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Purpose: Sorafenib has revolutionized treatment of hepatocellular carcinoma (HCC), but its

efficacy is limited by drug resistance. Autophagy is the process by which cellular compo-

nents are transported to lysosomes for degradation, which promotes energy production and

production of macromolecular precursors. Studies have suggested that the cytoprotective

function of autophagy may contribute to chemoresistance or targeted drug resistance in

cancer cells. We investigated the effects of miR-375 and autophagy-related protein 14, and

their interrelationships, on sorafenib efficacy.

Methods: Cell viability was measured using the MTT assay, and apoptosis was evaluated

using flow cytometry. Colony formation assay was performed to determine changes in cell

number. Real-time PCR and Western blotting were performed to quantify the expression of

key genes and proteins. Immunofluorescence and transmission electron microscopy were

used to detect autophagy. Dual-luciferase reporter assays were used to verify a direct target.

Results: We characterized the relationship between sorafenib and autophagy. We showed

that inhibition of autophagy enhanced sensitivity of HCC to sorafenib and showed that miR-

375 was important in this process. Finally, we showed that miR-375 affected sensitivity of

HCC cells to sorafenib through regulation of ATG14.

Conclusion: We showed that miR-375 sensitized HCC cells to sorafenib by blocking

sorafenib-induced autophagy. We also showed that ATG14 was a direct autophagy-related

target of miR-375. These findings indicated that miR-375-ATG14 was important in the

development of sorafenib resistance in HCC.

Keywords: autophagy, hepatocellular carcinoma, sorafenib, miR-375, therapy, drug

resistance

Introduction
Hepatocellular carcinoma (HCC) is the fourth leading cause of cancer death and is

the fourth most common malignant tumor in China.1 Current treatments are limited

and do not improve survival rates.2 Despite recent breakthroughs in treatment and

surgical removal, the 5-year survival rate remains poor.3 In addition, use of antic-

ancer drugs to treat HCC is limited by primary and acquired drug resistance.4,5

Therefore, elucidation of the molecular mechanisms of hepatocellular carcinoma

and identification of prognostic indicators are critical to the development of effec-

tive treatments for hepatocellular carcinoma.

Autophagy is a catabolic pathway characterized by degradation of cellular compo-

nents. Autophagy removes misfolded proteins, damaged organelles, and lipid droplets,
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plays a crucial role in energy balance and cytoplasmic quality

control, and promotes liver homeostasis.6,7 Increasing num-

bers of studies have shown that autophagy plays an important

role in HCC. Autophagy is associated with risk factors for

HCC such as oxidative stress, chronic inflammation, viral

infection, metabolic dysfunction, liver alcohol disorders, and

fatty liver disease.8–10 Therefore, a comprehensive under-

standing of the role of autophagy in HCC may result in the

development of new diagnostic and therapeutic techniques.

Furthermore, many recent studies have identified genes that

promote drug resistance through the regulation of autophagy.

Sorafenib is a multi-kinase inhibitor that affects cell

surface tyrosine kinase receptors and intracellular serine/

threonine kinases.11 Representative Phase III trials have

shown that sorafenib significantly improved overall survi-

val in patients with advanced HCC.12 Furthermore, sora-

fenib has been shown to activate autophagy and

apoptosis.13,14 Interactions between non-coding RNA and

autophagy have received increased attention with regard to

hepatocellular carcinoma. MicroRNAs are a class of endo-

genous, short non-coding RNAs that post-transcriptionally

regulate gene expression.15 MicroRNAs can affect many

biological processes, such as cell development, infection,

immunity, and carcinogenesis.16 MicroRNAs are involved

in various stages of autophagy, including phagophore

induction, nucleation, expansion, and maturation of auto-

lysosomes and autophagosomes.17 In a previous study, we

performed bioinformatics analysis using RT-PCR to eval-

uate the effects of sorafenib. MicroRNA 375 was identi-

fied for further study. The role of miR-375 in regulation of

sorafenib resistance in HCC cells and the underlying

mechanisms of this resistance have not been characterized.

In this study, we showed that miR-375 sensitized HCC

cells to sorafenib by blocking sorafenib-induced autop-

hagy. We also showed that a key autophagic protein,

autophagy-related protein 14 (ATG14), was a direct autop-

hagy-related target of miR-375. These findings indicated

that the miR-375-ATG14 axis was heavily involved in the

development of sorafenib resistance in HCC.

Materials and Methods
Cell Culture and Reagents
Hepatocellular cell lines (Huh7 and HepG2) were purchased

from Shanghai Institute of Cell Bank (Shanghai, China)

and grown in Dulbecco’s modified Eagle’s medium

(BioWhittaker, Walkersville, MD, USA) supplemented with

10% fetal bovine serum (HyClone, Logan, UT, USA),

streptomycin (100 μg/mL), and penicillin (100 U/mL) at

37°C in 5% CO2.

Cell Transfection
The expression plasmids containing ATG14 cDNA,

pcDNA-3.1, miR-375 mimics and miR-NC were pur-

chased form Genechem (Shanghai, China). The siRNA

and the negative control (NC) oligonucleotides were pur-

chased from Sigma (Shanghai, China). The plasmids and

siRNA were transfected into cells using Lipofectamine

3000 according to the manufacturer’s protocol. Diluted

appropriate amounts of Lipo3000 and miR-375 mimics

or inhibitor with opti-MEM in proportion. Then, drip the

mix evenly into the medium and shake it slowly. Put it in

CO2 incubator, and change the DMEM after about 8 h.

After 48 h, cells were harvested for further assays.

Total RNA Isolation and qRT-PCR
We used Trizol reagent (Invitrogen, Thermo Fisher

Scientific, Inc.) to isolate total RNA from HCC tissues and

cells.We used a DNA synthesis kit (Takara, Dalian, China) to

synthesize DNA according to the manufacturer’s instruc-

tions. The expression of RNA was detected by qRT-PCR

using SYBR Premix Ex Taq II kit (Takara, Dalian, China).

The expression of miR-375 was determined using the

Taqman miRNA kit (Applied Biosystems, Foster City, CA).

The levels of RNU6BmRNA andGAPDHmRNAwere used

for normalization. Data were analyzed using CT values, then

converted to fold-changes. The primer sequences used in this

study are summarized in Supplementary Table 1.

Western Blot
Total protein from cultured Huh7 cells was extracted on ice

using RIPA Lysis Buffer (Beyotime) supplemented with

a protease and phosphatase inhibitor cocktail (Roche,

Basel, Switzerland). Protein concentration was determined

using a BCA Protein Assay kit (Generay, Shanghai, China),

and proteins were separated using sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE), then trans-

ferred onto PVDF membranes (Millipore). The membranes

were incubated with primary antibodies against LC3, P62

(1:1000, Cell Signaling Technology, MA, USA), ATG14,

Caspase-3, PARP, C-PARP, or β-actin (1:1000, Proteintech

Group, Chicago, IL, USA), then blocked with 5% fat-free

milk powder in TBST buffer at 4°C overnight. The mem-

branes were incubated with secondary antibody (CWBIO;

1:5000 dilution) and bands were detected by enhanced che-

miluminescence (Thermo Fisher Scientific) using an
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Automatic Chemiluminescence Imaging Analysis System

(Tanon-4200; Tanon Science & Technology, Shanghai,

China).

Colony Formation
Cells were inoculated in 6-well plates at a density of 1.5 –2 x

103 cells/well. The cells were then cultured for two weeks.

Then, the cells were fixed with 4% paraformaldehyde

(Beyotime Biotechnology, Beijing, China) for 15–20 min,

stained with 0.5% crystal violet (Beyotime Biotechnology,

Beijing, China) for 20min, washed with PBS three times (5

min each), and cell colonies were counted. The experiment

was repeated three times.

Analysis of Cell Viability
The inhibitory effects of sorafenib on the viability of the HCC

cells were measured by an MTT assay. Cells were seeded in

96-well dishes at 1 x104 cells per well and incubated over-

night. They were then treated with the indicated dose of

sorafenib (2, 4, 6, 8,10μmol/mL) for 24 h. Subsequently,

MTT reagent (Sigma-Aldrich) was added to each well at

a final concentration of 0.5 mg/mL, and the cells were incu-

bated for a further 2 h under the same conditions. The culture

plate was centrifuged for 5 min at 25°C and the supernatant

was removed. Dimethyl sulfoxide was added to dissolve the

formazan crystals, and optical density was determined at 490

nm using a microplate reader (Tecan Biotechnology,

Shanghai, China). The experiments were conducted three

times independently, in triplicate each time, and the average

values of the three independent experiments were calculated.

Analysis of Apoptosis Using Flow

Cytometry
Cell apoptosis was determined using a FITC AnnexinV/

Dead Cell Apoptosis Kit (Life Technologies Corporation

29851 Willow Creek Road Eugene, Oregon 97402) that

quantitatively measures the percentage of apoptotic cells

using flow cytometry.

Immunofluorescence
Cells were seeded and cultured in 6-well plates, then

washed with PBS and fixed in 4% paraformaldehyde for

15 min. The cells were then permeabilized using 0.5%

TritonX-100 for 30 min at 37°C and blocked with 1%

BSA (bovine serum albumin) for 1 h. The cells were

incubated with rabbit polyclonal LC3 antibody (1:100;

MBL, Beijing, China) at 4°C overnight. The cells were

washed, then incubated with fluorescent secondary anti-

body (1:100, Abbkine, Wuhan, China) for 1 h at 37°C in

the dark. After washing three times, the cells were stained

with DAPI (Beyotime, Beijing, China) for 5 min at 37°C

and visualized using a fluorescence microscope.

Luciferase Reporter Assay
The luciferase activity assay was performed as previously

described.18 Wild-type ATG14 (ATG14-wt) and a mutant

devoid of the miR-375 binding site (ATG14-mut) were

cloned downstream of the luciferase gene coding

sequence. Cells were co-transfected with 100 ng of

ATG14-miR-375-UTR-WT or ATG14-miR-375-UTR-Mut

in the presence of 50 nM Lipofectamine2000. After 48 h,

cells were assayed using a Dual Luciferase Reporter Assay

Kit (Promega) according to the manufacturer’s instruc-

tions. Firefly luciferase activity was normalized to

Renilla luciferase activity.

Transmission Electron Microscopy
Cells were fixed in 0.2% glutaraldehyde for 2 h at 37°C,

then post-fixed in 0.1 M sodium cacodylate buffer. The

cells were dehydrated using an ethanol gradient, then

embedded in Durcupan ACM. Then, the cells were sliced

into 80-nm sections and stained with uranyl acetate and

lead citrate. The cells were visualized using a transmission

electron microscope.

Statistical Analysis
All analyses were performed using SPSS 17.0 (SPSS,

Chicago, IL, USA) and GraphPad Prism 6.0 (GraphPad

Software, La Jolla, CA). Statistical analysis was performed

using Student’s t-test or one-way ANOVA. Spearman cor-

relation was used to evaluate expression levels. Data are

presented as means ± SD, and p values <0.05 were consid-

ered statistically significant.

Results
Sorafenib Promoted Autophagy in HCC
Autophagy has been shown to be associated with cancer

progression,19 and increasing evidence has shown that autop-

hagy can suppress or promote the growth of cancer cells.20,21

Stress-induced autophagy can promote cell survival, but

excessive autophagy can result in apoptosis.22 Many factors

contribute to drug resistance in HCC, including autophagy.

We used a geodatabase (GSE10921123) and gene-set enrich-

ment analysis to verify the relationship between sorafenib and
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autophagy. Using R software, we concluded that autophagy

and sorafenib use were highly correlated in patients with HCC

(Figure 1A). Studies have shown that microtubule-associated

protein 1 light chain 3 (MAP1LC3/LC3) is a specific marker

of autophagy initiation. In addition, p62 (a bridge between

LC3B and ubiquitinated substrates to be degraded) also serves

as a marker of autophagy induction. Autophagy is often

detected using MAP1LC3/LC3 and P62 as markers. We

determined that Huh7 cells were the most sensitive HCC

cells to sorafenib (Figure S1A). HepG2 cells were used to

verify conclusions made using Huh7 cells. Levels of LC3-II

were significantly higher after 24 h of treatment with different

A B

D
E

C

Figure 1 Autophagy in HCC was increased by treatment with sorafenib. (A) The positive correlation between autophagy in patients with HCC and the use of sorafenib was

determined using R software. (B) Western blotting was performed to determine levels of autophagy-related proteins in HCC cells treated with increasing concentrations of

sorafenib. (C) Western blotting was performed to measure the levels of autophagy-related proteins in HCC cells treated with different concentrations of sorafenib, with or

without Baf-A1. (D) The effect of sorafenib on relative green fluorescence of LC3 puncta in Huh7 cells was evaluated using immunofluorescence. (E) The effect of sorafenib

on a relative number of autophagosomes in Huh7 cells was evaluated using electron microscopy. Red arrows indicate autophagic double membrane structure. Data are

expressed as mean ± SD of three independent experiments. The p-values represent comparisons between groups (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns

means no Statistical significance).
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concentrations of sorafenib than those in control cells, and p62

levels were lower in cells treated with sorafenib than those in

control cells (Figure 1B). The expression of LC3-II was

further increased and the expression of P62 was further

decreased in cells treated with bafilomycin A1, which sug-

gested that autophagic fluxwas increased in Huh7 cells treated

with sorafenib (Figure 1C). Three principal methods are typi-

cally used to monitor the number of autophagosomes, includ-

ing electron microscopy, light microscopic determination of

subcellular localization of LC3, and biochemical detection

of the membrane-associated form of LC3. The proportion of

LC3 puncta in cells treated with sorafenib was significantly

higher than that in the control group (Figure 1D). In addition,

we observed characteristic autophagosomes in Huh7 cells

treated with sorafenib using transmission electron microscopy

(Figure 1E). These results indicated that sorafenib treatment

promoted autophagy, and these results were verified in HepG2

cells (Figure S1B and C).

Inhibition of Autophagy Enhanced the

Sensitivity of HCC Cells to Sorafenib
To determine whether autophagy modulated the effects of

sorafenib on HCC cells, we used an autophagy inhibitor (Baf-

A1) and small interfering RNA (siRNA). Unk-51-like kinase

(ULK) is a key gene in autophagy. Studies have shown that si-

ULK inhibited autophagy.24 Cell viability was significantly

decreased in a sorafenib dose-dependent manner in cells trea-

ted with Baf-A1 and si-ULK (Figure 2A and B). Inhibition of

autophagy in HepG2 cells resulted in increased cell death

(Figure S2A). In addition, treatment with Baf-A1 and si-

ULK, with or without sorafenib, resulted in a decreased capa-

city for colony formation, and increased apoptosis (Figure 2C

and D). These results indicated that inhibition of autophagy

increased the effects of sorafenib on HCC.

MicroRNA 375 Inhibited

Sorafenib-Induced Autophagy
Our previous studies evaluated the functions and effects of

non-coding RNA.25,26 MicroRNAs have the potential to revo-

lutionize diagnosis, treatment, and monitoring of diseases.

Previous studies have shown that miRNAs are involved in

various aspects of autophagy.27–30 Furthermore, studies have

shown that miRNAs contribute to tumorigenesis through reg-

ulation of cell proliferation, differentiation, and invasion.31,32

We used the GEO database, GSE20077, to identify aberrantly

expressed miRNAs involved in HCC using comparative

miRNA expression profiling of cancerous hepatocytes and

normal primary human hepatocytes. This analysis resulted in

identification of 37 dysregulated miRNAs in HCC.33 The

GSE109211 dataset is comprised of a total of 67 samples

from individuals treated with sorafenib (Sor) and 73 from

patients who received placebo (Plac). We used R software to

show the expression of several miRNAs by selecting the

miRNA data and selecting the intersection between them

(Figure 3A). Analysis of these two sets of data resulted in

the selection of five microRNAs (hsa-miR-375, hsa-miR

-146b, hsa-miR-338, hsa-miR-221, and hsa-miR-99b), with

the most obvious differentiation and statistically significant to

perform RT-PCR experiments under sorafenib treatment. We

selected miR-375 for subsequent studies because it was most

associated with sorafenib-treated HCC cells (Figure 3B).

Analysis of TCGA using GSEA resulted in confirmation of

a correlation betweenmiR-375 and autophagy (Figure 3C). To

verify the role ofmiR-375 in sorafenib-induced autophagy, we

used Huh7 cells transiently transfected with miR-375 or miR-

NC mimics. The results showed that cells transfected with

miR-375 mimic and treated with sorafenib exhibited reduced

LC3II expression and increased P62 expression (Figure 3D).

In addition, we also found that miR-375 mimics inhibited

sorafenib-induced autophagy, as determined using immuno-

fluorescence and electron microscopy. The numbers of sora-

fenib-induced LC3 puncta or autophagic vacuoles, as

determined using immunofluorescence or electron micro-

scopy, were decreased following treatment with miR-375

mimics (Figure 3E and F). These results suggested that miR-

375 negatively regulated sorafenib-induced autophagy in

HCC. These results were verified in HepG2 cells

(Figure S2C).

Increased Expression of miR-375

Re-Sensitized HCC Cells to Sorafenib
Autophagy is associated with sensitivity to many

drugs.34,35 Therefore, we evaluated the mechanisms by

which miR-375 modulated the effects of sorafenib on

HCC. The effects of miR-375 mimics on the relative

viability of Huh7 cells in response to treatment with dif-

ferent concentrations of sorafenib were evaluated using the

MTT assay, and transfection with miR-375 mimics and

inhibitors had contrasting effects (Figure 4A and B). In

addition, colony growth was significantly restricted in the

miR-375 mimic group treated with sorafenib (Figure 4C).

Flow cytometry analysis showed that miR-375 re-

expression resulted in increased apoptosis in a sorafenib

dose-dependent manner in Huh7 cells (Figure 4D). In
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A

B

C

D

Figure 2 Inhibition of autophagy enhanced the sensitivity of HCC cells to sorafenib. (A, B) The MTT assay was used to measure the viability of Huh7 cells treated with

sorafenib following treatment with Baf-A1 and si-ULK1. (C) Colony formation assay was performed to analyze cell proliferation following treatment with Baf-A1 and si-

ULK1 (sorafenib: 5 μM, 12 h). (D) Flow cytometry was performed to measure apoptosis (sorafenib: 5 μM, 12 h). Data are expressed as mean ± SD of three independent

experiments. The p-values represent comparisons between groups (*P < 0.05, **P < 0.01, ***P < 0.001).
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addition, we showed that miR-375 re-expression increased

the protein expression levels of caspase-3 in sorafenib-

treated Huh7 cells compared with those in control cells.

In addition, transfection of miR-375 mimic significantly

decreased the expression of VEGF in sorafenib-treated

Huh7 cells compared with control cells (Figure 4E). This

can explain the effect of miR-375 may play an important

role in sorafenib of HCC treatment. These results

indicated that miR-375 enhanced the sensitivity of HCC

to sorafenib.

A B

F

C

E

D

Figure 3 MicroRNA 375 inhibited sorafenib-induced autophagy. (A) R software was used to generate a heat map of miRNA expression following screening. (B) Real-time

PCR was used to quantitate miRNA levels in Huh7 cells treated with sorafenib. (C) Results from GSEA showed that miR-375 was expressed at low levels in HCC, and was

negatively correlated with autophagy. (D) LC3 and p62 levels were measured in cells treated with miR-375 mimics following sorafenib treatment (sorafenib: 5 μM, 12 h). (E)
The levels of sorafenib-induced LC3 puncta were evaluated using immunofluorescence following treatment with miR-375 mimics. (F) The number of sorafenib-induced

autophagic vacuoles was determined using electron microscopy following treatment with miR-375 mimics. Red arrows indicate autophagic double membrane structure. Data

are expressed as mean ± SD of three independent experiments. The p-values represent comparisons between groups (***P < 0.001).
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ATG14 Was a Direct Target of miR-375
To determine the mechanism by which miR-375 inhibited

autophagosome formation, we used two online bioinformatics

websites (Starbase and TargetScan) to identify binding sites

betweenmiR-375 and the 3ʹ-UTR regions of ATG2B, ATG14,

ATG7, and ATG10. The results showed that the expression of

ATG14 was highest in sorafenib-treated HCC cells, as deter-

mined using RT-PCR (Figure 5A). We then constructed GFP-

RFP-LC3 lentivirus that produced red light in response to

sorafenib treatment (Figure 5B). Green light was quenched

by acid in lysosomes, which indicated that autophagy occurs

in the fusion phase with lysosome. One study showed that

ATG14 promoted membrane tethering and fusion of autopha-

gosomes to endolysosomes.36 This finding agreed with our

finding that ATG14 was involved in sorafenib-induced

autophagy. The predicted interactions between miR-375 and

A B

C

D E

Figure 4 Increased expression of miR-375 re-sensitized HCC cells to sorafenib. (A, B) The influence of miR-375 mimics or inhibitors on the relative viability of Huh7 cells

in response to different concentrations of sorafenib was evaluated using the MTTassay. (C) Colony formation assay was performed to analyze the effects of miR-375 mimics

on cell proliferation following sorafenib treatment (sorafenib: 5 μM, 12 h). (D) Flow cytometry was performed to measure apoptosis (sorafenib: 10 μM, 12 h). (E) Western

blotting was used to measure apoptosis-related protein levels. Data are expressed as mean ± SD of three independent experiments. The p-values represent comparisons

between groups (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns means no Statistical significance).
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the 3′-UTRs of ATG14 are shown in Figure 5C. We con-

structed 3′-UTR luciferase reporters of ATG14 that contained

putative miR-375 binding sites or mutant binding sites down-

stream of the luciferase reporters to characterize ATG14 as

a target gene of miR-375. We then co-transfected Huh7 cells

with the reporter constructs and a miR-375-mimic or miR-NC

-mimic. We performed luciferase activity assay 48 h after

transfection. Luciferase reporter assay showed a binding affi-

nity between miR-375 and the 3′-UTR of ATG14 mRNA

(Figure 5D). Transfection of a miR-375 mimic decreased the

A B

C D

FE

Figure 5 Autophagy-related protein 14 was a direct target of miR-375. (A) Real-time PCR was used to evaluate ATG14 levels in Huh7 cells treated with sorafenib. (B) We

constructed a GFP-RFP-LC3 lentivirus that emitted green and red light in response to sorafenib treatment (sorafenib: 5 μM, 12 h). (C, D) The binding sites for miR-375 in

the 3ʹ-UTRs of ATG14 were determined, and luciferase reporter assays were performed to confirm the relationships between miR-375 and ATG14. (E) Real-time PCR was

used to measure ATG14 mRNA levels in Huh7 cells transfected with miR-375 mimics and treated with or without sorafenib (sorafenib: 5 μM, 12 h). (F) Western blotting

was used to measure ATG14 protein levels in Huh7 cells transfected with miR-375 mimics and treated with or without sorafenib (sorafenib: 5 μM, 12 h). Data are expressed

as mean ± SD of three independent experiments. The p-values represent comparisons between groups (**P < 0.01, ***P < 0.001).
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expression of ATG14 mRNA (Figure 5E) and protein (Figure

5F) in Huh7 cells treated with or without sorafenib. These

results showed that miR-375 downregulated ATG14 mRNA

by directly interacting with 3′-UTRs.

The Effect of miR-375 on Sensitivity of

HCC Cells to Sorafenib Was Dependent

on ATG14 Regulation
To confirm that miR-375-mediated downregulation of

ATG14 resulted in sensitivity of HCC cells to sorafenib, we

co-cultured miR-375 mimic with an ATG14 over-expressor

plasmid. Reintroduction of ATG14 in the presence of miR-

375 reversed the inhibition of Huh7 cell growth induced by

the combination of miR-375 and sorafenib (Figure 6A). In

addition, colony formation assay also showed that AT

G14 reduced miR-375-induced apoptosis (Figure 6B).

Furthermore, flow cytometry showed that increased miR-

375-mediated apoptosis was partially abolished by ATG14

in HCC cells treated with sorafenib (Figure 6C).Western blot

results showed that increased expression of apoptosis-related

proteins (c-caspase-3 and c-PARP) induced by miR-375 was

partially abrogated by increased expression of ATG14.

Simultaneously, compared with group miR-NC and group

Sorafenib in Figure 4D, the expression of autophagy was

partially reduced when ATG14 was added (Figure 6D). In

addition, the expression of VEGF was partially increased

when ATG14 was added compared with control cells. This

may indicate a link between ATG14, miR-375 and sorafenib.

These results indicated that miR-375-induced sensitivity of

HCC cells to sorafenib was dependent on ATG14 regulation.

This result was verified in HepG2 cells (Figures S2B and S3).

The Expression of miR-375Was Negatively

Correlated with ATG14 Expression
Studies have shown that the expression of miR-375 was sig-

nificantly reduced in liver cancer tissues.28 The GSE20077

dataset was analyzed to identify aberrantly expressedmiRNAs

involved in HCC through comparison of miRNA expression

profiles in cancerous hepatocytes to those in normal primary

human hepatocytes. This analysis resulted in the identification

of 37 dysregulatedmiRNAs in HCC. The expression profile of

miR-375 in the GEO database GSE20077 is shown in Figure

7A. The expression level of miR-375 in HCC tissues was

significantly lower than that in normal tissues. The expression

levels of ATG14 in normal or HCC tissues and matched

TCGA normal and GTEx data are shown in Figure 7B. Data

sources are referenced in GEPIA (http://gepia.cancer-pku.cn/

index.html). The expression level of ATG14 in HCC tissues

was higher than that in normal tissues. Correlation analysis

showed that miR-375 and ATG14 expression was negatively

correlated, as determined using Starbase (Figure 7C). We also

investigated the relationship between miR-375 and ATG14

expression, and prognosis in patients with HCC. Kaplan-

Meier survival analysis showed that the overall survival time

of patients with high ATG14 expression was significantly

shorter than that of patients with low ATG14 expression

(Figure 7D). Data sources are referenced in OncoLnc (http://

www.oncolnc.org/). Both of them are clinically significant and

worth discussing. Collectively, this section is intended to

illustrate the correlation between miR-375 and ATG14.

Figure 7E shows the miR-375/ATG14 schematic overview

of regulatory signal.

Discussion
The most effective current treatments for HCC are

surgical resection, interventional radiotherapy, or liver

transplantation.37 Sorafenib was the first systemic therapy

approved for patients with advanced-stage HCC, following

a landmark study that showed an improvement in median

overall survival time from 8 to 11 months.5 However, the

long-term value of sorafenib is limited due to primary and

acquired resistance, which are related to activation of

autophagy.14,38 Many studies have described abnormalities

in autophagy in many human tumors. Autophagy plays

a critical role in all stages of tumor development.

Furthermore, autophagy plays dual roles in HCC, in which

it protects cells from carcinogenesis during the early stages,

and promotes tumor progression at advanced stages.39–41

These dual roles illustrate the complexity of targeting autop-

hagy to treat HCC. Autophagy-related genes, non-coding

RNA, and related signaling pathways, are involved in autop-

hagy and the regulation of onset and progression of HCC.

Yang et al showed that HOTAIR increased autophagy by

increasing the expression levels of ATG3 and ATG7.42

MiR-375 is downregulated in HCC. It can decrease HCC

cell growth, invasion, and apoptosis. What is more, there is

a study showed that miR-375 inhibits tumor growth of hepa-

toma xenografts in nudemice.33 On this basis, we focus on its

ability to improve the efficacy of sorafenib, and try to con-

tribute and explore in terms of drug resistance. Autophagy

and microRNAs are important regulators of cancer cell

tumorigenesis, and microRNAs have potential as targets for

the treatment of cancer.43,44

In this study, we evaluated the role of miRNA in

autophagy-mediated regulation of sorafenib resistance in
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HCC cells. First, we showed that sorafenib promoted

autophagy. In addition, we used RT-PCR to verify that

the expression of multiple miRNAs differed in response

to treatment with sorafenib, and identified miR-375, which

was abnormally expressed in numerous types of cancers,

as the focus of this study.45–47 The results showed that

miR-375 attenuated sorafenib-induced autophagy and

increased sensitivity of HCC to sorafenib. We demon-

strated that miR-375 acted on target sequences located in

the 3ʹ-UTR regions of ATG14 mRNA. Finally, we showed

that miR-375 regulated sorafenib-induced autophagy

through ATG14. Previous studies have shown that

ATG14 participated in autophagosome nucleation and pro-

moted fusion of autophagosomes and lysosomes.36,48,49

A

B

C D

Figure 6 MicroRNA 375 affected sensitivity of HCC cells to sorafenib through ATG14. (A) The sensitivity of Huh7 cells co-transfected with miR-375 mimics and ATG14 to

sorafenib was determined using the MTT assay. (B) Colony formation assay was performed to determine proliferation ability of Huh7 cells co-transfected with miR-375

mimics and ATG14, then treated with sorafenib. (C) Flow cytometry was used to measure sorafenib-induced apoptosis in Huh7 cells co-transfected with miR-375 mimics

and ATG14 (sorafenib: 10 μM, 12 h). (D) Western blotting was used to determine the levels of the apoptosis-related proteins and autophagy-related proteins in Huh7 cells

co-transfected with miR-375 mimics and ATG14 and treated with sorafenib (sorafenib: 5 μM, 12 h).
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Furthermore, ATG14 may play a fundamental role in vesi-

cle nucleation of the phosphatidylinositol (PtdIns) 3-kinase

complex I.50

In conclusion, miR-375 inhibited sorafenib-induced

autophagy in HCC. Furthermore, miR-375 enhanced the

sensitivity of HCC to sorafenib. These results provided

new insights into the mechanism of survival of HCC

cells following sorafenib treatment. Further studies are

needed to explore additional mechanisms of action of

miR-375 and to elucidate the relationship between autop-

hagy and other drug mechanisms.

Abbreviations
GAPDH, glyceraldehyde-3-phosphate dehydrogenase; PVDF,

Poly(vinylidene fluoride); LC3, Microtubule associated pro-

tein light chain 3; P62, SQSTM1 (Sequestosome 1); PARP,

poly ADP-ribose polymerase; C-PARP, c-poly ADP-ribose

polymerase; TBST, Tris-Buffered Saline Tween; PBS,

A B

C D

E

Figure 7 The expression of miR-375 in HCC tissues was negatively correlated with ATG14 expression. (A) The expression profile of miR-375 in the GEO database,

GSE20077. (B) The expression of ATG14 in normal and HCC tissues and matched TCGA normal and GTEx data. Data sources are referenced in GEPIA (http://gepia.cancer-

pku.cn/index.html). (C) The correlation between miR-375 and ATG14 in HCC obtained from Starbase. (D) Analysis of the correction among ATG14, miR-375, and survival

probability in HCC. (E) Schematic overview of miR-375/ATG14 regulatory signalling.
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Phosphate buffered saline; DMSO, dimethyl sulfoxide; DAPI,

4ʹ,6-diamidino-2-phenylindole.
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