cleaved
caspase-9). However, ATGS5 overexpression partially reversed
the effects on the expression levels. Immunofluorescence
assays suggested that LC3 expression was notably downreg-
ulated in HepG2/ADR cells, while ATG5 upregulation
partially reversed this effect (Figure 4D). Finally, the expres-
sion of autophagy-related proteins was notably decreased by
overexpression of miR-155-5p, while ATG5 overexpression
partially rescued the inhibitory effect of miR-155-5p mimics
on autophagy in HepG2/ADR cells (Figure 4E). Altogether,
these findings suggested that miR-155-5p sensitized HepG2/
ADR cells to ADR by targeting ATG5/BCL2.

Discussion

The major factor for chemotherapy failure is the chemo-
resistance of tumor cells [27]. Some drugs, such as 5-FU and
verapamil, have been reported to act as reversal agents, but
they have significant adverse effects that can largely reduce
their clinical application [28, 29]. Our study first verified the
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inhibitory effect of miR-155-5p on ADR-resistant liver carci-
noma in vitro. Recent studies have reported that miR-155-5p
could act as a suppressor to reduce the chemoresistance of
triple-negative breast cancer [30]. These results were similar
to our present study, indicating that miR-155-5p can be
regarded as a reversal agent for liver cancer treatment.

Our current results demonstrated that miR-155-5p
overexpression significantly sensitized liver cancer cells to
ADR treatment in vitro. Moreover, apoptosis in HepG2/ADR
cells was significantly induced by the miR-155-5p mimic.
In addition, our findings also suggested that miR-155-5p
overexpression could notably activate pro-apoptotic proteins
and inactivate anti-apoptotic proteins. Bax is considered an
apoptosis-related and inflammation-related protein [31, 32].
The upregulation of cleaved caspase-3 could clearly induce
apoptosis in cancer cells [33]. Cleaved caspase-9 is also
involved in the apoptosis of tumor cells [34, 35]. These studies
were similar to our present study, indicating that miR-155-5p
overexpression could induce apoptosis in resistant cancers in
vitro via the regulation of apoptosis-related proteins.

Additionally, in our research, we found that miR-155-5p
overexpression could inhibit autophagy in HepG2/ADR
cells. Autophagy has been proven to be activated by capturing
and degrading related proteins in lysosomes, which could
result in recycling some molecules to maintain survival [36].
Autophagy also plays a regulatory role in mediating proteins
and sustaining protein quality [37]. Autophagy dysfunction
has been associated with multiple diseases [38]. In malig-
nant tumors, autophagy can incur tumor chemoresistance in
different contexts [39]. Kumar et al. indicated that autophagy
was involved in drug resistance in malignant tumors [40].
Moreover, Meng et al. found that EGCG could reduce the
resistance by downregulating autophagy and inhibiting
cell death by targeting the phosphorylation of ERK in lung
cancer [41]. Our findings were similar to the results of these
studies, indicating that miR-155-5p sensitized HepG2/
ADR cells to ADR by inhibiting autophagy. Nevertheless,
miR-155 has been reported to affect osteosarcoma MG-63
cell autophagy induced by adriamycin through regulation of
the PTEN-PI3K/AKT/mTOR signaling pathway [42]. Our
findings revealed that ATG5 and BCL2 were direct targets
of miR-155. This difference may be due to different tumor
types. Moreover, LC3 is an important regulator of yeast Atg8
[43]. A lipidated form of LC3, LC3I], is considered to be an
important molecular marker in mammals and has been used
to investigate the regulatory role of autophagy in neurode-
generative and neuromuscular diseases, tumorigenesis, and
bacterial and viral infections [44]. Similarly, Beclin-1 has
been proven to be involved in autophagy during tumori-
genesis [45]. Sun et al. indicated that osteopontin could
relieve early brain damage by modulating the association of
autophagy and apoptosis after subarachnoid hemorrhage in
vivo [45]. Similar to this study, our current research found
that overexpression of miR-155-5p downregulated autophagy
by decreasing the expression of Beclin-1 and LC3II in vitro.

It has been confirmed that miRNAs exert their biological
functions through their target genes [46, 47]. In this study,
a luciferase reporter assay indicated that ATG5 was a target
gene of miR-155-5p in liver cancer. ATG5 is an autophagy-
related protein first regarded as a tumor promoter [48]. In
addition, ATG5 could promote proliferation and metastasis,
and inhibit breast cancer cell apoptosis [49]. A previous study
found that rhein inhibited the autophagy of human cancer
cells via downregulation of ATG5 [50]. Additionally, Ra et al.
indicated that TRIM31 could promote Atg5/Atg7-indepen-
dent autophagy in intestinal cells [51]. In addition, Lauzier
et al. showed that ATG5 overexpression could promote the
development of cancer in vitro [52]. In our research, the
miR-155-5p mimic significantly decreased the expression of
ATGS5. However, ATG5 overexpression partially rescued the
inhibitory effect of miR-155-5p on autophagy in liver cancer
cells. Our findings were consistent with those of previous
studies [53, 54]. Collectively, our results suggested that
miR-155-5p exhibited an inhibitory effect on liver cancer
cells by decreasing the level of ATGS5.

In summary, our research first demonstrated that
miR-155-5p sensitized HepG2/ADR cells to ADR by
targeting ATG5, which may serve as a potential target for
liver cancer treatment.

Supplementary information is available in the online version
of the paper.
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