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Abstract

Background: The effectiveness of immune checkpoint therapy
highlights the need to understand abnormal programmed cell death
protein-1 (PD-1) expression in nasopharyngeal carcinoma (NPC),
especially when treatments fail, or resistance develops. Interferon
gamma (IFN-y) signaling is crucial for regulating programmed cell
death-ligand 1 (PD-L1) expression. Our study focuses on interferon
gamma receptor 2 (IFNGR2), an essential part of the IFN-y pathway,
and its impact on malignant traits in NPC.

Methods: The expression levels of IFNGR2 and PD-L1 were accessed
using quantitative reverse transcriptase-polymerase chain reaction
(qRT-PCR). To understand the cellular phenotypic effects, small inter-
fering RNA (siRNA)/short hairpin RNA (shRNA) knockdown tech-
niques were used to evaluate cell viability, clonogenic survival, migra-
tion and invasion, immunohistochemistry, and tumor formation assays.
The relationship between IFNGR2 and microRNAs (miRNAs)/circular
RNAs (circRNAs) will be verified using methods such as circRNA sta-
bility assay, rescue, and dual-luciferase reporter assay.

Results: IFNGR2 was significantly overexpressed in NPC, and its
expression positively correlated with PD-L1 levels. This overexpres-
sion contributed to increased cell proliferation, migration, invasion,
clonogenicity, and tumor growth. Additionally, we identified an on-
cogenic circular RNA, circ_ 001377, and uncovered a novel mecha-
nism by which upregulation of circ_ 001377 competitively bound to
miR-498-3p. This interaction reduced miR-498-3p’s ability to target
IFNGR2. As a result, the diminished miR-498-3p led to increased
IFNGR?2 expression, which subsequently activated the IFN-y signal-
ing pathway and drove abnormal PD-L1 expression.
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Conclusions: IFNGR2 is an oncogenic factor in NPC. The
circ_001377/miR-498-3p interaction drives IFNGR2 upregulation
and PD-L1 overexpression, suggesting that targeting this axis could
improve therapeutic outcomes.
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Introduction

Nasopharyngeal carcinoma (NPC), a distinct non-keratiniz-
ing cancer affecting the head and neck, is notably linked to
Epstein-Barr virus (EBV) infection in almost all cases [1, 2].
This association with EBV, along with various genetic factors,
complicates the treatment and research of NPC [3]. Despite
advancements in multimodal therapies, such as surgery and
intensity-modulated radiotherapy, which have significantly
enhanced local disease management, about 30-40% of patients
with more aggressive forms of the disease experience distant
metastases within 5 years, often due to chemoradiotherapy
resistance [4, 5]. In recent developments, programmed cell
death protein-1 (PD-1)/programmed cell death-ligand 1 (PD-
L1) checkpoint inhibitor immunotherapy has shown promising
outcomes in boosting anti-tumor immune responses in certain
cancers. Yet only a minority of head and neck cancer patients,
including those with NPC, achieve remission through these
treatments [6]. With high recurrence and metastasis rates in
NPC, there is a pressing need to investigate the mechanisms
underlying immunotherapy resistance. Understanding these
could pave the way for novel therapeutic strategies in NPC
management.

The PD-1/PD-L1 pathway represents one of the key strat-
egies by which EBV-associated NPC evades the immune sys-
tem [6]. Current research highlights that PD-L1 expression is
primarily triggered by interferon gamma (IFN-y), an essential
cytokine in the immune response. IFN-y interacts with the in-
terferon gamma receptors 1 and 2 (IFNGR1/2), activating the
JAK1 and JAK2 enzymes. Concurrently, IFN-y aids in the re-
cruitment and nuclear translocation of STAT proteins, which,
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along with JAK1 and JAK2, stimulate PD-L1 expression [7].
Notably, IFNGR2 emerges as a pivotal player in this process,
being crucial for recognizing IFN-y at the forefront, thereby
enhancing the body’s ability to defend against infections and
cancers. Elevated levels of IFNGR2 have been identified in
conditions such as glioblastoma [8], where its upregulation is
linked to increased cell proliferation, invasion, and migration
in glioma models in vitro [9]. Similarly, in ovarian cancer, the
reduction of IFNGR2 led to a decrease in PD-L1 expression,
underscoring the dependency of PD-L1 induction on IFN-y re-
ceptors [10]. Additionally, IFNGR2 has been characterized as
a novel suppressor of the pro-apoptotic protein Bax, showcas-
ing anti-apoptotic properties [11]. Despite these insights, the
full scope of how IFN-y signaling genes contribute to immune
responses against tumors, especially in the context of resist-
ance to PD-1/PD-L1 checkpoint blockade therapy, remains an
area ripe for further exploration.

MicroRNAs (miRNAs) and circular RNAs (circRNAs)
are two classes of non-coding RNAs that play essential roles
in gene expression regulation. There is considerable evidence
highlighting the involvement of various miRNAs in the regu-
lation of NPC. Notably, EBV-encoded miRNAs, such as the
overexpressed BART miRNAs, have gained attention for their
potential as noninvasive biomarkers in the diagnosis and prog-
nosis of NPC [12]. Studies on miRNA expression profiles in
NPC have unveiled a 5-miRNA signature (comprising miR-
93, miR-142-3p, miR-29¢c, miR-26a, and miR-30e) that cor-
relates with overall survival (OS) and disease-free survival
(DFS) [13]. Similarly, circRNAs are increasingly recognized
for their profound influence on cancer biology, including roles
in diagnosis, prognosis, and treatment. Their ability to act as
miRNA sponges, effectively sequestering miRNAs and influ-
encing gene expression, underscores their significance in cel-
lular functioning [14]. For example, circ 0003738 has been
shown to modulate IFNGR2 expression in psoriasis by spong-
ing miR-490-5p [15]. Furthermore, miR-142-3p can reduce
IFNGR?2 expression by directly targeting evolutionarily con-
served sequences within their 3’-untranslated regions (UTRs)
[16]. Despite these insights, the specific roles and mechanisms
of action of most miRNAs and circRNAs in regulating IFN-
GR2 expression in NPC are still largely unexplored. This gap
in knowledge presents a rich area for future research, poten-
tially uncovering new therapeutic targets and diagnostic mark-
ers. In this study, we propose a molecular pathway in which
the aberrant expression of circ 001377 acts as a sponge for
miR-498-3p. This interaction attenuates IFNGR2 repression,
leading to increased IFNGR2 expression, which in turn leads
to increased PD-L1 levels in NPC through the IFN-y pathway.
The study aims to enhance the understanding of the pathogen-
esis of NPC and identify new potential therapeutic avenues for
its treatment.

Materials and Methods

Cell lines

Two STR genotyping verified human NPC cell lines were

purchased from Shanghai Yubo Biotech Co., China. The EBV-
negative NPC cell line HK1 and EBV-positive cell line C666-1
were used in the study. These were cultured in RPMI medium
enriched with 10% fetal bovine serum (FBS). Additionally, the
non-tumorigenic human nasopharyngeal cell line NP69, which
has been immortalized with SV40, was cultured in keratino-
cyte-free media with added epidermal growth factor (EGF)
and pituitary serum (Thermo Fisher Scientific, Shanghai, Chi-
na) serving as the normal control. All cells were maintained
in a 37 °C incubator with 5% of CO, and humidify and were
confirmed to be free from mycoplasma contamination.

RNA extraction and quantification of mRNAs, miRNAs
and circRNAs

RNA was isolated from cell lines using the Qiagen RNA ex-
traction kit according to the manufacturer’s instructions. The
total RNA was reverse transcribed by the SuperScript III Re-
verse Transcriptase (Invitrogen). Quantitative real-time poly-
merase chain reaction (PCR) analysis was performed using
SYBR Green PCR Master Mix (Thermo Fisher Scientific,
Inc.) and the ABI PRISM 7900 Sequence Detection System
(Applied Biosystems). Glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was used as an endogenous control. The ex-
pression of miRNAs and circRNAs was detected as previously
described [17]. RNU44 and RNU48 were used as endogenous
controls. The TagMan MicroRNA Assay included a reverse tran-
scription step in which a stem-loop reverse transcription primer
specifically hybridized to the miR-498-3p molecule, and a mim-
ic of miR-498-3p were purchased from Thermo Fisher Scien-
tific. The primers used in the study are as follow: IFNGR2: for-
ward 5-CTCCATTCTGCCTGGGTGACAA-3', reverse 5'-C
GTGGAGGTATCAGCGATGTCA-3"; PD-L1: forward 5'-TGC
CGACTACAAGCGAATTACTG-3', reverse 5'-CTGCTTGTC-
CAGATGACTTCGG-3"; Circ_001377: forward 5'- CTGGG-
GATTCCAAGATCAGA-3', reverse 5-ATAGCGTTTGTGGG
CTTTGT-3".

Cell transfection, proliferation, and clonogenic assays

The Lipofect AMINE RNAIMAX (Life Technologies) reverse
transfection protocol was used to perform RNA interference
(RNAI) experiments, according to the manufacturer’s instruc-
tions. IFNGR2-target siRNA, premiR-498-3p, siRNA for
circ_ 001377, and the negative control (NC) siRNA were pur-
chased from Thermo Fisher Scientific (Shanghai, China). The
pLV-circ vector carrying the overexpressing circ_001377 plas-
mids were designed and synthesized by GenePharma (Shang-
hai, China).

NPC cells were seeded into 96-well plates for cell prolifer-
ation assays or six-well plates for Western blot and transfected
with the reagents above. The cytotoxicity effects of HK1 and
C666-1 cells post-transfection were evaluated using the Cy-
QUANT® NF Cell Proliferation Assay Kit (C35006, Invitro-
gen). Cell proliferative activity was measured at 24, 48 and 72
h after transfection.
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NPC cells were transfected into 12-well plates for colony
formation assay. After 48 hs, cells were harvested, and 300 or
500 cells were re-seeded onto six-well plates in triplicate. Af-
ter a 2-week culture, the plates were fixed and stained, and the
number of colonies was counted using a microscopy. The frac-
tion of viable cells was calculated by comparison with trans-
fected cells or with scramble controls (SC).

Cell migration and invasion assays

To investigate the cellular effects of knockdown IFNGR2,
HK1 and C666-1 cells were transfected with siRNA target to
IFNGR?2 or siRNA SC and plated on either the six-well con-
trol inserts (PET membrane) or trans-well invasion chambers
pre-coated with Matrigel (BD Biosciences). A medium con-
taining 15% FBS in the lower chamber served as the chemo-
attractant. The plates were incubated for 24 h. After removing
non-migrating or invading cells from the upper surface of the
membrane with cotton swabs, the migrating or invasive cells
attached to the low surface of the membrane insert were then
fixed and stained with Diff-Quick Stain (BD Biosciences). A
light microscope was used to count migrating or invasive cells.

Immunohistochemistry for Ki-67 and CD31

The expressions of Ki-67 and CD31 were evaluated on xeno-
graft tumor sections. Mouse anti-human Ki-67 antigen (1:100
dilution; DakoCytomation) and rat anti-mouse CD3 1 antibody
(1:50 dilution; BD Pharmingen) were utilized. A microwave
antigen retrieval method in combination with the Level-2 Ul-
tra Streptavidin system (DakoCytomation) was used. Ki-67
positive nuclei staining was evaluated in the regions with the
highest expression, referred to as tumor hot spots. Three hot
spots were selected at random, and at least 100 tumor cells
were counted in each. The final score was determined by cal-
culating the average percentage of Ki-67 positive cells across
the three hot spots. For CD31 evaluation, as described previ-
ously [18], using low-power (x 100) microscopy, the three
areas with the highest vascularization were selected. Vessels
with a clearly defined lumen or distinct linear shape were
counted. The final score was calculated as the average vessel
count from these three fields.

Western blotting

Cells from various transfections were harvested and lysed 72
h after transfection. Protein concentrations were determined
using the bicinchoninic acid (BCA) assay. Each sample, con-
taining 20 ug of protein, was separated on 10% Tris-glycine
SDS-PAGE gels and subsequently transferred to nitrocellulose
membranes. The membranes were then blocked using 5% milk
in Tris-buffered saline containing 0.1% Tween-20 (TBST) be-
fore being incubated overnight with primary antibodies: rabbit
anti-IFNGR2 (PA5-141049, 1:500, Thermo Fisher-Invitrogen)
and mouse anti-beta Actin (ab8226, Abcam, USA). This step

was followed by a 2-h incubation with horseradish peroxi-
dase-conjugated secondary antibodies (Abcam, USA). Protein
bands were detected using the ECL Western blotting detection
system (Pierce, #34095).

Luciferase reporter assay

The Dual-report luciferase assays system was used to inves-
tigate the interactions between miRNAs and IFNGR2, as
well as between circRNAs and miRNAs. PCR amplified the
sequences of both the wild-type and mutant versions of the
IFNGR?2 3'-UTR regions, which include the presumptive bind-
ing sites for miR-498-3p. In a similar manner, sequences of the
wild-type and mutant circ 001377 that contain miR-498-3p
binding sites were amplified. These amplified sequences were
then cloned into pmiRreport luciferase vectors (Ambion). Sub-
sequently, cells were co-transfected with these vectors along
with miR-498-3p mimics or SC. This setup facilitated the de-
tection of direct interactions between the 3'-UTR of IFNGR2
or circ_001377 and miR-498-3p through the co-transfection of
miRNA mimics in C666-1 cells. For normalization purposes,
each well was also transfected with the pRL-SV40 vector (Pro-
mega), which contains Renilla luciferase. Luciferase activity
was measured 48 h post-transfection using the Dual-Glo Lu-
ciferase Assay System (Promega).

RNase R treatment and actinomycin D assay

Total RNA (2 pg) from C666-1 cells was treated with or with-
out 3U/ug RNase R (Geneseed Biotech Co., Ltd., Guangzhou,
China) to eliminate genomic DNA. The levels of linear and cir-
cular RNA were then determined via quantitative reverse tran-
scriptase-polymerase chain reaction (QRT-PCR). To evaluate the
stability of circ_001377, C666-1 cells were treated with actino-
mycin D (100 ng/mL) (Merck, Germany) at various time points:
O0h,4h,8h, 12 h, and 24 h. Subsequent to these treatments, total
RNA was extracted and the expression levels of circ_ 001377
and MRPS15 mRNA were quantified using qRT-PCR.

Animal experiments

Short hairpin RNA (shRNA) targeting IFNGR2 and a non-tar-
geting control shRNA (NC) were synthesized by GenePharma
(Shanghai, China). These shRNA constructs were introduced
into HEK-293T cells using co-transfection with pPGPU6/Hygro
and pGPH1 plasmids. The lentiviral particles produced were
collected from the cell culture supernatant and used to infect
C666-1 cells, which were then selected with puromycin (2 pg/
mL). Severe combined immunodeficiency (SCID) mice were
divided into two groups: the NC group and the shIFNGR2
group, with five mice in each group. Tumor growth was moni-
tored bi-weekly, following previously described procedures
[17]. Mice were euthanized when tumors reached a predeter-
mined size. The volume of the tumors was calculated using the
formula: volume = (width? x length)/2. All procedures involv-
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ing animals were conducted in accordance with the guidelines
set by the Institutional Animal Care and Use Committee (IA-
CUC) of Jilin University (approval number: SY202210015).

Statistical analysis

Data are presented as mean + standard error (SE). Statistical
analyses were conducted using GraphPad Prism version 9.0
(GraphPad Software, CA, USA). Differences between groups
were assessed using Student’s #-test. P values were two-tailed,
with a significance level set at o = 0.05. Results represent find-
ings from three independent experiments.

Results

IFNGR2 expression was elevated in NPC and contributed
to enhanced cell proliferation and clonogenic potential

The expression level of IFNGR2 was assessed by qRT-PCR
in NPC cells. Results revealed a significantly upregulation
of IFNGR2 in both HK1 and C666-1 cells compared to the
control group (P < 0.05) (Fig. la). Given the pivotal role
of the IFNGR1/2 in mediating the IFN-y-JAK-STAT path-
way and subsequent PD-L1 expression, PD-L1 levels were
also examined in these NPC cells. As anticipated, PD-L1
exhibited pronounced expression in both NPC cell lines (P
< 0.05) (Fig. 1b). Further exploration into the pathological
impact of IFNGR2 was conducted using siRNA-mediated
knockdown, which significantly diminished cell viability in
both NPC cell models at 48 h post-transfection (P < 0.05)
(Fig. 1c, d), as measured by the CyQUANT® NF cell prolif-
eration assay. The functional relevance of IFNGR2 was also
evidenced through colony formation assays, where siRNA
against [IFNGR2 notably decreased the number of colonies
compared to the control or scramble siRNA-treated groups
(P <0.05) (Fig. le, 1).

Effects of IFNGR?2 silencing on cell migration, invasion
and in vivo tumor formation

Further investigations were conducted to clucidate the ef-
fects of IFNGR2 suppression on the cytotoxic properties of
transfected cells. The influence of IFNGR2 on the migratory
and invasive capabilities of NPC cells was evaluated using
Transwell migration assays and Matrigel invasion assays. The
reduction of IFNGR?2 led to a significant decrease in both cell
migration and invasion, with a mean reduction of 55% in mi-
gration and 46% in invasion observed in both HK1 and C666-
1 cells (P < 0.05) (Fig. 2a, b). To explore the role of IFNGR2
in the formation of NPC tumors in a live model, C666-1 cells
with stable IFNGR2 suppression were subcutaneously inject-
ed into SCID mice. The progression and volume of the tumors
were monitored, revealing that the depletion of IFNGR2 de-
celerated tumor growth when compared to the control group
(P <0.05) (Fig. 2¢c, d). Moreover, immunohistochemical anal-

ysis for Ki-67 and CD31 expression in the xenograft tumor
models showed lower expression levels of both markers in
the IFNGR2-suppressed group than in the control group (P <
0.05) (Fig. 2e, f). These results suggest that silencing IFNGR2
impedes tumor development and diminishes the risk of me-
tastasis.

IFNGR2 was a directly target of miR-498-3p

To better understand the molecular intricacies of IFENGR2, we
employed several gene target prediction platforms (miRWalk,
miRDB, miRSystem, miRSearch and MicroT-CDS), integrat-
ing them with insights into their diverse roles in tumor dynam-
ics and cellular mechanisms. This comprehensive approach led
to the identification of five miRNAs with potential tumor-sup-
pressing functions, which might be implicated in the regula-
tion of IFNGR2. Initial qRT-PCR analyses were conducted to
gauge the expression levels of these miRNAs within the cells.
Results depicted in Figure 3a revealed that, of the miRNAs
tested, miR-498-3p and miR-497-5p exhibited a pronounced
reduction in expression in both HK1 and C666-1 cells in com-
parison to NP69 (normal control) cells. This pattern suggests
a regulatory association between the upregulation of IFNGR2
and the activity of miR-498-3p or miR-497-5p. Figure 3b
highlighted the shared binding sites on the 3'-UTR of IFN-
GR2 for hsa-miR-498. To investigate the direct engagement
between the miRNAs and IFNGR2, we engineered various lu-
ciferase reporter vectors incorporating the suspected binding
sites downstream of the firefly luciferase reporter gene within
the pMIR-report vector, as previously outlined [19]. Follow-
ing this, C666-1 cells were co-transfected with either premiR-
498-3p or premiR-497-5p alongside either the pmiR-IFNGR2
3'-UTR or its mutated counterpart. Compared to the controls,
the dual luciferase reporter assay showed that overexpression
of miR-498-3p significantly reduced luciferase activity in cells
transfected with wide-type IFNGR2 3'-UTR, while the mutant
construct showed no significant change (Fig. 3c). However,
the cells transfected with miR-497-5p did not affect luciferase
activity. These findings from the dual-luciferase reporter as-
says substantiate a direct interaction between miR-498-3p and
the 3'-UTR of IFNGR2.

The interaction between miR-498-3p and IFNGR2 was
explored in greater depth. Introducing premiR-498-3p into
NPC cells significantly elevated miR-498-3p levels in both
HKI1 and C666-1 cells, while concurrently diminishing IFN-
GR2 expression (P < 0.05) (Fig. 3d, ). Western blot analysis
further corroborated these findings, demonstrating that while
the use of antimiR-498-3p left IFNGR2 expression unaltered,
the introduction of premiR-498-3p resulted in a notable de-
crease in IFNGR?2 protein levels (Fig. 3f).

Circ_001377 functioned as a sponge for miR-498-3p

Numerous studies have indicated that circRNAs may indi-
rectly influence gene expression by acting as miRNA sponges.
In exploring the potential relationship between circRNAs and
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miR-498-3p, we employed bioinformatics tools (Targetscan-
Human 7.2 and the circular RNA interactome) and analyzed
a microarray dataset (GSE190271 from the Gene Expression
Omnibus). We identified the top five upregulated circRNAs

Articles © The authors | Journal compilation © World ] Oncol and Elmer Press Inc™

based on the number of

miR-498-3p binding sites and their

context scores. Subsequent KEGG pathway analysis led us

to select hsa circ_00137
gene symbol: MRPS15)

7 (also known as hsa_circ_0000054,
as a circRNA of interest for further

| https://wjon.elmerpub.com 933



Regulation of IFNGR?2 Expression in NPC World ] Oncol. 2024;15(6):929-941

a
HK1
C666-1
HK1 C666-1 HK1 C666-1
500 500 ® scramable
o ® scramable ® 500 & scramable * scramable o 500 = siFNGR2
§40 = silFNGR2 § 400 = SiFNGR2 §4oo = silFNGR2 § 400
2 o =
% 30 % % 5 300 % 300 .
'fg 20 3 -% 200 % 2 200 e %
5 g : e
£10 5 E 100 2 100 r:h-l
= £
0 [
scramable  silFNGR2 scramable silFNGR2 scramable  silFNGR2 scramable SIFNGR2
14 ; —4=—NC d
1.2 1 shIFNGR2
c
£ 17
: —
= ~ 0.8 1
O <
> £ 06
—
g Eoa4
= 0.2 A
=
0 — T
02 10 7 1013 16 18 20 23 25 28 31 33 35
Days
e Scramble ShIFNGR2 f
N il STt ) - 150 £ Scramble
YoMy o 3 ShIFNGR2
w
® 100
g
> * %
. @
Ki-67 50
"
0
% &
% S \;C’Q}
3 3 & ¢
b & 6&
Y 3 1 g A
RN e O 100
N+ L mm Scramble
: ; ¥ D 5 80 =3 ShIFNGR2
» h Y ) 4 o
AR N N E 60
D31 ST SR 2
{ R g 40 *
4 Mae y \ S 2
o/ i PR X ; \
3 . PN 6
TR P | & &
P . FEX ‘,{b& \«ep
= &

Figure 2. IFNGR2 knockdown inhibited cell migration, invasion and reduced tumor growth in vivo. (a, b) Representative images
and quantification of the reduction in migratory capacity (left panel) and invasion (right panel) of HK1 and C666-1 cells that were
transfected with IFNGR2-targeting siRNA, compared to negative SC. (c, d) Depletion of IFNGR2 delayed tumor growth compared
with the control. Tumor volume was measured. (e, f) Immunohistochemistry detected Ki-67 and CD31 expression in IFNGR2
knockdown group compared with the controls. *P < 0.05; **P < 0.01. IFNGR2: interferon gamma receptor 2; NC: negative control;
siRNA: small interfering RNA; SC: scramble control.

934 Articles © The authors | Journal compilation © World | Oncol and Elmer Press Inc™ | https://wjon.elmerpub.com



Guan et al

World ] Oncol. 2024;15(6):929-941

a ® MIR-498-3p
5 m  MIR-15b-5p
8 A MIR-557-3p
(=]
S v MIR-497-5p
=
o ¢ MIR-34C-5p
T
K]
(V]
2
S
K]
[5) i
(4 =
H
H
OINN ONN ONN ONKN NN
‘\QQ’Q‘*:O&? ‘\QQ’Q&O@ QQBQ‘*;@ QQBQ‘*;@ QQBQQ;@
[¢) [¢) [¢) [¢) [¢)
¢ R R
. o 3
2> 1.5 Q:b‘ Q:bt
2 & &
k3]
©
@ 1.0
o
2
S
£ 05_
(]
=
=
©
)
¥ 9.0
X
é\q.
< &\Q}
Q
e
1.5 e sC
c = HK1
K] 4 C666-1
3 1.0
e .
5 k%
&
) 0.5
=
3
0.0-

premiR498-3p

b

IFNGR2 3’ UTR WT 5'... catgggggtctcggac.. 3’

T
Hsa-miR-498 3'... gcacccccagagcttg.. 57

IFNGR2 3’ UTR Mut 5'... cagtattcteggacge..3’

d
4- e sC
c = HK1
S XX 4 C666-1
[72]
» 3
<
o * %k
3
o 27
Q@
=
¥ 17
5
O_
premiR498-3p
f R R
A
O O
& &
& &
¢ & &
S ¥
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investigation (Fig. 4a). The identified binding sites between
circ_001377 and miR-498-3p were depicted in Figure 4b. Ini-
tially, we assessed the stability of circ_ 001377 in NPC cells us-
ing RNase R treatment. The findings revealed that circ_ 001377
exhibited notable resistance to RNase R degradation, whereas
the levels of linear RNA (GAPDH) were significantly di-

minished (Fig. 4c). Additionally, when cells were treated
with the transcription inhibitor actinomycin D, circ_ 001377
showed remarkable stability compared to the linear mRNA
(MRPSI15) (Fig. 4d). We also measured the expression levels
of circ_ 001377 in NPC cell lines using qRT-PCR. The data
indicated that the expression levels of circ 001377 in HK1 and
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C666-1 cells were significantly elevated compared to those in
normal control samples (Fig. 4e). Furthermore, we evaluated
the binding interaction between miR-498-3p and circ_001377
using a dual-luciferase reporter assay. Constructs of both wild-
type and mutant versions of the circ 001377 luciferase report-
er system were developed, and miR-498-3p mimics or scram-
ble miRNA were transfected into C666-1 cells. The findings
demonstrated that the introduction of miR-498-3p markedly
decreased luciferase activity in the construct containing wild-
type circ_001377, whereas no significant effect was observed
on the mutant construct (Fig. 4f). Collectively, these results

indicate that circ_001377 plays a crucial role in NPC by modu-
lating the activity of miR-498-3p.

Circ_001377 collaborating miR-498-3p and IFNGR2 regu-
lated PD-L1 expression

Further exploration into the interplay between miR-498-3p and
circ_001377 regarding their influence on IFNGR?2 revealed in-
tricate regulatory mechanisms. Transfection experiments using
overexpressed circ_ 001377 constructs, premiR-498-3p, or a
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combination thereof were conducted in HK 1 and C666-1 cells.
The gRT-PCR analysis indicated a significant elevation in
miR-498-3p levels upon the introduction of its mimic, whereas
circ_001377 overexpression led to a reduction in miR-498-3p
levels. However, this effect was mitigated when both premiR-
498-3p and circ 001377 constructs were co-transfected, as
demonstrated by a recovery in miR-498-3p levels compared to
the NC (P <0.05) (Fig. 5a). Similarly, IFNGR?2 levels were no-
tably upregulated following circ 001377 plasmid transfection
but were decreased upon premiR-498-3p introduction. This in-
crease in IFNGR2 expression was subsequently moderated by
the combined transfection of premiR-498-3p and circ_001377
plasmids (P < 0.05) (Fig. 5b). Additionally, experiments in-
volving the introduction of premiR-498-3p, si-circ-001377, or
both showcased a significant reduction in IFNGR2 expression
in cells with premiR-498-3p and circ_001377 knocked down,
compared to the NC. This downregulation of IFNGR2 was
counteracted upon co-transfection with both premiR-498-3p
and si-circ-001377, as evidenced by the Western blot analysis
(Fig. 5¢). In corresponding studies, PD-L1 expression mirrored
the trend observed with IFNGR2. Notably, PD-L1 expression
increased following circ 001377 plasmid transfection but di-
minished upon premiR-498-3p introduction (Fig. 5d). These
data reveal a new regulatory mechanism, in which circ_001377
may increase IFNGR?2 levels by acting as a sponge for miR-
498-3p, thereby indirectly affecting PD-L1 expression in NPC
cells, as illustrated in Figure Se.

Discussion

PD-1/PD-L1 immune checkpoint blockade therapy has
achieved remarkable success in inducing tumor regression.
Yet, secondary resistance often emerges as immune-selec-
tive pressure fosters the development of drug-resistant tumor
clones, resulting in a subset of head and neck squamous cell
carcinoma (HNSCC) patients, including those with NPC, ex-
periencing minimal treatment response [4, 20]. Consequently,
it is imperative to elucidate the mechanisms by which key
genes in the IFN-y signaling pathway contribute to the abnor-
mal expression of PD-L1 and to adjust treatment strategies
accordingly. In this study, we revealed that IFNGR2, a sig-
nificant cytokine receptor, is highly expressed in NPC cells.
The upregulation of IFNGR2 was found to enhance tumor
cell proliferation and colony formation abilities in HK1 and
C666-1 cell lines. Conversely, silencing IFNGR2 attenuated
the migratory and invasive capabilities of the tumor cells, re-
duced tumor growth, and inhibited tumor cell proliferation and
angiogenesis in vivo.

Mounting evidence indicates that PD-L1 is frequently
overexpressed in various human cancers, yet the precise mech-
anisms driving its overexpression remain largely unexplored.
IFN-y is recognized as a critical cytokine produced by T cells,
playing a pivotal role in immune regulation. Recent research
has pinpointed disruptions in the IFN-y signaling pathway in
tumor cells resistant to drugs among patients, who have shown
disease progression following anti-PD-1 therapy [6, 21]. This
phenomenon is particularly intriguing given the dual role of

IFN-y in modulating anti-tumor immunity, both promoting
and inhibiting immune responses. [FN-y triggers the upregu-
lation of essential negative regulatory molecules by engaging
the IFNGR1/2, activating JAK1 and JAK2, and subsequently
mobilizing STAT to regulate PD-L1 expression [22]. Addi-
tionally, IFN-y contributes to T-cell apoptosis during in vivo
immune responses [22]. The human /FNGR2 gene is situated
on chromosome 21, and studies on mouse gene promoters in-
dicate that IFNGR2 possesses numerous sites for transcription
factor activation, suggesting potential regulation of IFNGR2
expression [23]. IFNGR2 plays a role in managing various im-
munosuppressive conditions. For instance, single-cell RNA
sequencing has unveiled that dendritic cell migration in human
sepsis is triggered through TNFRSF-NF-«kB and IFNGR2-
JAK-STAT3-dependent pathways [24]. Notably, evidence sug-
gests that genetic abnormalities in /FNGR2 may contribute to
the risk of cancer development in human colon and rectal can-
cers [25]. Furthermore, high expression levels of RUNX1 and/
or IFNGR2 in low-grade gliomas are associated with worse
prognosis [9]. In the context of NPC, the EBV-induced latent
membrane protein 1 (LMP1) has been shown to elevate PD-
L1 expression through the IFNGR2, STAT3, AP-1, and NF-
kB pathways [6, 26]. In our study, we identified an increased
expression of IFNGR2 in NPC cancer cells. This upregulation
of IFNGR2 is implicated in the tumorigenesis of NPC and is
positively associated with the expression of PD-L1.

The miRNAs are recognized as potent regulators in the
post-transcriptional modulation of gene expression. Through
bioinformatics analysis, we pinpointed miR-498-3p as a mol-
ecule with potential binding affinity for IFINGR2, and it was
found to be consistently underexpressed in NPC cells. Further
investigation using luciferase reporter assays substantiated the
ability of miR-498-3p to directly interact with IFNGR2. Our
findings reveal that an increase in miR-498-3p levels can nega-
tively influence IFNGR?2 expression. Previously, miR-498 has
been identified to have reduced expression in liver cancer pa-
tients and corresponding cell lines, where its overexpression
was observed to hinder liver cancer cell proliferation, migra-
tion, and invasion, inducing cell cycle arrest and apoptosis
[27]. Additional studies have highlighted the role of miR-498
in diminishing colorectal cancer cell proliferation and invasion
by targeting Bcl-2 [28], and in mitigating gastric cancer pro-
liferation and chemoresistance via an inverse relationship with
Bmil [29]. Collectively, these insights suggest miR-498, also
named miR-498-3p, functions as a tumor suppressor in the
development and progression of NPC cancer. Our data eluci-
date a novel mechanism wherein miR-498-3p targets IFNGR2
directly, suggesting that overexpression of miR-498-3p could
mitigate [IFNGR2-mediated repression in NPC.

The circRNAs, as crucial elements of the non-coding
RNA family, primarily function by sponging miRNAs to mod-
ulate the expression of their target genes [14]. Recent stud-
ies have linked the abnormal expression of circRNAs with the
progression of various cancers [30, 31]. In the context of NPC,
considerable research has been devoted to understanding how
circRNAs influence the disease’s pathogenesis. CircRNF13
has been identified as a suppressor of tumor growth and me-
tastasis through its interaction with SUMO?2 [32]. Similarly,
circRILPL1 is known to activate the Hippo-YAP signaling
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pathway, thereby facilitating NPC progression [33]. Other
circRNAs like circPVT1 and circCRIM1 have been found to
enhance NPC metastasis through mechanisms involving the
c-Myc/SRSF1 positive feedback loop and the miR-34c-5p/
FOSLI axis, respectively [34, 35]. Given the promising anti-
tumor outcomes of PD-1/PD-L1 immune checkpoint therapy,
recent investigations have also uncovered the role of various
non-coding RNAs, including circRNAs, in modulating PD-1/
PD-L1 interactions [36]. For example, circ_002178 has been
shown to upregulate PD-L1 expression by sequestering miR-
34 in lung adenocarcinoma [37]. Additionally, CircBART2.2
has been reported to regulate PD-L1, contributing to immune
evasion in NPC [38]. In a prior investigation, we demonstrated
that the circ_0000052/miR-382-3p axis plays a crucial role in
upregulating PD-L1 expression in HNSCC [17]. Building on
this foundation, our current research leveraged bioinformatics
predictions and transcriptome analysis to identify a potential
interaction site for miR-498-3p on circ_001377. Subsequent
dual luciferase reporter assays confirmed a direct inhibitory
relationship between circ 001377 and miR-498-3p. Hsa
circ_ 001377, also known as hsa circ_0000054, is mapped to
chromosome 1, positions 36920313 to 36923582. This circular
RNA is derived from the MRPS15 gene (mitochondrial ribo-
somal protein S15), a gene that codes for a protein pivotal in
mitochondrial translation and protein metabolism. MRPSI5
is implicated in vital cellular functions, as evidenced by its
gene ontology annotations highlighting its roles in RNA bind-
ing and as a structural component of ribosomes. Recent bio-
informatics investigations into the mitochondrial ribosomal
protein (MRP) family, comprising 82 members, highlighted
MRPS15 among five genes showing significant clinical ben-
efits in hepatocellular carcinoma [39]. Additionally, machine
learning approaches have pinpointed MRPS15 as one of eight
critical mMRNA biomarkers in the context of immunoglobulin
A nephropathy [40]. Despite these advances, research into the
MRP family, particularly the functions of circ_ 001377 in NPC,
remains nascent. We discovered that circ 001377 is elevated
in NPC cancer cells and exhibits a positive correlation with
PD-L1 expression levels. Interestingly, increasing miR-498-
3p levels led to a decrease in IFNGR2 expression. Subsequent
experimental manipulations to boost miR-498-3p levels or to
augment circ_001377 revealed that elevated circ_ 001377 lev-
els could competitively interact with miR-498-3p. This inter-
action diminishes the expression of miR-498-3p, mitigating its
suppressive effect on IFNGR2. Consequently, the enhanced
IFNGR2 activity triggers the IFN-y signaling pathway, cul-
minating in the upregulation of PD-L1 in NPC. Our findings
unveil a previously unidentified mechanism, by which IFN-
GR2 may facilitate NPC tumor progression via the interplay
between circ_001377 and miR-498-3p, ultimately influencing
PD-L1 expression. To our knowledge, this study is the inau-
gural exploration of IFNGR2’s functionality, establishing the
circ_001377/miR-498-3p/ IFNGR2/PD-L1 axis’s regulatory
significance in NPC.

CircRNAs are characterized by tissue or cell-specific
expressions and unique, highly stable properties, distinguish-
ing them from microRNAs. As such, understanding the role
of circRNAs in cancer immunotherapy resistance suggests
that targeting these molecules could offer a promising thera-

peutic strategy for cancer treatment. Approaches like RNA,
antisense technologies, and gene knockout have been used to
inhibit oncogenic circRNAs [41]. More recently, the CRISPR-
Casl3 system has shown potential for efficiently knocking
down circRNAs specifically in cancer cells [42]. Furthermore,
studies have demonstrated how circRNAs influence signaling
pathways, such as those in glioblastoma [43]. In addition, cir-
cRNAs are being explored as potential targets in next-genera-
tion RNA vaccines, lipid nanoparticles, exosomes, and virus-
like particles. While these delivery methods show promise,
they still encounter considerable challenges [41]. Therefore,
developing circ_001377-based therapeutics and targeting PD-
L1 expression in tumor cells of NPC could offer a promising
direction for future treatment strategies.

Conclusions

The present study uncovers the role of IFINGR?2 as an oncogen-
ic factor in NPC, where its elevated expression levels are linked
to enhance cell proliferation, migration, invasion, clonogenic-
ity, and tumor growth. The interplay between circ 001377
and miR-498-3p contributes to the upregulation of IFNGR2,
which enables the activity of IFN-y signaling pathway, lead-
ing to PD-L1 overexpression in NPC. Our findings highlight
the circ_001377/miR-498-3p/IFNGR2 axis as a key player in
immune evasion mechanisms and propose it as a promising
therapeutic target for NPC treatment.
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