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ABSTRACT 

 

Viperin upregulates PD-L1 through PI3K/AKT/mTOR/HIF-1α 

signaling pathway in Gastric Cancer Cells 

 

Ku Sul Kim 

 

Department of Medical Science 

The Graduate School, Yonsei University 

 

(Directed by Professor Jun-Young Seo) 

 

 

Viperin, a multifunctional interferon (IFN)-inducible protein, normally 

localizes to endoplasmic reticulum (ER) and plays a role as an antiviral protein. 

However, recent studies show that human cytomegalovirus infection (HCMV) 

causes re-localization of viperin from ER to mitochondria. Mitochondria-localized 

viperin interacts with trifunctional protein and modulates cellular metabolism 

including lipogenesis and glycolysis. Previous studies from our laboratory have 

shown that viperin regulates metabolic alteration in cancer cells as well as in virus-

infected cells. It has been also shown that viperin expression is highly upregulated 

under tumor microenvironment condition such as hypoxia, serum starvation, and 

cytokines including IFNs through activation of PI3K/AKT/mTOR/HIF-1α 

pathway or JAK/STAT pathway. This induction mechanism of viperin expression 
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is similar to that of PD-L1 expression in cancer cells. Furthermore, like viperin 

function in cancer cells, PD-L1 regulates cancer metabolism to compete against T 

cell. Here, I hypothesized that viperin interacts with PD-L1, which may have 

synergic effect on metabolic regulation of cancer cells. Using human cancer cell 

lines, I demonstrated that viperin positively regulates PD-L1 gene and protein 

expression through PI3K/AKT/mTOR/HIF-1α pathway and vice versa. In addition, 

the interaction between viperin and PD-L1 modulates expression of glycolytic and 

lipogenic enzymes in cancer cells. The data suggest that viperin and PD-L1 can be 

mutual regulators and their interplay controls cancer metabolism. Therefore, dual 

targeting of viperin and PD-L1 may provide an exciting new avenue for treatment 

of cancers. 

 

 

 

 

 

---------------------------------------------------------------------------------------------------- --------- 
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I. INTRODUCTION  

 

Viperin (virus inhibitory protein, endoplasmic reticulum-associated, 

interferon-inducible), also known as RSAD2 (radical S-adenosyl methionine 

domain-containing protein 2) was identified in human macrophages as the 

products of an interferon (IFN)-gamma inducible gene.
1,2

 Viperin as an interferon 

(IFN)-inducible protein, is evolutionary highly conserved. It is composed of 361-

amino acid protein with approximately molecular mass of 42kDa.
3
 It is composed 

of three distinct domains, N-terminal domain, central domain containing a radical 

SAM enzymes domain and a C-terminal domain.
3
 The N-terminal domain has 

length and sequence variability between species and contains an amphipathic α 

helix sequence, which is responsible for viperin association with the cytosolic face 
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of the endoplasmic reticulum (ER) and lipid droplets.
4,5

 The conserved central 

domain that has three cysteine residues organized in a CxxxCxxC motif, which is 

responsible for Fe-S cluster.
6,7 In hepatitis C virus (HCV) and HCMV infection, 

this motif is essential for function of viperin.
8,9

 Although the exact function of C-

terminal domain is unknown, it is highly conserved and required for viperin 

antiviral activity against HCV and dengue virus (DENV).
10,11

  

Viperin is induced by various type of cells by type I, II, and III IFNs, double-

stranded (ds) B-form DNA, lipopolysaccharides (LPS), the dsRNA analog poly 

I:C, and viral infections. In primary macrophages, viperin is highly induced by 

IFN-gamma. But in the majority of cell types such as fibroblasts, hepatocytes, 

dendritic cells and T cell, viperin is effectively induced by IFN-alpha and -beta.
1
 

Viperin induced by both classical IFN-mediated pathway and IFN-independent 

pathway. B-form DNA, LPS, Poly I:C and viruses such as Sindbis virus, Snedai 

virus, Pseudorabies virus (PrV) induce viperin by IFN-stimulated gene (ISG) 

induction pathway. Other viruses, such as HCMV and vesicular stomatitis virus 

(VSV), directly induce viperin by IFN-independent pathway independently of IFN 

production.
3
 

Viperin is a multifunctional protein. It has function as an anti-viral protein 

and a regulator of cell signal pathways or cellular metabolism. Viperin can inhibit 

DNA and RNA viruses such as herpesvirus (HCMV), flaviviruses (HCV, Dengue 

virus and West Nile virus), alphavirus, orthomyxovirus (influenza A virus), 

paramyxovirus (Sendai virus), rhabdovirus (VSV), retrovirus (HIV-1).
2
 Pre-
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expression of viperin inhibits HCMV infection by attenuating the viral structural 

protein, including pp65, gB and pp28, which are essential for virus mutation and 

release.
1
 Over-expression of viperin also inhibits budding and release of influenza 

A virus by altering lipid raft microdomains on plasma membrane.
12

 While HCV 

and Dengue virus infection, replication was occurred on lipid droplets. Thus, 

viperin localized to lipid droplets to suppress viral replication.
10

 Moreover, viperin 

can regulate Toll-like receptor (TLR) 7 and 9-mediated type I IFN production in 

plasmacytoid dendritic cells.
13

 Viperin also can regulate T cell activation by 

facilitating T cell-mediated GATA-3 activation and optimal Th2 cytokine 

production by modulating NF-κB (nuclear factor-kappa B), AP-1 (activator protein 

1) activities.
14

 

During HCMV infection, expression of viperin also can act as a pro-viral 

protein by modulating cellular energy and lipid metabolism. Viperin is re-localized 

from ER to viral assembly compartment (AC) to inhibit replication of virus by 

blocking secretion of soluble viral proteins critical for virion maturation and 

assembly. However, if expression of viperin is induced directly by HCMV 

infection, it interacts with viral mitochondrial inhibitor of apoptosis (vMIA) and 

translocated from ER to mitochondria. Translocated viperin interacts with 

mitochondrial trifunctional protein (TFP) that catalyzes fatty acid beta-oxidation to 

generate ATP. Following viperin interacts with TFP, decrease cellular ATP level 

and thus AMP-activated protein kinase (AMPK) is activated. The activation of 

AMPK induces expression and translocation to cell surface of glucose transporter 
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GLUT4, which increase glucose uptake. By activating the glucose regulated 

transcription factor ChREBP, lipogenic enzymes are induced and enhance lipid 

synthesis and accumulate lipid droplets that are used for formation of the viral 

envelope. These metabolic changes are not only induced by HCMV infection, but 

also induced by directly targeted viperin to mitochondria.
15

 

Unlike normal differentiated cells, cancer cells change their metabolism to 

promote proliferation, growth and survival. In cancer cell, increasing glucose 

uptake and fermentation of glucose to lactate, even in the presence of oxygen is 

known as Aerobic glycolysis or the Warburg Effect. This is observed even in the 

presence of completely functioning mitochondria.
16,17

 Glucose as an essential 

source of metabolic energy regulates cellular function and homeostasis. 

Differentiated cells produce about 8-90% of the ATP through mitochondrial 

oxidative phosphorylation and only 10% is derived from the metabolism of 

glucose to pyruvic acid. But, in rapidly growing cancer cell, even in the presence 

of oxygen, about 60% of the total cell ATP was derived from glycolysis and 40% 

from oxidative phosphorylation.
18

 Through the Warburg effect, cancer cell can 

adapt to hypoxic conditions which frequently develop during their growth.
19

  

Fatty acid is essential for various cellular processes. In normal human tissues, 

fatty acid is acquired from the circulation. However, lipogenesis and expression of 

lipogenic enzymes is highly induced in cancer cells.
20

 Fatty acid function as 

building blocks for membranes, they are used as anchors to target proteins to 

membranes and as precursors in the synthesis of lipid second messengers, they 
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function as a medium to store energy.
21

 A role of fatty acid synthase in tumor cells 

demonstrated a large number of studies is activation of cell cycle and inhibition of 

apoptosis. Other lipogenic genes, including the acetyl CoA carboxylase (ACC) and 

the stearoyl CoA desaturase 1 (SCD1) are highly expressed in primary tumors and 

also appear to play a role in their development. Hence high lipogenesis is 

associated with cancer progression and metastasis.
20

   

The immune system also plays an important role in the protection of the 

human or animal against not only pathogens but also cancers. When the immune 

system mounts a cell-mediated response to foreign antigens, three signals are 

required for T- cell activation. First, T-cell receptors must engage specific peptides 

presented by MHCs on the cancer cell or antigen-presenting cells (APC). Second, 

specific receptors on T cells must bind ligands expressed on cancer cells or APCs 

to prevent anergy, which refers to failure to mount the response against an antigen. 

Third, signals provided by cytokines play a critical role in regulating the strength 

and type of immune responses.  

Multiple costimulatory or coinhibitory interactions among APCs and T cells, 

providing a key checkpoint in the regulation of T-cell immunity and maintenance 

of immune homeostasis. Programmed death ligand-1 (PD-L1), also called CD274, 

one of the critical checkpoint, inhibits the immune response through interaction 

with receptor programmed cell death 1 PD-1.
22

 PD-L1 is a type I transmembrane 

protein with an extracellular N-terminal domain. In physiological conditions, PD-

L1 expression can be detected on hematopoietic cells including T cells, B cells, 
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macrophages, dendritic cells (DCs), and mast cells, and non-hematopoietic healthy 

tissue cells including vascular endothelial cells, keratinocytes, pancreatic islet cells, 

astrocytes, placenta syncytiotrophoblast cells, and corneal epithelial and 

endothelial cells and shown to be overexpressed with immune activation, such as 

inflammations. Because PD-L1/PD-1 axis maintains self-tolerance and limit 

collateral tissue damage during anti-microbial immune responses, and thus 

deficiency function of it can lead to many auto-immune diseases.
23,24

 PD-L1 

express in 5–40% tumor cells, can disrupt the immune response.
25,26

 Through 

interaction with PD-1 on T cell help cancer to evade anti-cancer immune 

response.
27

 Thus by suppressing immune-inhibitory checkpoint proteins can 

enhance immune responses, prevent cancer progression, and improve patient 

survival. Blockade of these inhibitory checkpoint proteins has been intensely 

pursued in recent years as a strategy to enhance T cell infiltration and effector 

functions in cancer. Blocking antibodies against PD-L1/PD-1 has shown 

promising efficacy in advanced melanoma, non–small cell lung carcinoma, renal 

cell carcinoma, bladder cancer, and lymphoma.
22,28

  

Even though immune checkpoint blockade therapy seems to be positive 

clinical applications in certain cancer patients, the efficacy rate and profits of 

usage in general patients remain at a modest level and thus impeding the 

application of immune checkpoint blockade therapy. The tumor immunogenicity is 

a multilevel and delicately controlled process. Therefore, accumulation of 

mutations may lead to dysregulation of immunogenicity and create an 
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immunosuppressive microenvironment, causing intrinsic resistance to immune 

checkpoint blockade therapy.
29

 Moreover, expression of PD-L1 is upregulated 

following chemotherapy and nivolumab treatment.
30

 To possible more patients to 

benefit from immune checkpoint blockade therapy, the mechanisms of induction 

pathway such as inflammatory signaling, oncogenic signaling and regulation at the 

protein level have been proposed. IFN-γ as a pro-inflammatory cytokine, that is 

abundantly produced by activated T cells and also produced by NK cells. Binding 

between IFN-γ and Interferon gamma receptor (IFNGR) results in signaling 

through the classical JAK/STAT pathway, increased expression of a series of 

transcription factors, the interferon-responsive factors (IRFs). IRF1 has been 

shown to play a role in the IFN-γ-mediated induction of PD-L1.
31

 Not only IFN-γ, 

including macrophages, monocytes, primary bone marrow-derived dendritic cells, 

and with lipopolysaccharide (LPS), Poly I:C leads to increased PD-L1 

expression.
24

 Genetic or pharmacological inactivation of MYC has been shown to 

result in reduced PD-L1 expression in melanoma, NSCLC, leukemia, lymphoma, 

and HCC.
32-34

 As transcription factors, such as STAT3, NF-κB, AP-1 also can 

induce expression of PD-L1 binding to PD-L1 promoter.
35-38

 Expression of PD-L1 

has been shown to be regulated by HIF-1α in mouse melanoma, human breast 

cancer, prostate cancer, NSCLC cells, and myeloid-derived suppressor cells 

(MDSCs).
39-42

 By activating mutations in EGFR and EGF, induce PD-L1 

expression in bronchial epithelial cells, NSCLC, head and neck cancer (HNC), and 

breast cancer cells.
43,44

 Through EGFR activation increased PD-L1 expression can 
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be blocked by rapamycin and by an ERK inhibitor, suggesting mTOR- and ERK- 

dependent regulatory mechanisms.
44,45

  Activation of oncogenic pathways, 

including RAS/RAF/MAPK and PI3K signaling, also associate with PD-L1 

expression.
46

 Recently, the role of miRNAs as posttranscriptional regulators, for 

example miR-513, -155, -34a has been revealed in regulating PD-L1 expression.
47

 

Because N-glycosylation is a critical protein modification that determines protein 

structure and function, especially the function of membrane proteins, 

posttranslational regulation is final mechanism by which the level of PD-L1 

expression is modulated. CMTM6, CMTM4 as positive regulators bind to PD-L1 

and thereby increase its half-life, presumably by preventing ubiquitination and 

lysosomal degradation during protein recycling.
48,49

 And when bound to non-

glycosylated PD-L1, GSK3β leads to phosphorylation and resultant ubiquitination 

of PD-L1.
50

 CSN5 induced by tumor necrosis factor alpha (TNF-α) inhibits the 

ubiquitination and degradation of PD-L1.
51

  

Among the mechanisms of expression of PD-L1, especially 

PI3K/AKT/mTOR pathway can be important for PD-L1 induction pathway. 

PI3K/AKT signaling can regulate both IFN-γ-induced and-independent PD-L1 

expression. Inhibition of PI3K/AKT signaling suppressed IFN-γ-induced PD-L1 

expression. 
52,53

 In NSCLC, CRC, glioma, breast cancer, and melanoma cells and 

in melanoma and breast cancer cells, Loss of PTEN enhances PI3K/AKT pathway 

regulated PD-L1 expression in both IFN-γ-induced and-independent 

pathway.
45,52,54-56

 Recently studies demonstrate a competition between tumor cells 
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and tumor-infiltrating T lymphocytes (TIL) for glucose in tumor 

microenvironment (TME) that can drive cancer progression through metabolic 

competition. Tumor PD-L1 expression promoted glycolysis and AKT/mTOR 

activation in tumor cells whereas suppressing mTOR activity in T cells through 

glucose competition. Blockade with anti-PD-L1 antibodies inhibited tumor 

progression and glucose uptake in tumor cells and increased mTOR activity and 

glucose uptake of T cells.
57

 

Expression of immune checkpoint proteins can inhibit immune cells by 

altering cellular and microenvironmental metabolism. But the underlying 

mechanism of metabolic reprogramming in cancer cells and immune cells by 

immune checkpoint proteins have yet to be revealed. On the basis of metabolic 

changes in cells by viperin, previously studies demonstrated the roles of viperin in 

gastric cancer cells. In cancer cells, viperin expression is highly upregulated under 

tumor microenvironment condition such as hypoxia, serum starvation, and 

cytokines including IFNs through activation of PI3K/AKT/mTOR/HIF-1α 

pathway or JAK/STAT pathway. Induced viperin changes metabolism in cancer 

cells, thus cancer cells effectively survive and promote proliferation and 

tumorigenic capacity. Furthermore, recently studies reported that expression of 

PD-L1 is associated with IFN-γ signaling pathway, AKT/mTOR pathway, and 

HIF-1α induced by hypoxia, similar with viperin induction pathway and tumor-

expressed PD-L1 promotes glycolysis and AKT/mTOR activation. To references 

the previous study, I identified that between viperin and PD-L1 have interaction 
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with not only expression but also function each other within tumor 

microenvironment (TME). Generating viperin knockdown stable cell lines and 

PD-L1 knockdown cell lines, I assessed viperin positively regulates PD-L1 gene 

and protein expression through PI3K/AKT/mTOR/HIF-1α pathway and vice versa. 

Moreover, this interaction results in enhancement lipogenesis as well as glycolysis 

in tumor metabolism aspect. I suggest that both viperin and PD-L1 can be 

therapeutic targets in antitumor therapy and dual targeting of viperin and PD-L1 

may provide an exciting new avenue for treatment of cancers.  



13 

 

II. MATERIALS AND METHODS 

1. Cell culture 

Human gastric cancer cell line MKN28 and MKN1 were cultured in RPMI-

1640 media supplemented with 10% FBS (Hyclone, USA) and 1% 

penicillin/streptomycin. Human lung cancer cell line A549 was cultured in RPMI-

1640 media supplemented with 10% FBS (Hyclone, USA) and 1% 

penicillin/streptomycin (Hyclone, USA). Cells were incubated at 37°C in a 

humidified incubator containing 5% CO2. 

 

2. Antibodies and chemicals 

Antibodies used in this study are as follows: mouse polyclonal anti-Viperin 

(Map.Vip); PD-L1 (Cell signaling technology, #13684); Akt (Cell signaling 

technology, #4691); Phospho-Akt (Ser473) (Cell signaling technology, #9271); S6 

Ribosomal protein (Cell signaling technology, #2217); Phospho-S6 Ribosomal 

protein (Ser235/236) (Cell signaling technology, #4858); Grp94 (Enzo, ADI-SPA-

850); α-tubulin (Sigma, T6199). To induce viperin 100ng/ml Recombinant Human 

Interferon-γ (IFN-γ) (gibco, PHC4031) were treated. 
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3. RNA extraction, cDNA preparation, and quantitative real-time PCR 

RNeasy mini kit (Qiagen) was used to isolate total RNA from cells. Prime 

script 1st strand cDNA synthesis kit was used to synthesis cDNA according to the 

manufacturer’s instructions (Takara Bio, Japan). Real-time PCR was conducted 

using SYBR Green PCR Kit (Applied Biosystems). The reaction included 95°C 

for 10 minutes, which was followed by a three-step PCR program of 95°C for 30 

seconds, 55°C for 1 minute, and 72°C for 30 seconds repeated for 40 cycles. The 

mRNA levels of each of genes were compared with control (Luc shRNA or 

Control siRNA). Primer sequences are listed in Table 1. 

 

Table 1. Primer sequences used for real -time PCR 

Target 

gene 

Primer sequence(5’-3’) 

Forward Reverse 

Viperin TAGAGTCGCTTTCAAGATA TTCAGATCAGCCTTACTCC 

PD-L1 TATGGTGGTGCCGACTACAA TGGCTCCCAGAATTACCAAG 

GLUT4 CTCAGCAGCGAGTGACTGG AGCCACGTCTCATTGTAGCTC 

ACL TGTAACAGAGCCAGGAACCC CTGTACCCCAGTGGCTGTTT 

ACC2 GACCACAGGTGAAGCTGAGA GTGTTCCCGTCCCCTCCTC 

LDHA GCACGTCAGCAAGAGGGAGAAAG AGGTAACGGAATCGGGCTGAATC 

HK2 ACCTTTGTGAGGTCCACTCC TGTCCGTTACTTTCACCCAA 

PDK1 CACCAAGACCTCGTGTTGAG AGCTTCAGGTCTCCTTGGAA 

β-Actin GCTCCGGCATGTGCAA TAAGCCGGCTGAGATCTTGT 
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4. Western blotting 

Cells were washed with PBS after harvest and lysed 1x TBS containing 1% 

Triton X-100 (AMRESCO, USA) and protease inhibitor (cOmplete). The 

concentrations of protein were examined by using BSA assay. After sample buffer 

(60mM Tris-HCl pH 6.8, 10% Glycerol, 5% β-mercaptoethanol, 2% SDS, 0.01% 

Bromophenol blue) was added to cell lysates. Quantitative proteins were separated 

by SDS-PAGE and transferred to PVDF membranes, which blocked in PBS-T 

containing 5% non-fat milk to block the non-specific binding for 1 hour. Primary 

antibodies were incubated overnight at 4℃. After the incubation, the blots were 

washed 3 times and secondary antibodies conjugated with HRP were incubated for 

1hour at Room temperature. Followed by incubation with enhanced 

chemiluminescence (ECL) reagents (Thermo Scientific) after 3times washing. 

Grp94 and α- tubulin were used as a loading control to confirm the amount of 

protein. 

 

5. Reverse transfection 

Lipofectamine 2000 (Invitrogen, USA) PD-L1 siRNAs were used for 

knockdown PD-L1. Dilute siRNA in Opti-MEM (gibco, USA) in the well of the 

6well plate and mix gently. Lipofectamine is diluted in Opti-MEM in tube and 

incubate for 5 minutes at Room temperature. Then lipofectimine complexes were 

gently mixed to each well containing the diluted siRNA molecules and incubated 
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for 20 minutes at Room temperature. Cells were diluted in RPMI without 

antibiotics and FBS so that the appropriate number of cells to give 30-50% 

confluence 24 hours after plating. Diluted cells were plated in each well that 

contains siRNA-lipofectamine complexes and leaved 3 hours at 37°C in a 

humidified incubator containing 5% CO2. Then cells were added RPMI containing 

30% FBS without antibiotics up to a third of the final volume. The cells were 

incubated for 72 hours at 37°C in a humidified incubator containing 5% CO2. 

 

6. Statistical analysis 

The data are presented as mean ± standard error of the mean (SEM). 

Statistical significance was determined using unpaired Student’s t test. p < 0.05 

was considered significant. 
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III.  RESULTS  

 

1. Viperin and PD-L1 expressions are highly induced in gastric cancer 

cells under interferon-γ, serum starvation, and hypoxia 

As it is known, viperin is induced by interferon(IFN)-γ. Interestingly, PD-L1 

also has been shown promoted on tumor cells by interferon-γ, endogenous 

antitumor immunity factors in the tumor microenvironment which secreted by 

immune cells.
58

 Therefore, I treated IFN-γ to gastric cancer cell lines (MKN1, 

MKN28, MKN45 and SNU484) to assess induction of viperin and PD-L1. The 

MKN1 and MKN28 which expressed viperin and PD-L1 in basal level were 

significantly upregulated expression of viperin and PD-L1 but MKN45 and 

SNU484 which doesn’t express viperin was only increase expression of PD-L1 

following IFN-γ treatment (Fig. 1A). As a previously study, we demonstrated that 

viperin induced by tumor environment condition such as nutrition deprivation and 

hypoxia.
59

 I observed that under serum starvation condition not only MKN1, 

MKN28 viperin expressed cells but also MKN45 which doesn’t express viperin 

were time-dependently increase expression of viperin and PD-L1 (Fig. 1B). 

Furthermore, hypoxic condition upregulates PD-L1 expression by HIF-1α was 

already reported.
41,42

 Thus, I screened that hypoxic condition (1% O2, 5% CO2 and 

94% N2) increased expression levels of viperin and PD-L1 in MKN28 cell (Fig. 

1C). 
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Figure 1. Viperin and PD-L1 expressions are highly stimulated in gastric 

cancer cells under interferon-γ, serum starvation, and hypoxia. (A) 

Immunoblots of viperin and PD-L1 in IFN-γ treated gastric cancer cell lines. 

Gastric cancer cell lines (MNK1, MKN28, MKN45 and SNU484) were treated 

with 100ng/ml IFN-γ for 24 hours and cell lysates were analyzed by western blot. 

GRP94 was used as a loading control. (B) Immunoblots of viperin and PD-L1 
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under serum starvation condition. Gastric cancer cell lines (MNK1, MKN28, 

MKN45) were incubated in complete media (10% FBS) and no FBS media. Cell 

lysates of each cell line were analyzed at each indicated time points and analyzed 

by western blot. α-tubulin was used as a loading control. (C) The MKN28 cell line 

was incubated under hypoxia (1% O2, 5% CO2 and 94% N2) for 24hours. 
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2.  Viperin-dependent expression of PD-L1 in cancer cells 

Viperin and PD-L1 were induced through similar pathway within tumor 

environment condition. Thus, I wondered whether between two molecules 

associated with each other. Therefore, first I generated cell lines with viperin 

knockdown in MKN1 and MKN28 which highly express viperin. To identify 

relations between viperin and PD-L1 under tumor environment condition, I treated 

IFN-γ to stable shRNA knockdown of viperin cell lines MKN1 and MKN28. A549 

was used as a positive control about IFN-γ. In normal condition, viperin 

knockdown cell lines slightly diminished protein expression of PD-L1. The 

differences of PD-L1 expression depends on viperin were maximized when treated 

with IFN-γ (Fig. 2A and 2C). Expression mRNA levels of PD-L1 as well as 

Protein levels were also reduced by viperin knockdown in normal condition. When 

viperin was induced by IFN-γ, vipeirin-dependent mRNA levels of PD-L1 were 

also increased (Fig. 2B and 2D). In addition, under another tumor environment 

condition, serum starvation, I confirmed that the differences both expression 

mRNA levels (Fig. 3B and 3D) and protein levels (Fig. 3A and 3C) of PD-L1 

depend on viperin in MKN28, MKN1 viperin knockdown cell lines.   
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Figure 2. Viperin-dependent PD-L1 expression under interferon-γ stimulation. 

Viperin knockdown cell lines were generated from MKN1 and MKN28 by 

lentivirus-based vector system. The stable shRNA knockdown of viperin cell lines 

and A549 cell line were treated with 100ng/ml IFN-γ for 24 hours. A549 cell was 

used as a positive control about IFN-γ. Protein expression levels of viperin and 

PD-L1 were assessed by western blot in (A) MKN1 and (C) MKN28 knockdown 

of viperin cell lines. GRP94 was used as a loading control. mRNA expression 

levels of viperin and PD-L1 were detected by RT-qPCR in (B) MKN1 and (D) 

MKN28 knockdown of viperin cell lines. **p < 0.01 and ***p < 0.001. 
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Figure 3. Viperin-dependent PD-L1 expression under serum starvation. The 

stable shRNA knockdown of viperin cell lines were cultured in serum starvation 

condition for 48 hours. Protein expression levels of viperin and PD-L1 were 

assessed by western blot in (A) MKN28 and (C) MKN1 viperin knockdown of 

viperin cell lines. GRP94 was used as a loading control. mRNA expression levels 

of viperin and PD-L1 were detected by RT-qPCR in (B) MKN28 and (D) MKN1 

knockdown of viperin cell lines. *p < 0.05, **p < 0.01 and ***p < 0.001.  
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3.  PD-L1 expression is regulated by viperin through PI3K/AKT/mTOR 

pathway 

By promoting PI3K/AKT/mTOR pathway glycolysis and fatty acid synthesis 

increase and involved in cell growth. Under serum starvation, in normal cells 

inactivate PI3K/AKT/mTOR pathway, however various of cancer cells were 

dysregulated PI3K/AKT pathway and PTEN (negative regulator of PI3K) to 

stimulate high levels of signaling under minimal dependence on extrinsic 

stimulation by growth factors.
60

 Under hypoxia, HIF1-α, as a downstream of 

mTOR is induced and binds to HIF1-β in the nucleus.
61

 Hence, we identified that 

viperin is induced by PI3K/AKT/mTOR/HIF-1α pathway under serum starvation 

and hypoxic condition. Consequently, expressed viperin can regulate cancer cell 

metabolism. Similar with viperin induction pathway and functions, PD-L1 is 

induced by AKT/mTOR pathway and by binding HIF1-α to PD-L1 promoter.
41

 

Besides, expressed PD-L1 promotes AKT/mTOR and glycolysis to compete 

nutrition in tumor microenvironment.
57

 Thus, I investigated expression levels of 

viperin, PD-L1 and AKT and S6 in MKN28 viperin knockdown cell lines under 

serum starvation. As shown in figure 4, under serum starvation, viperin expressed 

cell lines by activating AKT and mTOR enhanced expression of viperin and PD-

L1. Contrary to expression of viperin cell lines, knockdown of viperin reduced or 

have no change of activated levels of AKT and S6 by serum starvation and 

expressions of PD-L1 and viperin were slightly induced.    
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Figure 4. Viperin regulates PD-L1 expression through PI3K/AKT/mTOR 

signaling pathway. The stable shRNA knockdown of viperin cell lines were 

cultured in serum starvation condition for 48 hours. (A) Protein expression levels 

of PD-L1, viperin, AKT, S6 and the forms of activated by phosphorylation p-AKT, 

p-S6 were examined by western blot. GRP94 was used as a loading control.    
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4. PD-L1 positively regulates viperin expression through 

PI3K/AKT/mTOR pathway 

Since PD-L1 is reported that can promote AKT/mTOR pathway. Thus, to 

investigate effect of PD-L1 on viperin expression through AKT/mTOR pathway, 

MKN28 cells were transfected with PD-L1 siRNA or negative control siRNA. As 

shown in figure 5, activated levels of AKT and S6 by serum starvation in PD-L1 

knockdown cell lesser than PD-L1 expressed cell and reduce expression of viperin. 

These data suggest that PD-L1 also can effect on expression of viperin by 

regulating AKT/mTOR pathway. Hypoxia upregulates viperin and PD-L1 

expression by HIF-1α was already reported. In addition, HIF-1α is a downstream 

of mTOR. Thus, I treated 2-methoxyestradiol (2-ME) to cells which were 

incubated under hypoxic condition. Under hypoxic condition (1% O2, 5% CO2 

and 94% N2) increased viperin and PD-L1 expression but when inhibits HIF-1α 

by treating 2-methoxyestradiol (2-ME) does-dependently diminished expression of 

viperin and PD-L1 (Fig. 6A). This pattern is also similar in serum starvation 

condition inhibited HIF-1α by treating 2-methoxyestradiol (2-ME) (Fig. 6B). 

Taken together, viperin and PD-L1 were induced by interferon-γ, serum 

starvation, hypoxia and when stimulated by serum starvation and hypoxia they 

were regulated by HIF-1α, downstream of PI3K/AKT/mTOR pathway.  
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Figure 5. PD-L1-dependent viperin expression in cancer cells. To knockdown 

expression of PD-L1, the MKN28 cell line was transfected with siRNA and 

lipofectamine 2000. After 24 hours of transfection, transfected cells were 

incubated under serum starvation condition for 48 hours. (A) Protein expression 

levels of PD-L1, viperin, the forms of activated by phosphorylation p-AKT, p-S6 

were examined by western blot. GRP94 was used as a loading control.    
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Figure 6. Viperin and PD-L1 are expressed as a downstream of HIF-1α 

pathway. (A) The MKN28 cell line was incubated under hypoxia (1% O2, 5% CO2 

and 94% N2) for 24hours. 2-methoxyestradiol (2-ME) was treated in indicated 

does for 8 hours before harvest. Protein expressions of viperin and PD-L1 were 

analyzed by western blot. GRP94 was used as a loading control. (B) The MKN28 

cell line was incubated under serum starvation condition for 8 hours. 2-

methoxyestradiol (2-ME) was treated in indicated does for 8 hours. Protein 

expressions of viperin and PD-L1 were analyzed by western blot. GRP94 was used 

as a loading control.  
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5. Interaction between viperin and PD-L1 regulates metabolism in cancer 

cells 

To determine interaction of viperin and PD-L1 expression can effect on 

cancer metabolism, viperin knockdown cell lines and PD-L1 knockdown cells 

were cultured in serum starvation condition. I measured mRNA levels of 

lipogenesis-related genes and glycolysis-related genes by RT-qPCR. In viperin 

knockdown cell, lipogenic enzymes (ACL, ACC2, SREBP, DGAT1), GLUT4, 

GLUT1 were downregulated and slightly induced by serum starvation. In contrast, 

these genes were highly induced in viperin expressed cell under serum starvation 

(Fig. 7). PD-L1 knockdown cell also downregulated lipogenic enzymes (ACL, 

ACC2), glycolysis related genes (GLUT4, LDHA, HK2, PDK1) (Fig. 8). Taken 

together, the interplay viperin with PD-L1 can regulate lipogenesis and glycolysis 

in cancer cells. 
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Figure 7. Viperin promotes lipogenesis and glycolysis in cancer cells. To assess 

metabolism effects of viperin and PD-L1, stable shRNA knockdown of viperin 

MKN28 cell lines were cultured in serum starvation condition for 48 hours. Cells 

were examined by RT-qPCR about mRNA levels of lipogenesis genes and 

glycolysis genes. *p < 0.05, **p < 0.01 and ***p < 0.001.  
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Figure 8. PD-L1 promotes viperin-mediated lipogenesis and glycolysis in 

cancer cells. To assess metabolism effects of viperin and PD-L1, siRNA 

knockdown of PD-L1 MKN28 cell lines were incubated under serum starvation 

condition for 48 hours. Cells were examined by RT-qPCR about mRNA levels of 

lipogenesis genes and glycolysis genes. *p < 0.05, **p < 0.01 and ***p < 0.001. 
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IV. DISCUSSION 

Viperin is an interferon (IFN)-inducible protein that identified in human 

macrophages as the products of an interferon (IFN)-gamma inducible gene. It is 

induced by various type of cells by type I, II, and III IFNs, double-stranded (ds) B-

form DNA, lipopolysaccharides (LPS), the dsRNA analog poly I:C, and viral 

infections. Function of viperin is normally acting as anti-viral protein but by 

HCMV infection re-localized to mitochondria, viperin plays role as a regulator of 

cell signal pathways or cellular metabolism. By interacting with vMIA viperin is 

translocated to mitochondria and interacts with trifunctional protein (TFP), an 

essential enzyme for fatty acid beta-oxidation. As a result, viperin modulates 

cellular metabolism that increase lipid synthesis and accumulation of lipid droplets. 

On the basis of metabolic changes by viperin, we previously demonstrated that 

under serum starvation, hypoxia and IFN treatment through PI3K/AKT/mTOR/ 

HIF-1α pathway expressed viperin plays role as a regulator in cancer metabolism. 

Similar with viperin, PD-L1 also induced by hypoxia and IFN treatment and 

activates AKT/mTOR pathway and glycolysis to dampen T cell by competing 

glycolysis.  

In this study, I identified viperin and PD-L1 have interaction through 

PI3K/AKT/mTOR/ HIF-1α pathway and result in regulation of cancer metabolism. 

Using viperin knockdown cell lines, I determined expression of PD-L1 depends on 

expression of viperin. Viperin previously demonstrated induced by 

PI3K/AKT/mTOR/ HIF-1α pathway under serum starvation. Interestingly, viperin 
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knockdown cells have no change or reduce activation levels of AKT and S6 under 

serum starvation. The result suggests that viperin may play a role of feedback on 

the pathway by serum starvation. PD-L1 is previously reported that promote 

AKT/mTOR and glycolysis. PD-L1 knockdown cell showed that diminished 

activation levels of AKT and S6 and consequently reduced expression of viperin. 

Moreover, despite of decrease of AKT/mTOR activation levels, viperin and PD-L1 

were induced slightly in viperin knockdown cell lines. Its suggest that viperin and 

PD-L1 may be induced through another pathway as well as PI3K/AKT/mTOR 

/HIF-1α. In cancer metabolism, PD-L1 is reported that contribute to glycolysis but 

not lipogenesis. I indicated that interplay of viperin and PD-L1 regulates not only 

glycolysis but also lipogenesis. However, whether mechanism of interactions 

between viperin and PD-L1 are direct or indirect is still unclear and will need to be 

further elucidated.  

In PD-L1/PD-1 immune checkpoint blockade therapy aspect, pretreatment 

showed that tumor PD-L1 expression correlates with response to anti-PD-L1/PD-1 

therapies. But, the significant number of patients with PD-L1-positive do not 

respond to PD-1 pathway blockade. Recently studies identified additional                              

intratumoral factors, including not only associated with immune functions but also 

associated with metabolic were involved in failure of PD-1–targeted therapies 

patients.
62

 Therefore, these studies suggest that dual targeting of viperin and PD-

L1 may provide an exciting new avenue for treatment of cancers. 
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V. CONCLUSION 

The study shown that expression and function of viperin and PD-L1 have 

interaction with between each other in cancer cells. Two molecules share 

PI3K/AKT/mTOR/HIF-1α pathway and regulates mutual expression. In serum 

starvation, viperin positively regulates PD-L1 gene and protein expression through 

PI3K/AKT/mTOR/HIF-1α pathway and vice versa. Besides, the interaction 

between viperin and PD-L1 results in modulation of glycolytic and lipogenic 

enzymes expression in cancer cells. To sum up, viperin and PD-L1 interact each 

other and this interaction is involved in cancer metabolism. Altogether, these data 

suggest that viperin and PD-L1 can be potential therapeutic targets in treatment of 

cancers and dual targeting of viperin and PD-L1 may provide an exciting new 

avenue for treatment of cancers. 

 

Figure 9. Working model for the interplay of viperin and PD-L1. 
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ABSTRACT (IN KOREAN) 

 

위암세포주에서 바이페린의 PI3K/AKT/mTOR/HIF-1α 신호 경로에 의한  

PD-L1 발현 조절 

 

<지도교수 서 준 영> 

 

연세대학교 대학원 의과학과 

 

김 구 슬 

 

 바이페린은 인터페론에 의해 유도되는 다기능의 단백질로서 일반

적으로 소포체에 위치하며 항 바이러스 작용을 한다. 그러나 최근 연구

에 따르면 Human cytomegalovirus (HCMV) 감염에 의해 이 단백질은 

소포체에서 미토콘드리아로 이동하게 된다. 미토콘드리아로 이동된 바

이페린은 삼중기능단백질과의 결합을 통해 세포내 지방 대사와 해당 작

용을 조절한다. 바이페린이 바이러스 감염 세포에서만 아니라 암세포에

서도 대사 작용의 변화를 조절에 있어 산소와 영양분이 결핍되거나 인

터페론과 같은 시토카인이 존재하는 종양 미세 환경에서 

PI3K/AKT/mTOR/HIF-1α 또는 JAK/STAT 경로를 통해 바이페린의 

발현이 유도된다는 사실을 선행 연구를 통해 확인하였다. 또한, PD-L1
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의 발현 경로와 발현이 유도되는 조건이 바이페린과 유사하고 암에서 

발현된 PD-L1이 T 세포와의 대사 경쟁을 위해 해당 과정을 활성화 시

킨다고 보고를 기반으로, 바이페린과 PD-L1이 유사한 발현 경로에 있

어 공동 상호작용을 통해 암세포의 대사 작용을 조절할 것이라는 가설

을 세웠다. 가설을 증명하기 위해 위암 세포 주에 Lentivirus를 통해 바

이페린이 발현하지 않는 세포 주를 제작하고, 짧은 간섭RNA를 이용해 

PD-L1이 발현되지 않는 세포를 제작하여 두 단백질이 같은 경로를 통

해 발현하며 서로의 전달RNA와 단백질 발현에 영향을 끼침을 확인하였

다. 또한 상호작용을 통해 발현된 두 단백질은 암세포의 지방 대사와 

해당 작용과 같은 암 대사에서 역할을 하고 있음을 확인하였다. 결론적

으로 바이페린과 PD-L1은 상호작용을 통해 서로의 발현 조절 인자로서 

역할을 할 수 있고, 이러한 상호작용을 통해 암의 대사 작용을 조절 할 

수 있음을 밝혔다. 따라서 항암치료에서 PD-L1과 바이페린은 이중 표

적이 될 수 있음을 제시하는 바이다. 
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