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Sorafenib, a multityrosine kinase inhibitor, is a standard treatment for advanced hepatocellular carcinoma
(HCC), but the clinical response to sorafenib is seriously limited by drug resistance. Programmed death ligand-1
(PD-L1) is one of the most important inhibitory molecules involved in tumor immune evasion. Recently, it
has been reported that PD-L1 could play crucial roles in drug resistance of many kinds of cancers. However,
the expression, function, and regulation of PD-L1 in sorafenib-resistant hepatoma cells remain unclear. In this
study, we reported that PD-L.1 was overexpressed in sorafenib-resistant hepatoma cells, and shRNA-mediated
PD-L1 depletion attenuated drug resistance and suppressed the migration, invasion, colony formation, and
tumorigenesis in sorafenib-resistant hepatoma cells in vitro and in vivo. Mechanistic investigations indicated
that loss of microRNA-1 (miR-1), a tumor-suppressive microRNA, contributed to the PD-L1 upregulation in
sorafenib-resistant hepatoma cells, and PD-L1 was a direct regulatory target of miR-1. Further study revealed
that an oncogenic transcriptional factor, nuclear factor E2-related factor 2 (NRF-2), was induced in sorafenib-
resistant hepatoma cells and inhibited expression of miR-1 in vitro. From molecular mechanism insight back
to the functional verification, we eventually demonstrated that miR-1 executed its tumor-suppressive effects on
drug resistance and other malignant properties in sorafenib-resistant hepatoma cells partially by PD-L1 inhibition
in vitro and in vivo. In conclusion, our data suggested that a NRF-2/miR-1/PD-L1 regulatory axis contributed
to the development and maintenance of drug resistance and other tumorigenic properties in sorafenib-resistant

hepatoma cells and provided a potential therapeutic target for overcoming sorafenib resistance in HCC.
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Nuclear factor E2-related factor 2 (NRF-2)

INTRODUCTION

Hepatocellular carcinoma (HCC), representing 80-90%
of all primary liver cancers, is the seventh most common
cancer and the second leading cause of cancer death
worldwide'2. It is notoriously resistant to chemo- and
radiotherapy, with poor survival®. Sorafenib is still the
first-line standard clinical treatment against advanced
HCC at present*. However, development of resistance to
sorafenib has raised concern in recent years due to the high-
level heterogeneity of individual response to sorafenib
treatment®. Several growth factors and signaling path-
ways in sorafenib-treated hepatoma cells, including epi-
dermal growth factor receptor (EGFR) activation, C-Jun

activation, AKT-activation, autophagy, and epithelial—
mesenchymal transition (EMT), have been identified as
involved in resistance to sorafenib but still need to be fur-
ther verified in clinical trials®. Programmed cell death-1
(PD-1), an immunoinhibitory receptor of the CD28 fam-
ily, has recently gained considerable attention for its role
in tumor immune escape’. It has been reported that pro-
grammed death ligand-1 (PD-L1) is upregulated in many
kinds of drug-resistant tumor cells, such as non-small cell
lung cancer (NSCLC), small cell lung cancer (SCLC),
and melanoma, and plays critical roles in development
and maintenance of drug-resistance in many tumors® !¢,
For example, metastatic melanoma patients gradually
becoming resistant to BRAF inhibitor could be related to
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PD-L1-induced immune inhibition and PD-L1-promoting
cell proliferation'’. Besides, elevated cellular PD-L1
expression has been demonstrated to confer acquired resis-
tance to cisplatin in small cell lung cancer cells®. Zhang et
al. identified that upregulation of PD-L1 promoted drug-
resistant response in NSCLC patients treated with neo-
adjuvant chemotherapy''. A FASN/TGF-B1/PD-L1 axis
has also been proven to contribute to the development of
resistance to NK cell cytotoxicity of cisplatin-resistant lung
cancer cells'?.

Some regulators for gene expression such as
microRNA have been reported to overcome drug
resistance by targeting PD-L1. For instance, miR-424
reverses chemoresistance of ovarian cancer via T-cell
immune response activation by blocking the PD-LI
immune checkpoint'®. The miR-195/-16 family enhances
radiotherapy via T-cell activation in the tumor microen-
vironment by blocking the PD-L1 immune checkpoint'.
These studies demonstrated that elevated PD-L1 expres-
sion could enhance drug resistance to anticancer therapy
partially by immune inhibition in the tumor microenvi-
ronment. Although the majority of studies focused on
the relationship between PD-L1 and immune escape,
more and more evidence revealed that PD-L1 could
also promote drug resistance and tumorigenicity in can-
cers, independent of immunoinhibitory activities. For
example, Fujita et al. identified an miR-197/CKS1-/
STAT3-mediated PD-L1 network in chemoresistant
NSCLC, independent of immunoinhibitory signals®. For
EGFR-TKI resistance, the Hippo effector YAP has been
demonstrated to link the PD-L1 and EGFR-TKI resis-
tance by directly regulating the expression of PD-L1 in
lung cancer independent of T cells and PD 1. Moreover,
knockdown of PD-L1 expression in human gastric cancer
cells could significantly suppress the cell proliferation,
migration, invasion, apoptosis, cell cycle, tumorigenic-
ity in vivo, and cytotoxic sensitivity to CIK therapy,
without immunoinhibitory interaction with immune
cells's. Collectively, increasing studies demonstrated that
PD-L1 could play crucial roles in the regulation of drug
resistance and tumorigenic signatures in cancer cells.
However, little is known about the expression, func-
tion, and regulation of PD-L1 in the sorafenib-resistant
hepatocarcinoma.

In this study, we demonstrated that abnormal upregula-
tion of PD-L1 regulated by NRF-2/miR-1 regulatory axis
was essential for development and maintenance of drug
resistance and other malignant signatures in sorafenib-
resistant hepatoma cells. These discoveries introduced
a novel regulatory mechanism for sorafenib resistance
and provided a novel insight regarding the therapeu-
tic potential of PD-L1 to overcome sorafenib resistance
in HCC.
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MATERIALS AND METHODS

Cell Culture and Sorafenib-Resistant Hepatoma
Cells’ Generation

The human hepatocellular carcinoma cell lines Hep3B
and HepG2 were obtained from the Chinese Academy
of Sciences, Shanghai Institutes for Biological Sciences
(Shanghai, China) and cultured according to the standard
instructions. HepG2 and Hep3B sorafenib-resistant cells
(HepG2-SR and Hep3B-SR) were cultured continuously
with a stepwise increase in sorafenib concentrations for
6 months. The half inhibition concentration (IC, ) of the
parental cells was used as the initial induced concen-
tration, and the concentration of sorafenib was slowly
increased by 0.25 pmol/L every cell passage. HepG2 and
Hep3B parental cells were cultured in parallel without
sorafenib and served as control.

miRNA-Expressing Vectors and PD-LI-Expressing
Recombinant Adenovirus Construction

The miRNA expression vector pSuper was obtained
from OligoEngine (Seattle, WA, USA). Subcloning of
hsa—pre-miR-1 fragment into pSuper to form the expres-
sion vector pSuper—-miR-1 has been described in previous
studies!™8. For PD-L1 overexpression in miR-1-express-
ing sorafenib-resistant hepatoma cells, the recombinant
adenovirus vector encoding PD-L1 was constructed using
the Adeno-XTM Expression System (Clontech, Mountain
View, CA, USA) according to the manufacturer’s instruc-
tions. Briefly, the PD-L1 cDNA was cloned into the
shuttle vector pMD-18T (Takara, Dalian, Liaoning,
China) and sequenced. Sequences of primers for full-
length human PD-L1 cDNA amplification are shown
as follows: 5'-TACTGCAGAAGATGAGGATATTTG
CTGTC-3'(forward) and 5’-ATTGAATTCTTACGTCTC
CTCCAAATGTG-3’ (reverse). The desired replication-
deficient adenovirus containing the full-length cDNA
of PD-L1 was generated by homologous recombination
through cotransfection of plasmids pMD-18T-PD-L1 and
pBHG10XE1, 3Cre in HEK 293 cells using the Lipofec-
tamine liposome reagent (Invitrogen, Carlsbad, CA, USA).
After several rounds of plaque purification, the adenovi-
rus containing the PD-L1 gene was amplified and puri-
fied from cell lysates. The infectious titer was determined
by a standard plaque assay.

Establishment of miR-1 Overexpressing
Sorafenib-Resistant Hepatoma Cell Lines

For establishment of miR-1 overexpressing sorafenib-
resistant hepatoma cell line, the recombinant lentivirus
vector encoding miR-1 was constructed. For the con-
struction of miR-1-expressing lentiviruses, the hsa—pre-
miR-1 fragment was cloned into the pWPXLd plasmid
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(Addgene, Watertown, MA, USA) between the EcoRI and
Spel sites located downstream of the ORF of the EGFP
gene. The pWPXLd-miR-1 plasmid was cotransfected
into 293FT cells with the lentiviral packaging plasmids
psPAX2 and pLP/VSVG (Invitrogen), and 48 h later, the
lentivirus in the media was collected, filtered, and used to
infect hepatoma cells. For establishment of stable miR-1-
overexpressing and control cell lines, HepG2 cells
were infected with either the miR-1-expressing lentivi-
rus (Lenti-miR-1) or the control lentivirus (Lenti-NC).
Next, flow cytometry sorting was performed to isolate
the infected cells (GFP*). The cells were maintained in
culture medium for 5-7 days before undergoing GFP
selection again, and stable clones were obtained after two
rounds of GFP selection. Overexpression of miR-1 in the
stable cell lines was confirmed by real-time polymerase
chain reaction (PCR).

siRNA Transfection In Vitro and In Vivo

PD-L1-siRNA and NRF-2-siRNA were used to silence
the expression of PD-L1 and NRF-2 in sorafenib-resis-
tant hepatoma cells, respectively. The PD-L1-siRNA,
NRF-2-siRNA, and control-siRNA were obtained from
Shanghai GenePharma Co., Ltd (Shanghai, China).
The targeting sequence of PD-L1-siRNA was 5-GCC
GAAGUCAUCUGGACAATTUUGUCCAGAUGA
CUUCGGCTT-3’" (si-PD-L1). The targeting sequence
of NRF2-siRNA was 5”-CACCGCAGTTCAA TGA
AGCTCAACTTTCAAGAGAAGTTGAGCTTC
ATTGAACTGCTTTTTTG-3" (si-NRF-2). An unrelated
shRNA sequence (5-CACCGTTCTCCGAACGTGTCA
CGTCAAGAGATTACGTGACACGTTCGGAGAATT
TTTTG-3"), with no homology to any human gene, was
used as a negative control (si-NC). si-PD-L1, si-NRF2,
and si-NC were prepared and transfected into Hep3B-SR
and HepG2-SR cells, according to the manufacturer’s
instructions. After culturing at 37°C with 5% CO, for
48 h, the total cellular RNA and protein samples were
extracted. The transfection and silencing efficiency were
examined by gqRT-PCR and Western blotting.

For PD-L1 knockdown in xenograft experiment,
PD-L1 shRNA-expressing lentivirus was generated to
infect sorafenib-resistant hepatoma cells. The process of
recombinant lentivirus generation (Lenti-si-PD-L1) was
the same as that of miR-1-expressing recombinant lenti-
virus construction.

Quantitative Real-Time Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

Total RNA was extracted using TRIzol reagent
according to the manufacturer’s instructions (Invitrogen).
Real-time PCR for miR-1 detection was performed as
previously described!” '3,
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For PD-L1, NRF-2, MRP1, and P-gp mRNA detection,
reverse transcription was carried out by PrimeScript® RT
reagent Kit (Takara) according to the manufacturer’s
instructions. PD-L1, 5-TGGATCCAGTCACCTCTG
AAT-3" (forward) and 5-TGCTTGTCCAGATGACTT
CG-3’ (reverse); MRP1, 5-GGAGGAAGACATGACC
AGGTA-3’ (forward) and 5'-CACCAATTCCACTGTAA
TAATAGGC-3’ (reverse); MRP1, 5-CTGGTGCCCTGA
GACAGAC-3’ (forward) and 5-ACCAGGAAACCA
CTTGCATT-3’ (reverse); GAPDH, 5-TCCACTGGCG
TCTTCACC-3'(reverse)5’-GGCAGAGATGATGACCC
TTTT-3’ (reverse); NRF-2, 5-ACACGGTCCACAGCT
CATC-3’ (reverse) and 5-TGCCTCCAAGTATGTCA
ATA-3" (reverse).

Western Blotting

Proteins were extracted from total cell lysates using
sodium dodecyl sulfate (SDS) buffer. The proteins were
resolved by SDS-PAGE using a 12% polyacrylamide gel
and transferred onto polyvinylidene fluoride membranes.
The membranes were probed with monoclonal antibod-
ies against PD-L1, P-gp, MRP1, NRF-2, and GAPDH
(Santa Cruz Biotechnology, Dallas, TX, USA). Super
Signal chemiluminescence reagent (Pierce, Dallas, TX,
USA) was used to detect proteins. Quantitative analysis
was performed using Quantity One software (Bio-Rad,
Hercules, CA, USA).

Cell Proliferation Assay

The CCK-8 cell proliferation assay (DOJINDO,
Shanghai, China) was used to detect half inhibition con-
centration (IC, ) in hepatoma cells. Briefly, the logarith-
mic growth phase cells were seeded in a 96-well plate,
setting three duplicate wells, and cultured for 24, 48,
72, and 96 h, respectively. CCK-8 reagents (10 pl) were
added to each well at 4 h before the end of the culture, and
the OD value at 450 nm was measured with a microplate
reader. An increase or decrease in OD value at 450 nm in
the experimental wells was compared to the initial value,
indicating cell growth or death.

Wound Healing Assay

Wound healing assay was used to detect the migration
ability of hepatoma cells. First, a maker pen was used to
draw six horizontal lines on the back of a six-well plate,
and the line spacing was 0.6 cm. Then the cells in the
logarithmic growth phase were seeded in six-well plates,
20x 10 cells per well. After 24 h, a 200-pul pipette tip was
used to scratch the straight line perpendicular to the lines
on the back of the plate. The cells were washed twice with
PBS and incubated with 2 ml of serum-free DMEM high-
glucose medium at 37°C under 5% CO,. Photographs
were taken at 0 and 24 h, respectively. The scratch width
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was measured using a BX50 microscope (Olympus,
Shinjuku, Tokyo, Japan) with a calibrated eyepiece grid.
The scratch widths at 0 and 24 h were compared to reflect
the migration ability of the cells. These experiments were
performed in triplicate.

Matrigel Invasion Assay

The invasive ability of HCC cells was evaluated by
Matrigel invasion assay. First, the invasion chamber of the
Cell Invasion Assay kit (ECM550; Millipore, Burlington,
MA, USA) was added with 200 ul of DMEM high-glucose
medium and then hydrated at 37°C in a 5% CO, incuba-
tor for 1 h. The hydrated upper chamber was removed
and placed in a 24-well plate. Cells (1.5x10%) with 200
ul of serum-free medium were added to the upper cham-
ber; 500 ul of 20% FBS DMEM high-glucose medium
was added to the lower chamber. After 48 h of incuba-
tion, the Matrigel on the underside of the upper chamber
was removed with a cotton swab. The invaded cells were
fixed and stained with 0.1% crystal violet. Three fields
of view were randomly selected under an upright micro-
scope (Olympus) to count the number of invaded cells.

Colony Formation Assay

The logarithmic growth phase cells were seeded in six-
well plates, 200 cells per well with 2 ml of medium. The
cells were incubated at 37°C under 5% CO,, and the
medium was replaced every 3-5 days. After 14 days,
the cells were fixed with 4% paraformaldehyde for 10
min and stained with 0.1% crystal violet for 5 min. The
numbers of clone were counted. Colony formation rate
(%) =numbers of clone/numbers of inoculation x 100%.

Luciferase Reporter Assay

Dual-luciferase reporter gene assay was developed
to measure reporter activity using the Dual-Luciferase
Reporter Assay System (Promega, Madison, WI, USA)
according to the manufacturer’s protocol. PD-L1 3’-
untranslated regions (3"-UTRs) that contained predicted
miR-1binding sites were amplified by PCR from
genomic DNA, and the PCR fragments were inserted
into the 3’-UTR downstream of the luciferase gene in
the PGL3 reporter luciferase vector (Ambion, Austen,
TX, USA). Sequences of primers for PD-L1 3’-UTR
cloning were as follows: PD-L1 3’-UTR, 5’-GCGCTC
GAGGGAGACGTAATCCAGCATT-3" (forward) and
5’-AATGCGGCCGCCACCTTACAAATACTCCAT-
3’ (reverse). Mutation of binding sites in the PD-L1-3"-
UTR was designed to mismatch the “seed sequence”
in miR-1, and luciferase reporter plasmid with mutant
PD-L1-3’-UTR was generated using QuickChange Site-
Directed Mutagenesis kit (Stratagene, Santa Clara, CA,
USA). Luciferase reporter plasmid with wild-type PD-L1
3’-UTR or mutant PD-L1 3’-UTR, Renilla luciferase
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reporter plasmid, and miR-1, or negative control vector
were cotransfected into cells using Lipofectamine lipo-
some reagent (Invitrogen). Luciferase activity was mea-
sured 48 h after transfection using Renilla luciferase for
normalization.

Subcutaneous Transplantation in Xenograft Experiment

SPF BALB/c male healthy nude mice (4 to 5 weeks
old) were obtained from Beijing HFK Bioscience Co.,
Ltd (Beijing, China) and bred in an SPF condition with
a constant humidity and temperature (25-28°C). This
experiment was carried out in strict accordance with the
procedures approved by the Animal Protection and Use
Committee and the provisions of the National Animal
Welfare Association of China. Different hepatoma cells
were implanted into the left flanks of the mice at a den-
sity of 1x107 cells/150 pl in H-DMEM without FBS.
The tumor-bearing mice were sacrificed 4 weeks after
inoculation, and the tumors were excised. Tumor vol-
ume was calculated using the formula LxS%2, where L
is the longest tumor diameter, and S is the shortest tumor
diameter.

RESULTS

PD-LI Is Aberrantly Overexpressed
in Sorafenib-Resistant Hepatoma Cells

Two sorafenib-resistant cell lines, termed Hep3B-SR
and HepG2-SR, were established by chronically exposing
Hep3B and HepG2 cells with increasing concentrations
of sorafenib, respectively. Drug resistance of established
sorafenib-resistant cell lines was confirmed by IC, cal-
culation and drug-resistant protein detection. As shown in
Figure 1A, Hep3B-SR and HepG2-SR cells became resis-
tant to sorafenib as their IC s were significantly higher
than those of their respective parental cells when exposed
to different concentrations of sorafenib. Furthermore, P-gp
and MRP1, drug-resistant proteins, were also markedly
overexpressed in Hep3B-SR and HepG2-SR cells com-
pared with those in their parental cells both at mRNA and
protein levels (Fig. 1B and C). Subsequently, we inves-
tigated the expression of PD-L1 in sorafenib-resistant
hepatoma cells and parental cells. As shown in Figure 1D
and E, sorafenib-resistant cells expressed a significantly
higher level of PD-L1 at both mRNA and protein levels
compared with their respective parental cells.

At this point, we proved that PD-L.1 was upregulated
in sorafenib-resistant hepatoma cells compared to that
in their parental cells. However, whether expression of
PD-L1 was also increased in clinical HCC samples com-
pared with that in normal liver tissues is still unknown.
For this problem, we searched the TCGA online database
(http://ualcan.path.uab.edu/index.html) to investigate the
expression of PD-L1 in human HCC tissues and normal
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Figure 1. Programmed death ligand-1 (PD-L1) is upregulated in sorafenib-resistant human hepatoma cells. (A) The half inhibi-
tion concentrations (IC,s) for sorafenib in sorafenib-resistant hepatoma cells (Hep3B-SR and HepG2-SR) and their parental cells
(Hep3B-SR and HepG2-SR) were examined and calculated by CCK-8 proliferation assay. (B, C) Expressions of drug-resistant rel-
evant proteins including P-gp and MRP1 in sorafenib-resistant hepatoma cells and their parental cells were detected by quantitative
PCR and Western blotting, respectively. (D, E) PD-L1 expressions in sorafenib-resistant hepatoma cells and their parental cells were
detected by quantitative PCR and Western blotting. (F) Expressions of PD-L1 in human HCC tissues and normal liver tissues were
obtained from the TCGA online database. Normal, human normal liver tissues; primary tissue, human HCC tissues. (G) Survival
curves of the HCC patients with high and low/medium expression of PD-L1 in HCC tissues. n=3. **p<0.01.

liver tissues. We found that there was no significant dif- PD-L1 expression and those with low/medium PD-LI
ference in PD-L1 expression between the clinical HCC expression in HCC tissues (Fig. 1G). Collectively, these
tissues and normal liver tissues (Fig. 1F). Survival curve findings indicated that PD-L1 could not be a prognostic
analysis also showed that there was no significant differ- factor for HCC but probably plays an important role in

ence in overall survival between the patients with high the regulation of drug resistance to sorafenib in HCC.
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PD-LI1 Knockdown Makes Sorafenib-Tolerant Hepatoma
Cells Resensitive to Sorafenib

To examine the contribution of endogenous PD-L1
to the malignant phenotypes of HCC cells, we per-
formed PD-L1 loss-of-function experiments in sorafenib-
resistant hepatoma cells by PD-L1 knockdown using
PD-L1 siRNA. As shown in Figure 2A, PD-L1 was effec-
tively silenced in sorafenib-resistant hepatoma cells by
PD-L1 siRNA transfection both at mRNA and protein
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levels. Subsequently, we further examined the altera-
tion of IC,, and drug-resistant protein expression after
PD-L1 knockdown in sorafenib-resistant cells. We found
that IC_s of the sorafenib-resistant hepatoma cells were
significantly reduced as a result of PD-L1 knockdown
(Fig. 2B). The same alterations were also observed in the
expression of drug-resistant protein. As shown in Figure
2C and D, P-gp and MRP1 were obviously downregulated

after PD-L1 knockdown in sorafenib-resistant hepatoma
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Figure 2. PD-L1 knockdown attenuates drug resistance in sorafenib-resistant hepatoma cells. (A) Efficiency of PD-L1 knockdown by
PD-L1 siRNA in sorafenib-resistant hepatoma cells was confirmed by quantitative polymerase chain reaction (PCR) and Western blot-
ting, respectively. (B) Variations of IC, | of sorafenib-resistant hepatoma cells after PD-L1 knockdown were examined and calculated
by CCK-8 proliferation assay. (C, D) Expressions of P-gp and MRP1 in sorafenib-resistant hepatoma cells after PD-L1 knockdown
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cells. These results indicated that PD-L1 was essential
for development and maintenance of drug-resistance in
sorafenib-resistant hepatoma cells.

We also investigated the effects of PD-L1 on other tum-
origenic properties of sorafenib-resistant hepatoma cells
such as migration, invasion, colony formation in vitro,
and tumorigenicity in vivo. As shown in Figure 3A-C,
compared to parental Hep3B and HepG2 cells, sorafenib-
resistant hepatoma cells (Hep3B-SR and HepG2-SR)
exhibited greater abilities of migration, invasion, and
colony information. However, knockdown of PD-L1 in
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these sorafenib-resistant hepatoma cells resulted in sig-
nificant reductions in these malignant properties in vitro.
To further explore the regulation of PD-L1 on the tumori-
genicity of sorafenib-resistant hepatoma cells in vivo, we
established that PD-L1 stably knocked down hepatoma
cell lines by infecting Hep3B-SR and HepG2-SR with
PD-L1 siRNA-expressing recombinant lentivirus (Lenti-
si-PD-L1). Efficiency of PD-L1 knockdown in Hep3B-SR
and HepG2-SR cells was confirmed by Western blotting
as shown in Figure 3D. Subsequently, these Hep3B-SR
and HepG2-SR cells in which PD-L1 was stably knocked
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down were subcutaneously implanted into the left flanks
of the nude mice. The formatting tumors were excised
and measured 4 weeks later. As shown in Figure 3E and
F, Hep3B-SR and HepG2-SR developed greater abilities
of tumorigenicity than those in their parental Hep3B and
HepG2 cells. However, Hep3B-SR and HepG2-SR with
PD-L1 knockdown (si-PD-L1) generated smaller tumors
than those in their control groups (si-NC). Collectively,
these data suggested that abnormal upregulation of
PD-L1 in Hep3B-SR and HepG2-SR was very impor-
tant to keep their tumorigenic properties in vitro and
in vivo.

miR-1 Directly Inhibits PD-LI Expression
in Sorafenib-Resistant Hepatoma Cells

MicroRNA has been reported to be one of the impor-
tant regulators of PD-L1 in many cancers''. To illumi-
nate the underlying mechanisms for PD-L1 upregulation
in sorafenib-resistant hepatoma cells, we searched for
miRNAs that would potentially regulate PD-L1 expression.
As shown in Figure 4E, bioinformatics analysis revealed
that the 3’-UTR of PD-L1 mRNA harbored a potential
cognate site of microRNA-1 (miR-1). To clarify the rela-
tionship between PD-L1 and miR-1, we first examined
the expression of miR-1 in Hep3B-SR and HepG2-SR.
Distinct from PD-L1 expression, miR-1 was significantly
downregulated in sorafenib-resistant hepatoma cells
compared to that in their parental cells (Fig. 4A). To con-
firm the regulatory effect of miR-1 on PD-L1 expression,
we further performed gain- and loss-of-function assays in
vitro. As shown in Figure 4C, overexpression of miR-1 in
Hep3B-SR and HepG2-SR by miR-1-expressing lentivi-
rus (Lenti-miR-1) infection led to a significant decrease
in PD-L1 expression. On the other hand, because of lower
expression of miR-1 in Hep3B-SR and HepG2-SR cells,
it is difficult to further downregulate miR-1 expression in
these sorafenib-resistant hepatoma cells using antisense
oligonucleotide of miR-1 (Anti-miR-1). Therefore, we
established miR-1 stably overexpressing hepatoma cell
lines named Hep3B-SR-miR-1 and HepG2-SR-miR-1
by infecting sorafenib-resistant cells (Hep3B-SR and
HepG2-SR) with miR-1-expressing recombinant lentivi-
rus. Overexpression of miR-1 in Hep3B-SR-miR-1 and
HepG2-SR-miR-1 cells was confirmed by miRNA quan-
titative PCR as shown in Figure 4B. On the basis of the
miR-1 overexpression, miR-1 inhibitor (Anti-miR-1) was
further transfected into Hep3B-SR-miR-1 and HepG2-
SR-miR-1 cells to knock down miR-1 expression. As
shown in Figure 4B, miR-1 was effectively knocked
down by miR-1 inhibitor transfection in Hep3B-SR-
miR-1 and HepG2-SR-miR-1 cells. As a result, PD-L1
expression was significantly induced both at mRNA and
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protein levels (Fig. 4D). At this point, we proved that
miR-1 could negatively regulate PD-L1 expression in
sorafenib-resistant hepatoma cells.

To further demonstrate the mechanism for regulation
of miR-1 on PD-L1 expression, luciferase assays were
employed to investigate whether PD-L1 is a direct tar-
get for miR-1. Recombinant luciferase reporters contain-
ing wild-type 3’-UTR (PD-L1-3"-UTR-WT) and mutant
3’-UTR (PD-L1-3’-UTR-Mut) of PD-L1 were cotrans-
fected with miR-1-expressing plasmid vector (miR-1)
or its control plasmid (miR-NC) into HEK293T cells. In
agreement with miR-1 upregulation by miR-1 transfec-
tion, luciferase activity of reporter with wild-type 3’-UTR
of PD-L1 (PD-L1-3’-UTR-WT) was significantly sup-
pressed, whereas this suppressive effect was not observed
in the group transfected with reporter containing mutant
3’-UTR of PD-L1 (PD-L1-3’-UTR-Mut) and other con-
trol groups (Fig. 4E and F). Collectively, these results
demonstrated that miR-1 could directly inhibit PD-L1
expression by specifically targeting its cognate site in the
3’-UTR of PD-L1 mRNA.

NRF-2 Represses miR-1 Expression and Then Promotes
PD-L1 Expression in Sorafenib-Resistant Hepatoma
Cell

To further explore the mechanism of downregulation of
miR-1 in sorafenib-resistant hepatoma cells, we searched
for the upstream regulators of miR-1. A transcription fac-
tor NRF-2 has been reported to regulate miR-1 to drive
tumorigenesis and enhance the drug resistance in human
lung cancer cells**?!'. From this view, we examined the
expression of NRF-2 in Hep3B-SR and HepG2-SR and
their parental cells, respectively. Western blotting showed
that NRF-2 was significantly induced in Hep3B-SR and
HepG2-SR compared with that in their parental cells (Fig.
5A). We further knocked down NRF-2 using its siRNA
(si-NRF-2) in sorafenib-resistant hepatoma cells and then
detected an alteration in miR-1 expression. As expected,
microRNA quantitative PCR showed that miR-1 was
significantly induced as a result of NRF-2 knockdown,
implying that NRF-2 could negatively regulate the expres-
sion of miR-1 in sorafenib-resistant hepatoma cells (Fig.
5A and B). Subsequently, we further investigated whether
NRF-2 could regulate PD-L1 expression via miR-1 inhi-
bition. As shown in Figure 5C and D, NRF-2 knockdown
in sorafenib-resistant hepatoma cells resulted in signifi-
cant reduction in PD-L1 expression both at mRNA and
protein levels. However, the reduction of PD-L1 could be
partially restored by miR-1 knockdown, indicating that
NRF-2 could promote PD-L1 expression in sorafenib-
resistant hepatoma cells, and this regulatory effect is prob-
ably mediated by miR-1 inhibition.
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Figure 4. MicroRNA-1 (miR-1) directly inhibits PD-L1 expression by targeting specific cognate sites harboring in the 3’-untranslated
region (3’-UTR) of PD-L1 mRNA. (A) Expressions of miR-1 in sorafenib-resistant hepatoma cells and their parental cells were detected
by miRNA quantitative PCR. (B) Efficiency of miR-1 knockdown by antisense oligonucleotide of miR-1 (Anti-miR-1) transfection in
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sistant hepatoma cells infected with miR-1-expressing lentivirus were detected by quantitative PCR and Western blotting, respectively.
(D) Expressions of PD-L1 in Hep3B-SR-miR-1 and HepG2-SR-miR-1 cells transfected with miR-1 inhibitor (Anti-miR-1) and its con-
trol RNA with scrambled sequence (Anti-NC) were detected by quantitative PCR and Western blotting. (E) Schematic representation
of construction of luciferase reporter harboring the predicted sequence of the miR-1 cognate site in the PD-L1 3’-UTR. The nucleotides
were mutated to abolish miR-1 binding to the PD-L1 3’-UTR in mutant 3’-UTR of PD-L1. (F) Luciferase assays were performed to
assess the effect of miR-1 on the expression of pGL3 luciferase reporter constructs carrying the wild-type or mutant 3’-UTR of PD-L1.
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miR-1 Attenuates Drug Resistance and Suppresses
Malignant Properties of Sorafenib-Resistant
Hepatoma Cells Partially by PD-LI Inhibition

To clarify whether miR-1 could attenuate drug resis-
tance to sorafenib by PD-L1 inhibition, we further infected
Hep3B-SR-miR-1 and HepG2-SR-miR-1 cells with
PD-L1-expressing recombinant adenovirus (Ad-PD-L1)
to overexpress PD-L1 in these sorafenib-resistant hepa-
toma cells with high levels of miR-1 expression. As
shown in Figure 6A, PD-L1 was significantly down-
regulated in Hep3B-SR-miR-1 and HepG2-SR-miR-1
cells compared with that in Hep3B-SR and HepG2-SR.
However, infection of PD-LI-expressing recombinant
adenovirus (Ad-PD-L1) efficiently strengthened PD-L1
expression in Hep3B-SR-miR-1 and HepG2-SR-miR-1
cells. Subsequently, CCK-8 proliferation assays indi-
cated that IC,, was significantly reduced in Hep3B-
SR-miR-1 and HepG2-SR-miR-1 cells compared with
that in Hep3B-SR and HepG2-SR cells, indicating that
miR-1 could attenuate drug resistance to sorafenib in

sorafenib-resistant hepatoma cells. However, PD-L1 com-
pensation by Ad-PD-L1 virus infection could partially
invert the IC, reduction caused by miR-1 overexpres-
sion in Hep3B-SR-miR-1 and HepG2-SR-miR-1 cells
(Fig. 6B). The same variation tendency was observed in
the expression of drug-resistant proteins. Reduction of
P-gp and MRP1 expression attributed to the miR-1 over-
expression in Hep3B-SR-miR-1 and HepG2-SR-miR-1
cells could also be partially reversed by ectopic PD-L1
overexpression (Fig. 6C and D). Taken together, these
results demonstrated that miR-1 could overcome the drug
resistance of sorafenib-resistant hepatoma cells partially
by PD-L1 inhibition.

At the same time, we also investigated whether miR-1
could regulate the other tumor biological characteristics
of sorafenib-resistant hepatoma cell including migra-
tion, invasion, colony formation, and nude mouse tum-
origenicity via PD-L1 inhibition. As shown in Figure
7A-C, the migration, invasion, and colony formation
were significantly suppressed in Hep3B-SR-miR-1 and
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Figure 6. miR-1 attenuates drug resistance of sorafenib-resistant hepatoma cells by inhibition of PD-L1 expression. (A) Overexpression
of PD-L1 by infection of PD-L1-expressing recombinant adenovirus (Ad-PD-L1) in Hep3B-SR-miR-1 and HepG2-SR-miR-1 cells

was confirmed by Western blotting. (B) Alterations of IC

after PD-L1 overexpression by Ad-PD-L1 infection in Hep3B-SR-miR-1

and HepG2-SR-miR-1 cells were examined and calculated by CCK-8 proliferation assays. (C, D) Western blotting and quantitative
PCR were used to detect the expressional changes of P-gp and MRP1 after PD-L1 overexpression in Hep3B-SR-miR-1 and HepG2-

SR-miR-1 cells. n=3. **p<0.01.

HepG2-SR-miR-1 cells compared with those in Hep3B-SR
and HepG2-SR cells. Nevertheless, ectopic overexpres-
sion of PD-L1 partially abolished the suppressions of
migration, invasion, and colony formation caused by
miR-1 overexpression in Hep3B-SR-miR-1 and HepG2-
SR-miR-1 cells. Nude mouse tumorigenicity assay was
also performed to evaluate the impact of miR-1 on tumor
formation in vivo. As shown in Figure 7D and E, there
were smaller tumors developed in nude mice that were
subcutaneously injected with Hep3B-SR-miR-1 and
HepG2-SR-miR-1 cells then those developed in nude mice
injected with Hep3B-SR and HepG2-SR cells, indicating
that miR-1 could suppress nude mouse tumorigenicity in
vivo. However, this inhibitory effect of miR-1 on nude
mouse tumorigenicity could also be partially inverted
by PD-L1 overexpression. Collectively, we proved that
miR-1 repressed migration, invasion, clone information,

and tumorigenicity of sorafenib-resistant hepatoma cells
partially by PD-L1 inhibition in vitro and in vivo.

DISCUSSION

PD-L1 has been widely reported to be involved in
the regulation of drug resistance and other malignant
phenotypes in many cancers™'>!%?2, However, because
of the critical roles of PD-L1 in negative regulation of
immune response, many studies mainly focus on tumor
drug resistance based on its immune modulatory interac-
tion with immune cells. Here we reported that an NRF2/
miR-1/PD-L1 regulatory network played a critical role
in the development and maintenance of drug resistance
and other malignant properties in sorafenib-resistant
hepatoma cells, independent of immunoinhibitory sig-
nals. Nevertheless, because the cytoplasmic domain of
PD-L1 is short, and whether it transmits intracellular
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Figure 7. miR-1 represses tumorigenic properties of sorafenib-resistant hepatoma cells by PD-L1 inhibition. (A) Wound healing
assay, (B) Matrigel invasion assay, and (C) colony formation assay were used to examine the alterations of tumorigenic abilities in
Hep3B-SR-miR-1 and HepG2-SR-miR-1 cells after PD-L1 overexpression in vitro. n=3. **p<0.01. (D, E) Nude mouse tumorige-
nicity assays were employed to detect the alterations of tumorigenic abilities in Hep3B-SR-miR-1 and HepG2-SR-miR-1 cells after
PD-L1 overexpression in vivo. n=5. **p<0.01.

signals remains to be established?, the mechanism of this tumor types, and occurs at the genetic, transcriptional,

immunoinhibitory signal-independent effect of PD-L.1 on
drug resistance remains not clear. A recent study showed
that PD-L1 regulated DNMT1 through the STAT3 signal-
ing pathway to mediate acquired resistance to sorafenib
in human hepatocellular carcinoma*. However, how
PD-L1 interacted with downstream signaling has still not
been sufficiently elucidated. This problem will be a key
for explaining the mechanisms of immune-independent
effects of PD-L1 in the future.

Besides biological function, the regulation of PD-L1
expression is also complex, varies between different

and posttranscriptional levels. Upregulation of PD-L1
has been demonstrated to be caused by activation of
prosurvival pathways MAPK and PI3K/Akt as well as
transcriptional factors HIF-1, STAT3, and NF-kB*. All
of them are well known to promote cancer development
by increasing cell proliferation and decreasing apoptosis.
Therefore, these prosurvival pathways probably regu-
late both cancer growth and immune escape. The AKT/
mTOR pathway has also been validated to be responsible
for the EGFR-mediated PD-L1 expression. Distinct from
other regulatory pathways, mTOR activation upregulates
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PD-L1 expression through inducing the translation, but
not the transcription, of PD-L1, indicating that there is a
regulatory mechanism of PD-L1 expression at the post-
transcriptional level?*. However, the regulators involved
in this posttranscriptional regulatory mechanism of PD-L1
expression in cancer remain not sufficiently identified.
miRNAs are a subset of small noncoding RNA molecules
that are approximately 18-22 nucleotides in length and
play crucial regulatory roles in gene expression at the
posttranscriptional level®. Several miRNAs have been
identified to be involved in the regulation of PD-L1
expression. For example, miRNAs, such as miR-513,
miR-570, miR-34a, and miR-200, have an inverse rela-
tionship with PD-L1 expression'®*2, These miRNAs can
complement with the 3"-UTR of PD-L1 to repress PD-L1
protein expression®. As a result, introduction of miR-513
into Jurkat cells abolished IFN-yinduced PD-L1 expres-
sion, while introduction of anti-miR-513 into cholangi-
ocytes increased PD-L1 expression?’. miR-200-regulated
PD-L1 expression has been shown to cooperate with miR-
200-caused EMT to increase cancer metastasis®. miR-
197 decreases PD-L1 expression indirectly by targeting
PD-L1 regulator STAT3’. Beyond that, several miRNAs
are downregulated in many tumors and appear to function
as tumor suppressor genes. Among these miRNAs, miR-1
is one of the most consistently downregulated miRNAs in
human cancers and has been shown to inhibit cancer cell
growth through the downregulation of oncogenes and/or
transcriptional factors, including Met, HDAC4, PIM1,
Slug, API-3, and so on**3!. As is known, tumorigenesis is a
multistep process that involves highly diverse and highly
orchestrated cellular events. Tumor suppressor skills can
either involve suppression of proliferation, enhancement
of apoptosis, or inhibition of cell motility and so on.
Beside antiproliferative properties of miR-1, many new
tumor-suppressive properties such as apoptosis induc-
tion, antiangiogenesis, cell cycle blocking, remodeling of
cytoskeleton, EMT inhibition, and even stemness regula-
tion were identified recently, leading to diminished tumor
growth?%2, Previously, we also demonstrated that loss of
miR-1 contributed to elevated proliferation and reduced
apoptosis of hepatoma cells in vitro and in vivo!”'3,
Moreover, miR-1 has also been demonstrated to inhibit
the stemness of breast cancer stem cells by inactivating
Wht/B-catenin signaling®. Here we further proved that
miR-1 could also exert its anticancer roles by attenuat-
ing drug resistance in HCC. Importantly, given that PD-1/
PD-L1 is one of the most important immunomodulatory
signaling in tumor immune evasion, it is reasonable to
predict that miR-1 may play a crucial role in regula-
tion of tumor immune evasion. These findings further
expanded our knowledge regarding tumor-suppressive
properties of miR-1 and provided a novel target for
cancer therapy.
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For miR-1 regulation, some transcriptional factors such
as NRF-2 have been demonstrated to play very important
roles*. NRF-2 is a key transcription regulator for antioxi-
dant and detoxification enzymes by binding with antioxi-
dant response element (ARE) in the promoter regions of
cytoprotective genes leading to its increased expression
and cellular protection®, Recent studies found that NRF-2
was abundantly expressed in cancer cells including HCC
and related to chemoresistance™3. Attenuation of NRF2
activity increased sensitivity to chemotherapeutic drugs
both in vitro and in vivo®3°. Oppositely, increased NRF-2
expression in lung and ovarian tumors has been found to
be associated with resistance to platinum-based drug treat-
ment and poor outcome®’. Moreover, it has been reported
that NRF-2 negatively regulated miR-1 and miR-206 to
direct carbon flux toward the pentose phosphate pathway
(PPP) and the tricarboxylic acid (TCA) cycle, reprogram-
ming glucose metabolism in cancer cells?.. These obser-
vations promoted us to hypothesize that NRF-2 could
regulate miR-1 expression in sorafenib-resistant hepa-
toma cells. Our study eventually verified this hypothesis
and demonstrated that NRF-2/miR-1/PD-L1 regulatory
axis played an important role in development and main-
tenance of drug resistance and other malignant properties
of sorafenib-resistant hepatoma cells. However, although
our study showed that NRF-2 could downregulate miR-1
expression in sorafenib-resistant hepatoma cells in vitro,
whether this regulatory mechanism also exists in vivo
has not been demonstrated. Moreover, whether NRF-2
gene could also be regulated by miR-1 and whether there
would be a negative feedback regulation between NRF-2
and miR-1 would also be worthy of in-depth study. In the
future, more functional research in vitro and in vivo is
needed to answer these important questions.

In summary, this is the first study to clarify the detailed
mechanism of PD-L1 upregulation, which could be
mediated by NRF-2/miR-1 regulatory axis in sorafenib-
resistant hepatoma cells. Besides, we found that PD-L1
could not only directly promote drug resistance to
sorafenib in hepatoma cells but also be very important
to maintain aggressive oncogenic properties of sorafenib-
resistant hepatoma cells. These findings may aid in the
design of new therapies to overcome sorafenib resistance
in HCC. From this view, we propose that anti-PD-L1
therapy may be a promising treatment option for HCC
with sorafenib resistance. However, more evidences are
needed to explore the feasibility of anti-PD-1/PD-L1
antibody application in sorafenib-resistant HCC before
this strategy could be translated into clinical practice.
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