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microRNA-378a-3p regulates the progression of hepatocellular carcinoma by
regulating PD-L1 and STAT3
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ABSTRACT ARTICLE HISTORY
Programmed death ligand 1 (PD-L1) plays an essential role in the development or progression of Received 15 November 2021
hepatocellular carcinoma (HCC). MicroRNAs (miRNAs) are small RNA molecules that regulate gene ~ Revised 11 January 2022
expression during normal and pathophysiological events. Here, we explored the functions and Accepted 11 January 2022
detailed mechanisms of miR-378a-3p and PD-L1 in HCC progression. First, miR-378a-3p was KEYWORDS

selected by analyzing miRNA levels in two HCC Gene Expression Omnibus datasets. We found Hepatocellular carcinoma;
that miR-378a-3p levels exhibited a downward trend in HCC and were negatively correlated with miR-378a-3p; PD-L1;
PD-L1 levels. Additionally, a dual luciferase assay predicted that miR-378a-3p directly targets PD- immune escape; STAT3
L1. Moreover, the transfection of miR-378a-3p mimics into Li-7 and HuH-7 cells effectively

decreased the PD-L1T mRNA and protein expression levels, and inhibited Treg differentiation in co-

culture models by modulating the expression levels of certain cytokines. Furthermore, the over-

expression of miR-378a-3p hindered cell proliferation and migration but facilitated apoptosis by

repressing STAT3 signaling in HCC cells. In conclusion, miR-378a-3p appears to inhibit HCC

tumorigenesis by regulating PD-L1 and STAT3 levels. Thus, miR-378a-3p may be a potential target

for HCC therapy.
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1. Introduction : . . . . .
risk factors include co-infection with hepatitis

Hepatocellular carcinoma (HCC) is a malignancy B and C viruses, cirrhosis triggered by excessive
exhibiting a high death rate and a year-to-year  alcohol consumption, and nonalcoholic hepatopa-
upward incidence trend globally [1]. Its primary  thy [2-4]. Marked progress in surgical techniques
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has prolonged survival, but the death and inci-
dence rates of HCC remain equally high due to
deficiencies in diagnosis and effective treatment
schemes at the early stage. Moreover, surgically
resected HCC is prone to relapse [5-7].
Accordingly, the pathogenic mechanism of HCC
needs to be understood at the molecular level. This
will enable the identification of diagnostic biomar-
kers and suitable therapeutic targets for the early
stage of the disease and facilitate progress in the
development of effective treatment schemes.

MicroRNAs (miRNAs) are endogenous non-
coding RNAs. They are 22-25 nucleotides [8] and
possess the ability to target sequences in the 3’-
untranslated region (3’-UTR) of protein-coding
genes. This allows them to control gene expression
through cleavage and by repressing translation and
triggering gross variations in protein content [9,10].
In addition, miRNAs play indispensable regulatory
roles in a myriad of cellular processes, such as cell
cycle, proliferation, and apoptosis, as well as the
growth, progression, and survival of regulatory
T cells [11-13]. Furthermore, miRNA expression
anomalies have been found in many human cancers
[14-16], including HCC [17]. In particular, the
expression of miR-378a-3p, a tumor-suppressing
miRNA, displays anomalies in cervical cancer [18],
prostate cancer [19], and breast cancer [20].
Moreover, Qian et al. reported that miR-378a-3p is
a presumptive biological hallmark for HCC diagno-
sis and prognosis, based on a rational computer-
assisted model of biomarker discovery [21].
Nonetheless, the mechanism whereby miR-378a-3p
influences HCC remains unclear.

Here, our aims were to investigate whether miR-
378a-3p plays an important role in modulating
HCC progression and, if affirmative, to reveal the
underlying molecular mechanisms. We explored
the roles and possible mechanism of miR-378a-
3p/programmed death ligand 1 (PD-L1) in the
progression of HCC to provide new insights for
the clinical diagnosis and treatment of HCC.

2. Materials and methods
2.1. Tissue sampling

Forty-eight patients with HCC who were not
undergoing chemoradiotherapy and were admitted
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to the Southern Medical University from 2017 to
2019 were selected for the study, and their fresh
HCC and non-cancer tissues were collected and
frozen. The tissue samples were stored in liquid
nitrogen prior to RNA extraction, and experienced
pathologists recorded their clinicopathological fea-
tures. All patients provided written informed con-
sent and the study was approved by the Ethics
Committee of the Second School of Clinical
Medicine, Southern Medical University. No iden-
tifying information has been included in the
manuscript.

2.2. Cell culture

The cell lines HuH-7 and Li-7 were provided by
the American Type Culture Collection (Manassas,
VA, USA) and the Cell Bank of the Chinese
Academy of Science (Shanghai, China), respec-
tively. Both cell lines were authenticated using
short tandem repeat profiling. We used high-
glucose (25 mM) Dulbecco’s modified Eagle’s
medium (Gibco, Shanghai, China) with 1% peni-
cillin-streptomycin and 10% fetal bovine serum
(Sigma, St. Louis, MO, USA) to culture HCC
cells, which were stored in a humid incubator (5%
CO,).

2.3. miRNA transfection

GenePharma (Shanghai, China) provided miR-
378a-3p mimics at different concentrations (10,
20, and 40 pmol) and an miRNA negative control
(miR-NC) conjugated with FITC. Detailed
sequences are displayed in Table 1. Transfection
into Li-7 and HuH-7 cells (1 x 10° cells/mL) was
conducted using a Gene Pulser electroporation
system (Bio-Rad, Hercules, CA, USA) with 0.2 cm-
gap cuvettes at 160 V and a constant time of
12.5 ms. The transfection results were assessed by
reverse  transcription-quantitative  polymerase
chain reaction (RT-qPCR).

2.4. RT-gPCR

RT-qPCR was performed to measure gene expres-
sion levels The TRIzol reagent (GeneAll, Seoul,
Republic of Korea) was used for total RNA isola-
tion as specified by the manufacturer’s
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Table 1. Sequences of primers for qRT-PCR and transfection.

Name Sequence
miR-378a-3p Forward 5'-ACACTCCAGCTGGGACTGGACTTGGAGTCA-3’
Reverse 5'- CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGCC
TTCTG-3'
PD-L1 Forward 5'-GTACCTTGGCTTTGCCACAT-3’
Reverse 5'-CCAACACCACAAGGAGGAGT-3’
GAPDH Forward 5'-GCACCGTCAAGGCTGAGAAC-3’
Reverse 5'-TGGTGAAGACGCCAGTGGA-3’
miR-378a-3p mimics Sense 5'-ACUGGACUUGGAGUCAGAAGGC-3’
Anti-sense 5"-CUUCUGACUCCAAGUCCAGUUU-3'
miR-378a-3p NC Sense 5"-UUCUCCGAACGUGUCACGUTT-3’
Anti-sense 5'-ACGUGACACGUUCGGAGAATT-3'

instructions. The concentration and purity of the
obtained RNA were measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific,
Shanghai, China) based on the A,s and A
values, followed by electrophoresis on 1% agarose
gels to assess their integrity.

Complementary DNA (cDNA) was obtained via
reverse transcription of total RNA (1 mg) using
the ReverTra Ace® qPCR RT kit (cat. no. FSQ-101;
Toyobo Life Science) as specified by the manufac-
turer’s instructions. Stem-loop primers were used
for the synthesis of ¢DNA from miRNA.
Thereafter, the BioFACT 2X Real-Time PCR
Master Mix was employed to quantitate target
gene expression levels in a StepOnePlus Real-
Time PCR System (Thermo Fisher Scientific).
The reaction procedure was as follows: 95°C for
3 min, followed by 40 cycles of 95°C for 12s and
60°C for 40s. Gene expression was calculated by
the 27229 method [22]. U6 and GAPDH were
used as internal controls, and miR-378a-3p expres-
sion levels were normalized to U6 levels, while
target gene levels were normalized to GAPDH
levels. Genepharma (Shanghai, China) provided
all primers, whose detailed sequences are displayed
in Table 1.

2.5. Dual luciferase experiment

We performed a luciferase reporter assay to probe
into the direct miR-378a-3p-PD-L1 mRNA inter-
play. In detail, amplification of the PD-LI 3’-UTR
from HuH-7 cell cDNA was performed using spe-
cific primer sequences (1,243 nucleotides) from
the 3’-UTR fragments. The 5" and 3’ ends of the
primers were added with appropriate restriction
sites to allow cloning into the psi-CHECK-2 vector

(Promega, Madison, WI, USA). Subsequently,
HEK293T cells were co-transfected with 200 ng
of PD-L1 cloning vectors and 40 pmol of miR-
378a-3p mimics, or with the cloning vectors and
a scrambled miRNA (negative control) using the
Gene Pulser electroporation system as specified by
the manufacturer’s guidelines. After 48 h of cul-
turing, we adopted the Dual-Glo Luciferase Assay
System (Promega) to lyse cells for the determina-
tion of luciferase activity using a Cytation 5 cell
imaging reader (Biotek, Winooski, VY, USA).
Firefly luciferase activity (internal control for
transfection) was utilized for data normalization.

2.6. Western blotting (WB)

As specified by the manufacturer’s protocol, we
sequestered cellular proteins using radioimmuno-
precipitation assay lysis buffer (Santa Cruz
Biotechnology, Dallas, TX, USA) to examine their
expression levels. A total of 25 pg of protein per
lane was sequestered using sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (12%).
Subsequently, we adopted the semi-dry blotting
method to transfer the proteins onto polyvinyli-
dene fluoride membranes (Roche Diagnostics
GmbH, Basel, Switzerland). Then, the membranes
were blocked with skim milk powder under shak-
ing for 1 h at room temperature., The membranes
were incubated with primary antibodies targeting
MMP9 (1/1000, ab76003; Abcam, Shanghai,
China), c-MYC (1/1000, ab32072, Abcam), BAX
(1/1000, ab32503, Abcam), BCL-2 (1/1000,
ab32124, Abcam), cleaved caspase 3 (1/100,
ab2302, Abcam), pro-caspase 3 (1/1000, ab32150,
Abcam), beta-actin (1/2000, ab8227, Abcam),
STAT3 (1/1000, ab68153, Abcam), phospho-



STAT3 (pSTAT3, 1/1000, ab76315, Abcam), and
PD-L1  (1:2000, sc-293425, Santa  Cruz
Biotechnology), at 4°C overnight. After rinsing,
the membranes were incubated with a moderate
amount of secondary antibody (A0208 or A0216;
Beyotime, Nantong, China) at room temperature
conjugated with horseradish peroxidase. We uti-
lized an electrochemiluminescence system (Roche)
for band visualization and a WB imaging system
(Sabz Biomedicals, Tehran, Iran) for image cap-
ture. Lastly, we used the Image] software (National
Institutes of Health, Bethesda, MD, USA) for the
semi-quantitative assessment of STAT3, pSTATS3,
PD-L1, and B-actin (control) protein levels.

2.7. 5-ethynyl-2 deoxyuridine (EdU) assay

As specified by the manufacturer’s protocol, Click-
iT® EdU Imaging Kits (Invitrogen, Carlsbad, CA,
USA) were employed to assess the role of miR-
378a-3p in HCC cell proliferation. Cells (8 x 10’
cells/well) were cultured in 96-well plates and
incubated with 10 pL of EdU reagent for 3 h.
Subsequently, cells were fixed with 4% formalde-
hyde for 20 min at room temperature, followed by
rinsing with phosphate-buffered saline (PBS). The
cells were then incubated in 0.5% Triton X-100
(Sigma, Shanghai, China) at room temperature.
Nucleus staining was performed using 1 mL of
4’,6-diamidino-2-phenylindole solution (Sigma);
the solution was added to each well and the cells
were incubated for 25 min in the dark at room
temperature. Then, the staining solution was
removed by washing with PBS three times.
Finally, pictures of the stained cells were taken,
and the cells were quantified under
a  fluorescence microscope (CKX41-F32FL;
Olympus, Beijing, China).

2.8. Apoptosis detection

We carried out an annexin V/propidium iodide
(PI) assay to evaluate the effect of miR-378a-3p
mimic transfection on apoptosis. To this end,
cells (2.5 x 10°) undergoing miR-378a-3p mimic
transfection were inoculated into six-well plates
for 48 h. Subsequently, cells were collected, rinsed
with PBS, and stained using an annexin V/PI kit
(BD Biosciences, San Jose, CA, USA) as per the
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manufacturer’s instructions. A MACSQuantl0
flow cytometer (Miltenyi Biotec, Bergisch
Gladbach, Germany) was used to detect apoptotic
cells, and data analysis was conducted using the
Flow]Jo 7.6 software (TreeStar, Ashland, OR, USA).

2.9. Wound-healing assay

The impact of miR-378a-3p inhibition on HCC
cell migration was examined using a wound-
healing assay. First, the cells were transfected
with miR-378a-3p mimics prior to inoculation
into 24-well plates (3 x 10° cells/well) and incu-
bated for 24 h. After incubation, a sterile pipette
tip was used to scratch the cell monolayer, fol-
lowed by medium replacement. Images of the
cells migrating into the gap area were captured at
0 and 24 h after scratching using an inverted XDS-
3 microscope (Optika, Bergamo, Italy). Four fields
of view (100x) were selected stochastically, and the
cell-cell distance at the invading fronts was
measured.

2.10. Invasion assays

An invasion assay was used to corroborate the
utility of miR-378a-3p as a marker of metastatic
HCC cell phenotypes. Initially, 8 um transwells
(24-well) were coated with 200 mg/mL Matrigel.
HuH-7 or Li-7 cells (0.1 x 10° cells in 100 mL of
serum-free medium) transfected with miR-378a-3p
mimics were added to the upper Matrigel cham-
ber. The lower chamber was filled with RPMI-
1640 containing 20% FBS. After 48 h of cell cul-
ture, the cells infiltrating the pores were visualized
by Giemsa staining, and an inverted microscope
was used for cell quantification in five randomly
selected fields of view.

2.11. Co-culture of HCC and T cells

The peripheral blood mononuclear cells were iso-
lated from the whole blood of healthy donors
containing heparin anticoagulant through Ficoll-

Hypaque (Lymphodex; Inno-train, Kronberg,
Germany) density ~ gradient  separation.
Subsequently, the cells were centrifuged at

400 x g for 30 min, and T cells were isolated by
negative immune depletion of CD14", CD15%,
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CD16", CD19", CD34", CD36", CD38", CD56",
CD123"*, and CD235a" (glycophorin A) cells
using a magnetic-activated cell sorting kit
(Miltenyi Biotec). Next, cells were separated
using 5 pg/mL phytohemagglutinin and then sti-
mulated for 24 h prior to joint culture with
miRNA-transfected Li-7 and HuH-7 cells.
Following 48 h of co-culture at a 1:1 ratio, the
suspended T cells were labeled with anti-human
CD25 antibodies (302609; BioLegend, San Diego,
CA, USA) conjugated with APC following the
manufacturer’s instructions. After fixation, per-
meabilization, and staining with Brilliant Violet
421™-conjugated anti-human FOXP3 (320123;
Biolegend), we examined the purity of FOXP3/
CD25 Tregs and performed RT-PCR to determine
the expression profiles of cytokines, such as TGF-
B, IL-10, IFN-y, TNF-a, and IL-2.

2.12. Statistical analysis

Data were analyzed using SPSS 20.0 (Chicago,
Illinois, USA) or GraphPad Prism 6.0 (GraphPad,
San Diego, CA, USA). All values were displayed as
mean * standard deviation. For data with homo-
geneous variance in a normal distribution, two-
tailed Student’s t-test (two groups) or one-way
ANOVA followed by a Bonferroni post hoc test
(three or more groups) were used. For data with
non-normal distribution or heterogeneous var-
iance, nonparametric Mann-Whitney U (two
groups) or Kruskal-Wallis tests followed by
a Bonferroni post hoc test were conducted. The
correlation between miR-378a-3p and PD-L1 levels
was assessed by Pearson correlation analysis. The
data presented in Table 2 were analyzed by
Fisher’s exact test. Statistical significance was set
at P < 0.05.

3. Results

In this study, we aimed to investigate whether
miR-378a-3p plays an important role in modulat-
ing HCC progression and to reveal the underlying
molecular mechanisms via PD-L1. Through qRT-
PCR detection, we found that miR-378a-3p levels
exhibited a downward trend in HCC and were
negatively correlated with PD-LI levels. In vitro
experiments indicated miR-378a-3p-PD-L1 axis

Table 2. The relationship of miR-378a-3p expression with HCC
clinicopathological features.

High miR-378a-3p

Low miR-378a-3p

Variables expression (n = 21) expression (n = 27)  p-Value

Gender >0.9999

Female 9 11

Male 12 16

Age 0.7715
(years)

<60 10 15

>60 11 12

HbsAg >0.9999

Negative 7 10

Positive 14 17

Tumor 0.0394
size
(cm)

<5 12 7

>5 9 20

Vascular 0.0401
invasion

Absent 13 8

Present 8 19

Total data from 48 tumor tissues of HCC patients were analyzed. For
the expression of miR-378a-3p was assayed by qRT-PCR, the average
expression level was used as the cutoff. Data were analyzed by
Fisher's exact test. P-value in bold indicates statistically significant.

regulated the differentiation of CD25+ Foxp3
+ Treg cells. Furthermore, the overexpression of
miR-378a-3p hindered cell proliferation and
migration but facilitated apoptosis by repressing
STAT3 signaling in HCC cells. To sum up, it
appears that miR-378a-3p inhibits HCC tumori-
genesis by regulating PD-L1 and STATS3.

3.1. miR-378a-3p is expressed at low levels in
HCC tissues

To investigate whether miR-378a-3p plays an
important role in HCC progression, we first com-
bined and compared the Gene Expression
Omnibus (GEO) HCC datasets, GSE12717 and
GSE57555, to examine the expression of miR-
378a-3p in HCC. We found that miR-378a-3p
expression was low in HCC (Figure 1(a)).
Moreover, RT-qPCR experiments showed that
HCC tissues from 48 patients with HCC had
lower miR-378a-3p expression levels than adjacent
non-tumor tissues (Figure 1(b)). Furthermore, the
mRNA expression levels of PD-LI, an immune
checkpoint, displayed an inverse relationship with
the expression levels of miR-378a-3p in HCC tis-
sues (Figure 1(c)).
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Figure 1. miR-378a-3p is lowly expressed in HCC tissues. (A) HCC GEO datasets (GSE12717 and GSE57555) were analyzed and one
lowly expressed gene was identified from the intersection. (B) qRT-PCR analysis of miR-378a-3p expression in 48 pairs of HCC and
normal tissues obtained from HCC patients. (C) Negative correlation between miR-378a-3p and PD-L1 expression in HCC samples.

***p < 0.001.

Based on the average expression level of miR-
378a-3p, 48 pairs of tissue specimens fell into high
and low miR-378a-3p expression groups. In addi-
tion, the miR-378a-3p expression levels were
inversely correlated with tumor size and vascular
invasion (P < 0.05, Table 2).

3.2. PD-L1 is a direct target of miR-378a-3p

First, we investigated the inhibitory effect of miR-
378a-3p on the expression ofPD-LI, via bioinfor-
matics analyses, and predicted binding sites of the
miRNA within the 3’-UTR based on data from the
starBase (http://starbase.sysu.edu.cn/) and miRDB
(http://mirdb.org/) databases (Figure 2(a)). Second,
we searched for evidence of the miR-378a-3p-PD-L1
interaction using a dual luciferase assay. Luciferase
activity decreased in HEK293T cells following joint
transfection with miR-378a-3p mimics and wild-type
PD-LI; however, luciferase activity was not affected by
joint transfection with miR-378a-3p mimics and
mutant PD-L1 (Figure 2(b)). This indicated that
miR-378a-3p directly targets PD-L1 mRNA.

Then, Li-7 and HuH-7 cells were transfected with
miR-378a-3p mimics (10, 20, and 40 pmol) to further
explore the modulation of PD-LI expression by miR-
378a-3p and the role of miR-378a-3p in HCC tumor
formation. RT-qPCR analysis showed that transfec-
tion with miR-378a-3p mimics effectively upregulated
miR-378a-3p in a dose-dependent manner (Figure 2
(c)). Additionally, PD-L1 mRNA and protein levels
were compared between cells transfected with miR-
NC and those transfected with miR-378a-3p mimics,
and the results corroborated that miR-378a-3p

suppresses PD-L1 expression in HCC cells (Figure 2
(d,e)). In subsequent experiments, 40 pmol was taken
as the appropriate dose for transfection of miRNA
mimics because the strongest effect was seen at this
dose. Flow cytometry showed that 40 pmol miR-378a-
3p markedly decreased PD-L1 expression levels on the
cell surface (Figure 2(f)).

3.3. miR-378a-3p overexpression reduces HCC
cell viability and promotes apoptosis

Next, EAU and colony-formation assays were per-
formed to examine the impact of miR-378a-3p expres-
sion on the growth of HCC cells. Compared with cells
transfected with miR-NC, Li-7 and HuH-7 cells trans-
fected with miR-378a-3p mimics showed decreased
viability (Figure 3(a)). In addition, miR-378a-3p
mimic transfection negatively affected the colony-
forming capacity of Li-7 and HuH-7 cells (Figure 3
(b)). Furthermore, the annexin V/PI assay revealed
that transfection with the miR-378a-3p mimics effec-
tively increased the rate of apoptosis in Li-7 and HuH-
7 cells (Figure 3(c)).

c-MYC is an indispensable regulator of cell
growth and proliferation. Compared with miR-
NC, the miR-378a-3p mimics reduced the mRNA
and protein levels of c-MYC in Li-7 and HuH-7
cells, suggesting that this may be the mechanism
by which miR-378a-3p controls HCC cell prolif-
eration (Figure 4(a,b)).

We then assessed the levels of the main genes
related to apoptosis pathways (Figure 4(c,d)). WB
and RT-qPCR results revealed that the overexpression
of miR-378a-3p reduced the protein and RNA levels
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Figure 2. PD-L1 solved as the direct target of miR-378a-3p. (A) Schematic miR-378a-3p putative target sites in 3’'UTRs of PD-L1. (B)
Dual luciferase reporter assays. (C) The expression level of miR-378a-3p was evaluated using qRT-PCR in HCC cells after transfection.
(D) gRT-PCR, (E) Western blot, and (F) flow cytometry were used to evaluate the expression level of PD-L1 after transfection. Data
were shown as mean + SD from three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001.

of BCL-2 (a pro-survival gene) in Li-7 and HuH-7
cells, while increasing those of BAX (a pro-apoptotic

gene) and caspase 3.

3.4. miR-378a-3p impedes HCC cell invasion and

migration

The efficacy of HCC therapy is lower in patients
with metastatic HCC. Therefore, we next exam-
ined the impact of miR-378a-3p on the migration

and invasion of Li-7 and HuH-7 cells. Wound-
healing experiments showed that the overexpres-
sion of miR-378a-3p markedly decreased the num-
ber of migratory HCC cells in the gap area
(Figure 5(a)) and significantly decreased the num-
ber of invading Li-7 and HuH-7 cells (Figure 5(b)).
Next, we investigated the potential mechanisms by
examining the expression levels of MMP-9 (a cru-
cial matrix metalloproteinase in HCC cell metas-
tasis) [23-25]. The transfection of miR-378a-3p
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Figure 3. miR-378a-3p overexpression reduced HCC cell viability and promoted cell apoptosis. (A) EdU assay showed that miR-378a-
3p reduced HCC cell viability. (B) Colony formation assay showed that miR-378a-3p inhibited HCC cell to form colonies. (C) miR-378a-
3p transfection effectively induced apoptosis in HCC cell. Data were shown as mean + SD from three independent experiments. **P

< 0.01, and ***P < 0.001.

mimics decreased MMP-9 mRNA and protein
expression levels in Li-7 and HuH-7 cells.
Collectively, these results suggest that miR-378a-
3p may have an anti-metastatic effect via the
downregulation of MMP-9 expression levels
(Figure 5(c,d)).

3.5. miR-378a-3p overexpression leads to the
downregulation of STAT3

STATS3 binds to miR-378a-3p in breast cancer [26].
Moreover, several studies have shown that STAT3
exerts a significant impact on the initiation and
development of HCC [27-29]. Therefore, we
determined its expression levels and found that
miR-378a-3p  overexpression reduced STAT3
mRNA expression levels (Figure 6(a)). WB analy-
sis showed that miR-378a-3p overexpression effec-
tively decreased the protein levels of STAT3 and

p-STAT3 in Li-7 and HuH-7 cells, indicating that
miR-378a-3p probably blocks the formation of
HCC tumors by controlling the STAT3 signaling
pathway (Figure 6(b)).

3.6. miR-378a-3p regulates the differentiation of
CD25" Foxp3™ Treg cells

Next, HCC/T cell co-culture assays were per-
formed to investigate the involvement of miR-
378a-3p in Treg development. Following transfec-
tion of miR-378a-3p mimics, we sequestered
T cells from the mononuclear population of per-
ipheral blood. Then, we labeled these cells with
antibodies against CD25 cell surface molecules
using antibodies against CD25 and Foxp3 conju-
gated with APC and Brilliant Violet 421, respec-
tively. There were 2.73% of CD25" Foxp3" Treg
cells (most of the inhibitory T cells) in the T cell
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Figure 4. The potential molecular mechanisms of the regulation of miR-378a-3p to the cell viability and apoptosis of HCC cells. (A) C-
MYC, as a major gene involving in cell growth, was detected with qRT-PCR. (B) C-MYC was detected with Western blot. (C, D) The
levels of major genes related to apoptosis were evaluated using gRT-PCR and Western blot. Data were shown as mean + SD from

three independent experiments. **P < 0.01.

non-activation group, and 2.15% in the T cell acti-
vation group (Figure 7(a)). In addition, the flow
cytometry results showed that, unlike with miR-
NC transfection, this proportion dropped down
following the transfection of miR-378a-3p mimics
into Li-7 and HuH-7 cells in the co-culture model,
suggesting that miR-378a-3p probably impedes
HCC cell immune escape by suppressing Treg
differentiation (Figure 7(b,c)).

Subsequently, we performed RT-qPCR analy-
sis to determine changes in cytokine levels in
the co-culture models following transfection of
miR-378a-3p mimics. We found that miR-378a-
3p mimics upregulated the IL-2, TNF-a, and
IFN-y mRNA, while TGF-f and IL-10 were
markedly downregulated following miR-378a-
3p mimic transfection into HCC cells. Thus, it
can be concluded that miR-378a-3p probably
targets PD-L1 in HCC cells to prevent the dif-
ferentiation of T cells into the Treg phenotype
(Figure 7(d)).

4. Discussion

miRNAs are indispensable regulators that are able to
negatively regulate target gene expression by inhibit-
ing translation and/or initiating mRNA decay [30].
The regulatory functions of miRNAs in the invasion
and proliferation of HCC cells have recently been
validated. For example, miR-612 regulates the inva-
sion of HCC via HADHA-mediated lipid repro-
gramming [31]. Further, PD-L1 is crucial for the
immune escape of HCC [32]. Nonetheless, the role
of the miRNA/PD-L1 axis in HCC remains
unknown. Thus, the present study aimed to investi-
gate whether the miRNA/PD-L1 axis plays a role in
HCC development and immune escape.

PD-L1, also called B7-HI, belongs to the B7
superfamily [33,34]. Immune cells, macrophages,
B cells, dendritic cells, and T cells express many
members of the B7 family, and their expression
levels are increased after activation of the cells
[32,35]. PD-L1 also inhibits immune reactions
through peripheral T-cell tolerance via interplay
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Figure 7. miR-378a-3p modulated the cell differentiation of CD25+ Foxp3+ Treg. (A) The percentage of CD4+CD25+ Foxp3+ Tregs
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with the proteins on the surface of macrophages
and T cells. Non-tumor tissues can avoid immu-
nological damage through immunosuppression via
the PD-1/PD-L1 pathway [36,37]. However,
a myriad of human cancers, including HCC, dis-
play anomalies in the regulation of PD-L1 expres-
sion [38], which influences tumor formation by
maintaining the suppression of adaptive immune
reactions and anti-tumor immunity [39-41].

In this study, we integrated two HCC GEO
datasets, GSE12717 and GSE57555, to identify
pivotal miRNA biomarkers of HCC. miR-378a-3p
levels displayed a marked decrease in HCC tissues.
Using bioinformatics tools, we determined that the
PD-L1 3’-UTR is a target of miR-378a-3p, which is
indicative of its likely function in the immune
escape of tumor cells. Subsequently, in vitro
experiments showed that miR-378a-3p decreased
HCC cell viability, invasion, and migration, and
promoted apoptosis through the inhibition of
STAT3 phosphorylation. Bioinformatics predic-
tion with miRDB (http://mirdb.org/) revealed

that TRIM44 is a potential target gene of miR-
378a-3p. Importantly, TRIM44 is closely related
to the phosphorylation of STAT3 [42,43]. Hence,
we speculate that miR-378a-3p might affect the
phosphorylation of STAT3 by regulating TRIM44.

Furthermore, a co-culture model of T cells and
HCC cells showed that miR-378a-3p may be dis-
advantageous to Treg induction and HCC immune
inhibition, considering the decrease in the number
of Tregs in the model after transfection of miR-
378a-3p mimics. The percentage and activity of
Tregs are enhanced in human cancers, and this
favors the immune escape of tumor cells by inhi-
biting the ability of effector T cells to resist tumors
[44,45]. Furthermore, previous reports have shown
that PD-L1 expression levels are related to the
upregulation of Tregs in the tumor environment
[46,47]. Concurrently, the involvement of PD-L1
in Treg development and the enhancement of Treg
immune-inhibiting capacity has been speculated.
Here, we further demonstrated that miR-378a-3p
mimic transfection into HCC cells in the co-


http://mirdb.org/

culture model resulted in the downregulation of
IL-10 and TGF-f and the upregulation of IFN-y,
IL-2, and TNF-a, thus reflecting the activity of
effector T cells [48,49]. It can be concluded that
miR-378a-3p has an inhibitory effect on T cell
immune escape of HCC cells via PD-L1 decre-
ment. We explored the roles of miR-378a-3p/PD-
L1 in the progress of HCC and their possible
mechanism to provide new insights for the clinical
diagnosis and treatment of HCC.

Nevertheless, there were certain limitations to the
present study that should be considered. The lack of
in vivo evidence is the main limitation, and this will be
addressed in future studies. The clinical value of miR-
378a-3p in HCC also requires further investigation.

5. Conclusions

To our knowledge, this is the first study uncover-
ing the role of the miR-378a-3p/PD-L1 axis in
HCC. As shown in the graphical abstract, miR-
378a-3p suppressed PD-L1 expression but pro-
moted a T cell-controlled anticancer response in
HCC cells. In addition, miR-378a-3p markedly
suppressed proliferation, migration, invasion, and
other phenotypes in HCC cells by suppressing
STAT3 signaling activity and modulating its
downstream targets. These results suggest that
miR-378a-3p hinders HCC progression. Hence,
since blocking the PD-L1 pathway is a potential
scheme for HCC therapy, miR-378a-3p may be
a promising novel target for the development of
treatments targeting PD-Ll-mediated immune
response evasion.
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