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Background: Xenotropic and polytropic retrovirus receptor 1 (XPR1) is highly expressed in human thyroid carcinoma (TC), yet
its functional role remains unclear. In this study, we sought to determine whether XPR1 participates in the progression of thyroid
carcinoma and to further uncover the molecular pathways associated with its function.
Methods: XPR1 expression in thyroid carcinoma tissues was analyzed using public databases, including Gene Expression Om-
nibus (GEO), The Cancer Genome Atlas (TCGA), Gene Expression Profiling Interactive Analysis 2 (GEPIA2), and the Human
Protein Atlas (HPA). XPR1 expression in thyroid carcinoma cell lines was further validated by quantitative real-time PCR (qRT-
PCR) and Western blotting. Following siRNA-mediated silencing of XPR1, cell proliferative activity, clonogenic potential, and
migration and invasion abilities were systematically assessed through Cell Counting Kit-8 (CCK-8) assays, clonogenic analyses,
and Transwell-based experiments. Apoptotic events and the activation status of nuclear factor kappa-B (NF-κB) signaling were
determined through flow cytometric analysis in combination with immunoblotting assays. Rescue experiments were performed
by overexpression of p65 cDNA to restore NF-κB signaling activity.
Results: Integrated analyses of GEO, TCGA, GEPIA2, and HPA datasets revealed elevated XPR1 expression in thyroid carci-
noma tissues, which was further validated in thyroid carcinoma cell lines by qRT-PCR and Western blotting. Silencing XPR1
markedly suppressed the proliferative capacity, clonogenic growth, migratory and invasive abilities of thyroid carcinoma cells,
while simultaneously enhancing apoptotic activity (p < 0.01). XPR1 depletion was associated with reduced p65 phosphorylation
and altered expression of the apoptosis-related proteins B-cell lymphoma 2 (BCL-2) and Bax (p < 0.05). Overexpression of p65
partially reversed these changes and attenuated the inhibitory effects of XPR1 silencing (p < 0.05).
Conclusion: Our results suggest that the pro-tumorigenic effects of XPR1 in thyroid carcinoma cells, manifested by increased
cell growth, motility, invasiveness, and reduced susceptibility to apoptosis, may be partly associated with NF-κB signaling. Taken
together, these findings suggest that XPR1 is involved in the malignant progression of thyroid carcinoma and may represent a
potential molecular target worth further investigation.
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Introduction

Thyroid carcinoma represents one of the most lethal
malignancies of the endocrine system. Although most pa-
tients achieve favorable outcomes following surgical resec-
tion or radioactive iodine therapy, those presenting with lo-
cal invasion or distantmetastases continue to face a substan-
tial risk of recurrence and disease-related mortality [1,2].
A deeper understanding of the molecular events that con-
tribute to thyroid carcinoma progression may facilitate the
identification of new therapeutic targets.

Xenotropic and polytropic retrovirus receptor 1
(XPR1) is a membrane-spanning protein composed of 696
amino acid residues. It is an exclusive cell surface recep-
tor for heterophilic and polytropic murine leukemia virus
(MLV) [3]. Previous studies indicate that XPR1 partici-
pates in the engagement of G proteins and modulates down-
stream signaling events mediated by G protein–coupled
pathways [4,5]. XPR1 has homology with proteins in-
volved in regulating phosphate transport (PHO1, PHO90,
and PHO91) [6,7], and has been identified as a key contrib-
utor to the regulation of inorganic phosphate export from
human cells [8]. It has been reported that stimulation of nu-
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clear factor kappa-B (NF-κB) signaling via its receptor in
mouse osteoclasts leads to increased XPR1 expression, im-
plying a possible involvement of XPR1 in bone resorption
[9]. Several studies have reported that XPR1 acts as the
gene underlying brain calcification, highlighting its critical
role in this pathological process [10,11]. Nevertheless, the
understanding of XPR1’s role in cancer progression, both
clinically and biologically, remains limited. Previous stud-
ies have suggested that XPR1 contributes to the progression
of tongue squamous cell carcinoma [12] and has also been
reported to be dysregulated in papillary thyroid carcinoma
[13]. However, its biological function and the underlying
mechanisms in thyroid carcinoma remain incompletely un-
derstood.

The NF-κB signaling pathway has been recognized as
a central regulator of cellular survival, proliferation, inflam-
matory responses, and metastatic processes across various
cancers [14,15]. Under physiological conditions, NF-κB
proteins remain sequestered within the cytoplasmic com-
partment as a result of their association with inhibitory IκB
molecules. Upon stimulation by cytokines, growth fac-
tors, or cellular stress, IκBs undergo phosphorylation and
subsequent degradation, which permits NF-κB dimers to
translocate into the nucleus and initiate transcription of tar-
get genes. Enhanced NF-κB signaling in thyroid carcinoma
has been associated with tumor progression, including in-
creased proliferation, apoptosis resistance, and greater in-
vasive and metastatic behavior. A previous study has fur-
ther demonstrated that SPRED3 can upregulate NF-κB sig-
naling to promote thyroid cancer cell proliferation, indicat-
ing a mechanistic link between NF-κB activation and tumor
growth in TC [16]. Constitutive activation of NF-κB signal-
ing components, including NF-κB-inducing kinase (NIK),
has been reported to enhance invasiveness in thyroid car-
cinoma cell lines, highlighting the involvement of NF-κB
pathways in metastatic progression [17]. More recently,
synergistic regulation of NF-κB nuclear translocation by
deubiquitinases USP14 and UCHL5 has been reported to
promote progression in anaplastic thyroid cancer, further
linking NF-κB activation with aggressive disease pheno-
types [18]. These findings indicate that pathways associ-
ated with NF-κB may be critically involved in the progres-
sion of thyroid carcinoma.

Nevertheless, although XPR1 has recently been im-
plicated in papillary thyroid carcinoma, its biological role
in different thyroid carcinoma cell models and its potential
association with NF-κB signaling remain incompletely un-
derstood.

Materials and Methods

Bioinformatics
Gene expression datasets associated with thyroid car-

cinoma were obtained from the publicly accessible Gene
Expression Omnibus (GEO) database (https://www.ncbi.n

lm.nih.gov/geo/). The microarray datasets GSE33630 and
GSE85457, each consisting of thyroid carcinoma speci-
mens alongside matched non-tumorous thyroid samples,
were included in the subsequent analyses. Raw transcrip-
tomic data were processed and normalized following estab-
lished analytical pipelines in the R environment. The iden-
tification of differentially expressed genes between thyroid
carcinoma tissues and corresponding normal samples was
conducted using the limma package in R. p values were ad-
justed for multiple testing using the Benjamini–Hochberg
(BH) method to control the false discovery rate (FDR).
Genes meeting the criteria of a |log2 fold change| of at least
1, together with an adjusted p value (FDR) < 0.05 were de-
fined as DEGs. The overall distribution of DEGs in each
dataset was visualized using volcano plots.

The expression profiles of XPR1 across various can-
cers were analyzed using the “Gene_DE” module available
in the TIMER2.0 database (http://timer.cistrome.org). By
combining gene expression data from the TCGA database,
TIMER2.0 enables the evaluation of XPR1 expression dif-
ferences by comparing malignant samples with their corre-
sponding non-cancerous counterparts among multiple can-
cer entities. To evaluate the association between XPR1 ex-
pression and immune cell infiltration in thyroid carcinoma,
the “Immune-Gene”module of the TIMER2.0 database was
used. Immune cell infiltration levels were estimated using
the TIMER deconvolution algorithm, and the correlations
between XPR1 expression and the abundance of infiltrating
immune cells were assessed using Spearman’s correlation
analysis. Correlation coefficients (R) and corresponding p
values were obtained directly from the TIMER2.0 platform.

The GEPIA2 web server (http://gepia2.cancer-pku.c
n/) was accessed, and the “Expression DIY” module on the
homepage was utilized for subsequent analyses. The target
gene XPR1 was entered, and thyroid carcinoma (THCA)
was chosen as the cancer type. Differential expression anal-
ysis of XPR1 was carried out by comparing its expression
between thyroid carcinoma tissues and corresponding nor-
mal thyroid samples.

Immunohistochemical staining images depicting
XPR1 protein levels in thyroid carcinoma specimens and
adjacent non-tumorous thyroid tissues were retrieved
from the Human Protein Atlas database (HPA) database
(https://www.proteinatlas.org/).

Furthermore, the relationship between XPR1 expres-
sion and patient survival in thyroid carcinoma (THCA) was
evaluated using the GEPIA2 platform. Disease-free sur-
vival (DFS) analysis was performed using GEPIA2. Pa-
tients were divided into high- and low-expression groups
using the median expression value (50% cutoff). Survival
curves were generated using theKaplan–Meiermethod, and
statistical significance was evaluated by the log-rank test.
Cases with incomplete survival information were excluded
automatically by the GEPIA2 platform.
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To further investigate the biological functions and sig-
naling pathways associated with XPR1 in thyroid carci-
noma, Gene Set Enrichment Analysis (GSEA) was per-
formed using RNA sequencing data from The Cancer
Genome Atlas (TCGA)-THCA cohort. Patients were strati-
fied into high- and low-XPR1 expression groups according
to the median expression level of XPR1. GSEA was con-
ducted using GSEA software (version 4.3.2, Broad Insti-
tute, Cambridge,MA,USA)with theHallmark gene set col-
lection (h.all.v2023.1.Hs.symbols.gmt) downloaded from
the Molecular Signatures Database (MSigDB). A total of
1000 gene set permutations were performed. Gene sets with
a nominal p value < 0.05 and a false discovery rate (FDR)
<0.25 were considered significantly enriched.

Cell Lines
TPC-1 (Cat. No. CL-0643), FTC-133 (Cat. No.

CL-0644) and BCPAP (Cat. No. CL-0575) were pur-
chased from Procell Life Science & Technology Co., Ltd.
(Wuhan, China). The HTORI-3 cell line was purchased
from the Shanghai Yaji Biotechnology Co., Ltd (Cat. No.
YS4002C). The identity of all cell lines was confirmed
using short tandem repeat–based genotyping, and all cul-
tures were verified to be free of mycoplasma contamina-
tion. HTORI-3, TPC-1, BCPAP, and FTC-133 cell lines
were cultured in RPMI-1640 medium (Cat. No. 11875-
093, Gibco, Grand Island, NY, USA) supplemented with
10% fetal bovine serum (FBS, Cat. No. 10099-141, Gibco,
Grand Island, NY, USA) and 1% penicillin-streptomycin
(Cat. No. 15140-122, Gibco, Grand Island, NY, USA) at
37 °C in a humidified atmosphere containing 5% CO2.

Cell Transfection
Small interfering RNAs (siRNAs) targeting XPR1

and a non-targeting negative control siRNA (si-NC)
were synthesized by GenePharma (Shanghai, China).
Cells were transfected with siRNAs at a final con-
centration of 50 nM (final volume 2 mL per well in
6-well plates) using Lipofectamine RNAiMAX (Cat.
No. 13778075, Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instruc-
tions. The XPR1-targeting siRNA sequences were as
follows: sense, 5′-GCAUGCUUCUUUGCUCCAATT-3′
and antisense, 5′-UUGGAGCAAAGAAGCAUGCTT-
3′. The si-NC sequences were: sense, 5′-
UUCUCCGAACGUGUCACGUTT-3′ and antisense,
5′-ACGUGACACGUUCGGAGAATT-3′.

For rescue experiments, cells were co-transfected
with si-XPR1 and a p65 overexpression plasmid (OriGene,
RC226840) using Lipofectamine 3000 reagent (Cat. No.
L3000015, Invitrogen, Carlsbad, CA, USA) [19]. Empty
vector plasmids were used as negative controls. The final
plasmid concentration used for transfection was 2 μg per
well in 6-well plates (final volume 2 mL per well).

Cell Proliferation Assay
Cell proliferation was evaluated using the Cell Count-

ing Kit-8 (CCK-8, Cat. No. C0037, Beyotime Biotechnol-
ogy, Shanghai, China) according to the manufacturer’s pro-
tocol. Briefly, 48 h after transfection, cells were harvested
and seeded into 96-well plates at a density of 1 × 103 cells
per well. At 24 h, 48 h, and 72 h post-seeding, 10 µL of
CCK-8 solution was added to each well and incubated at
37 °C for 3 h. Absorbance at 450 nm was subsequently
measured using a microplate reader (ELX800, BioTek In-
struments, VT, USA).

Clone Formation Experiment
Transfected thyroid carcinoma cells were seeded into

6-well plates at a density of 800 cells per well and cultured
under standard conditions for 10–14 days, with the culture
medium replaced every 3 days. Colonies were subsequently
fixed with 4% paraformaldehyde (Cat. No. P0099, Bey-
otime, Shanghai, China) at room temperature for 15 min
and stained with 0.1% crystal violet (Cat. No. C0121,
Beyotime, Shanghai, China). Images of stained colonies
were captured using a digital imaging system. Colonies
containing more than 50 cells were counted under a light
microscope. Quantitative analysis was performed using Im-
ageJ software (National Institutes of Health, Bethesda, MD,
USA).

Cell Migration and Invasion Test
Transwell assays based on a 24-well configuration

were employed to assess the migration and invasion abili-
ties of cells (8-μm pore size, Cat. No. 34228, Corning, NY,
USA). For invasion assays, the upper chamber membranes
were coated with Matrigel (Cat. No. 356234, Corning, NY,
USA), diluted 1:8 with serum-free RPMI-1640 medium (50
μL per insert) and incubated at 37 °C for 1 h before use,
while migration assays used uncoated membranes. Trans-
fected and control thyroid carcinoma cells were detached
using 0.25% trypsin (Cat. No. 15090-046, Gibco, Grand
Island, NY, USA), resuspended in serum-free RPMI-1640
medium, and 35,000 cells in 200 μL were seeded into the
upper chamber. The lower chamber was loaded with 600
µL of RPMI-1640 medium supplemented with 10% FBS to
function as a chemoattractant during the migration/invasion
assay. After incubation at 37 °C with 5% CO2 for 24 h,
cells remaining on the upper surface of the membrane were
carefully removed. Cells that had migrated or invaded to
the lower surface were fixed with 4% paraformaldehyde
(Cat. No. P0099, Beyotime, Shanghai, China) for 15 min
and subsequently stained with 0.1% crystal violet (Cat. No.
C0121, Beyotime, Shanghai, China) for visualization. Im-
ages from three randomly selected fields on eachmembrane
were captured using an Olympus CKX53 inverted micro-
scope (Olympus, Tokyo, Japan). The numbers of migrated
or invaded cells were manually counted using ImageJ soft-
ware (NIH, Bethesda, MD, USA).
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Apoptosis Analysis
Apoptosis was evaluated using the Annexin V-FITC

Apoptosis Detection Kit (Cat. No. 556547; Becton, Dick-
inson and Company, Franklin Lakes, NJ, USA). Forty-eight
hours post-transfection, cells were harvested, washed with
cold PBS, and stained with Annexin V-FITC and propid-
ium iodide (PI) for 15 min at room temperature in the dark.
The stained cells were subsequently analyzed using a BD
FACSCanto II flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). The percentages of early apoptosis (An-
nexin V+/PI-, Q3) and late apoptosis (Annexin V+/PI+, Q2)
were summed to calculate the total apoptosis rate.

Quantitative Real-Time PCR (qRT-PCR)
Total RNA was isolated from TC cells using TRI-

zol reagent (Cat. No. 15596026, Thermo Fisher Scien-
tific, Waltham, MA, USA). Complementary DNA (cDNA)
was synthesized using the PrimeScript™ RT reagent Kit
(Cat. No. RR037A, Takara, Tokyo, Japan). Quantita-
tive real-time PCR (qRT-PCR) was performed using TB
Green® Premix Ex Taq™ II (Cat. No. RR820A, Takara,
Tokyo, Japan) on an Applied Biosystems 7500 Real-Time
PCR System (Applied Biosystems, Thermo Fisher Scien-
tific, Waltham, MA, USA). Relative expression levels of
target genes were determined using the 2–ΔΔCt method, with
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) em-
ployed as the internal reference gene. The primer se-
quences used for qRT-PCR were as follows: GAPDH,
forward: 5′-GTCTCCTCTGACTTCAACAGCG-3′, re-
verse: 5′-ACCACCCTGTTGCTGTAGCCAA-3′; XPR1,
forward: 5′-TGTGTATCCACTTGCCCTTTAT-3′, reverse:
5′-CAGCCAAAACCGGGATTTATAG-3′. NF-κB p65,
forward: 5′-TGAACCGAAACTCTGGCAGCTG-3′, re-
verse: 5′-CATCAGCTTGCGAAAAGGAGCC-3′.

Western Blot
Total protein was isolated from cells using RIPA lysis

buffer (Cat. No. P0013B, Beyotime, Shanghai, China), and
protein concentrations were quantified with a BCA Protein
Assay Kit (Cat. No. P0012, Beyotime, Shanghai, China).
Equal amounts of protein were separated by SDS-PAGE
and subsequently transferred onto polyvinylidene fluoride
membranes (Cat. No. IPVH00010, Millipore, Billerica,
MA, USA). The membranes were then blocked with 5%
skim milk (Cat. No. P0216; Beyotime Biotechnology) in
TBST for 2 h at room temperature. Next, the membranes
were incubated overnight at 4 °C with primary antibod-
ies (1:1000) against XPR1 (Cat. No. ab325878), β-actin
(Cat. No. ab8227), P65 (Cat. No. ab32536), phospho-P65
(Ser536) (Cat. No. ab86299), BCL-2 (Cat. No. ab32124),
and Bax (Cat. No. ab32503) (Abcam, Cambridge, MA,
USA). Following TBST washes, the membranes were incu-
bated with HRP-conjugated secondary antibodies (Cat. No.
ab6721 and Cat. No. ab6728, Abcam, Cambridge, MA,
USA) for 1 h at room temperature. Protein bands were then

detected using an enhanced chemiluminescence (ECL) de-
tection kit (Cat. No. P0018S, Beyotime, Shanghai, China).
Band intensities were quantified using ImageJ software and
normalized to β-actin or p65.

Statistical Analysis
Statistical analyses were conducted using SPSS ver-

sion 23.0 (IBM, Armonk, NY, USA), and graphical repre-
sentations were created with GraphPad Prism 8 (GraphPad
Software, La Jolla, CA, USA). Data are expressed as the
mean ± standard deviation (SD) from at least three indepen-
dent experiments. Normality of the data distribution was
assessed using the Shapiro–Wilk test prior to parametric
analysis. Differences between two groups were evaluated
using the Student’s t-test, whereas comparisons amongmul-
tiple groups were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. A p-value of
less than 0.05 was considered statistically significant.

Results

XPR1 Is Significantly Upregulated in TC
Transcriptomic analyses of the GSE33630 and

GSE85457 datasets identified DEGs between TC and
normal tissues, as visualized by volcano plots (Fig. 1A).
Intersection analysis of the two datasets revealed that
XPR1 was among the consistently upregulated genes in
TC (Fig. 1B). Pan-cancer analysis using the TCGA dataset
showed that XPR1 was differentially expressed across
multiple cancer types, including thyroid carcinoma (Fig.
1C). Further analysis of the TCGA THCA cohort demon-
strated that XPR1 mRNA expression was significantly
higher in thyroid carcinoma tissues than in non-tumorous
thyroid tissues (p < 0.05, Fig. 1D). Protein-level validation
using HPA IHC images demonstrated stronger XPR1
staining in TC tissues relative to normal tissues (Fig. 1E).
Moreover, GEPIA2-based analyses revealed a significant
correlation between higher XPR1 expression levels and
disease-free survival outcomes among individuals with
thyroid carcinoma, underscoring the possible prognostic
value of XPR1 (p < 0.05, Fig. 1F). Using the TIMER plat-
form, we further examined the association between XPR1
expression and immune cell infiltration, revealing positive
correlations with B cells, CD4+ T cells, macrophages,
neutrophils, and dendritic cells (p < 0.05, Fig. 1G). Taken
together, these findings demonstrate that XPR1 expression
is markedly elevated in thyroid carcinoma and correlates
with immune cell infiltration, suggesting a potential role
in tumor progression and modulation of the tumor immune
microenvironment.

XPR1 Knockdown Inhibits Proliferation, Migration,
and Invasion of TC Cells

We initially evaluated XPR1 expression in thyroid car-
cinoma cell lines (TPC-1, BCPAP, FTC-133) and normal
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Fig. 1. XPR1 expression analysis in TC. (A) Volcano plots of DEGs in GSE33630 and GSE85457. (B) Intersection of DEGs from
the two GEO datasets. (C) Pan-cancer analysis of XPR1 expression using TCGA datasets. (D) XPR1 mRNA expression in TCGA
THCA tumor and normal tissues. (E) IHC images of XPR1 from HPA. (F) DFS analysis based on XPR1 using GEPIA2. (G) Cor-
relation between XPR1 and immune infiltration analyzed with TIMER. *p < 0.05, **p < 0.01, ***p < 0.001. XPR1, xenotropic and
polytropic retrovirus receptor 1; TC, thyroid carcinoma; DEGs, differentially expressed genes; TCGA, The Cancer Genome Atlas; IHC,
immunohistochemistry; HPA, Human Protein Atlas.
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Fig. 2. XPR1 expression and functional analysis in TC cells. (A) XPR1 protein levels in the four cell lines detected by WB. (B) XPR1
mRNA levels in HTORI-3, TPC-1, BCPAP, and FTC-133 cells measured by qRT-PCR. (C,D) XPR1 protein and mRNA levels in TPC-1,
BCPAP, and FTC-133cells after siRNA-mediated knockdown. (E) Cell proliferation assessed by CCK-8 assay. (F) Colony formation
assay. (G) Transwell migration assay. (H) Transwell invasion assay. Scale bar = 100 μm. Data are shown as mean ± SD, (n = 3). *p
<0.05, **p < 0.01, ***p < 0.001; ns, not significant.
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thyroid cells (HTORI-3) at both the protein and mRNA lev-
els. Compared with HTORI-3 cells, XPR1 expression was
substantially elevated in all three TC cell lines (p < 0.01,
Fig. 2A,B). To investigate the functional role of XPR1,
we silenced its expression using si-XPR1 in TPC-1, BC-
PAP, and FTC-133 cells, which effectively reduced XPR1
protein and mRNA levels (p < 0.001, Fig. 2C,D). CCK-
8–based measurements were employed to assess changes
in proliferative capacity following XPR1 silencing, reveal-
ing a marked reduction in growth across all three thyroid
carcinoma cell lines (Fig. 2E). Similarly, colony forma-
tion assays confirmed that XPR1 depletion suppressed the
clonogenic ability of TC cells (p < 0.001, Fig. 2F). Further-
more, Transwell assays demonstrated that silencing XPR1
reduced the number of migrated and invaded TC cells (p
< 0.001, Fig. 2G,H). Taken together, the data reveal ele-
vated XPR1 levels in thyroid carcinoma cells, while its si-
lencing significantly suppresses cellular proliferation, mi-
gration, and invasive behavior.

XPR1 Knockdown Promotes Apoptosis and Is
Associated With Reduced p65 Phosphorylation in TC
Cells

To elucidate the potential biological functions associ-
ated with XPR1 in thyroid cancer, TCGA-THCA data were
subjected to single-gene–driven GSEA after categorizing
samples into XPR1-high and XPR1-low groups. GSEA re-
vealed that apoptosis-related and NF-κB signaling–related
gene sets were significantly associated with XPR1 ex-
pression in TC (Fig. 3A,B). We then assessed apoptosis
in TPC-1, BCPAP, and FTC-133 cells following siRNA-
mediated XPR1 knockdown. Flow cytometry showed in-
creased apoptosis in all three cell lines (p < 0.01, Fig. 3C).
Western blot analysis demonstrated that XPR1 depletion re-
duced the p-p65/p65 ratio, decreased BCL-2, and increased
Bax levels (p < 0.001, Fig. 3D), suggesting reduced p65
phosphorylation and potential attenuation of NF-κB signal-
ing activity. These findings suggest that silencing XPR1
enhances programmed cell death while being accompanied
by reduced p65 phosphorylation and changes in apoptosis-
related proteins that are consistent with altered NF-κB sig-
naling in thyroid carcinoma cells.

NF-κB Activation Rescues the Effects of XPR1
Knockdown in TC Cells

To further investigate the involvement of the NF-κB
signaling pathway in thyroid cancer, TPC-1 and BCPAP
cells were selected for p65 overexpression experiments due
to their stable growth characteristics and high transfection
efficiency. To verify the effectiveness of p65 overexpres-
sion prior to subsequent functional rescue assays, cells were
transfected with either the p65 cDNA overexpression plas-
mid or the corresponding empty vector. Western blot analy-
sis demonstrated that p65 protein expression was markedly
elevated in both TPC-1 and BCPAP cells following p65

cDNA transfection compared with the Vector group (p <
0.001, Fig. 4A). Consistently, qRT-PCR analysis confirmed
a significant increase in p65 mRNA expression in the p65
cDNA group (p < 0.001, Fig. 4B), indicating successful
establishment of the p65 overexpression model for subse-
quent mechanistic experiments.

Subsequently, rescue experiments were performed in
TPC-1 and BCPAP cells, which were divided into three
groups: si-NC, si-XPR1, and si-XPR1 + p65 cDNA over-
expression. Multiple in vitro assays were then conducted
to evaluate cellular proliferative capacity, clonogenic abil-
ity, as well as migratory and invasive behaviors. CCK-8
analysis demonstrated that silencing XPR1markedly inhib-
ited cell growth, while stimulation with p65 cDNA over-
expression partially reversed the proliferation-suppressive
effect (p < 0.001, Fig. 4C). Similarly, colony formation
assays demonstrated that XPR1 silencing reduced clono-
genic capacity, which was rescued by p65 cDNA overex-
pression (p < 0.001, Fig. 4D). Transwell assays demon-
strated that XPR1 knockdown significantly decreased the
number of migrated and invaded TPC-1 and BCPAP cells
(p < 0.001, Fig. 4E,F), whereas NF-κB activation partially
reversed these inhibitory effects. Taken together, the re-
sults indicate that silencing XPR1 suppresses proliferation,
colony-forming ability, motility, and invasiveness partly in
association with changes in NF-κB signaling.

NF-κB Activation Rescues XPR1
Knockdown-Induced Apoptosis in TC Cells

Flow cytometry analysis demonstrated that XPR1
knockdown markedly enhanced apoptosis in both TPC-1
and BCPAP cells relative to the si-NC control, whereas p65
cDNA overexpression partially reversed the pro-apoptotic
effect of si-XPR1 (p < 0.01, Fig. 5A). Western blot analysis
showed that si-XPR1 reduced the p-p65/p65 ratio and BCL-
2 expression while increasing Bax levels, indicating activa-
tion of apoptotic signaling in TPC-1 and BCPAP cells. No-
tably, p65 cDNA overexpression partially restored p-p65
and BCL-2 levels and decreased Bax, corresponding with a
partial rescue of apoptosis, suggesting partial restoration of
p65 phosphorylation and NF-κB–related signaling changes
(p < 0.001, Fig. 5B). Overall, the data suggest that NF-
κB activation can partly mitigate the apoptosis induced by
XPR1 silencing, suggesting that the effects of XPR1 on
apoptosis may be partly associated with NF-κB signaling
in thyroid carcinoma cells.

Discussion

Thyroid cancer represents the most prevalent en-
docrine malignancy, occurring more frequently in women
and ranking fifth in overall incidence [20]. Although pa-
tients with thyroid cancer generally exhibit a favorable
prognosis, a subset of individuals remains at risk of recur-
rence or mortality. Therefore, there is a need to identify
novel biomarkers and therapeutic targets.
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Fig. 3. XPR1 knockdown promotes apoptosis and is associated with reduced p65 phosphorylation in TC cells. (A,B) GSEA of
apoptosis- and NF-κB-related genes in high- versus low-XPR1 expression groups from TCGA THCA. (C) Apoptosis analysis in TPC-1,
BCPAP, and FTC-133 cells measured by flow cytometry. (D) WB detection of p-p65/p65, BCL-2, and Bax in the three cell lines. Data
are shown as mean ± SD, (n = 3). **p < 0.01, ***p < 0.001.
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Fig. 4. p65 cDNA overexpression rescues the effects of XPR1 knockdown in TC cells. (A) WB analysis of p65 protein levels in
TPC-1 and BCPAP cells across Vector and p65 cDNA groups. (B) qRT-PCR detection of p65 mRNA. (C) Cell proliferation assessed by
CCK-8 assay. (D) Colony formation assay. (E) Transwell migration assay. (F) Transwell invasion assay. Scale bar = 100 μm. Data are
shown as mean ± SD, (n = 3). **p < 0.01, ***p < 0.001.

https://www.discovmed.com/
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Fig. 5. p65 cDNA overexpression rescues XPR1 knockdown-induced apoptosis in TC cells. (A) Apoptosis of TPC-1 and BCPAP
cells assessed by flow cytometry. (B) Western blot analysis of p-p65/p65, BCL-2, and Bax. Data are shown as mean ± SD, (n = 3). *p <
0.05, **p < 0.01, ***p < 0.001.

Identified as a membrane-associated receptor, XPR1
recognizes and facilitates infection by both xenotropic and
polytropic forms of murine leukemia virus [21]. Ear-
lier research reported elevated XPR1 levels in tongue and
esophageal squamous cell carcinomas, where it enhances
cancer cell proliferation and migratory capacity [22,23].
Given its established pro-tumorigenic roles in multiple ep-
ithelial malignancies, the contribution of XPR1 to thyroid
cancer progression warrants further investigation.

In this study, transcriptomic analyses of the
GSE33630 and GSE85457 datasets identified XPR1
as one of the consistently upregulated genes in TC. XPR1
is significantly upregulated in thyroid carcinoma cells and

is associated with immune cell infiltration, implicating its
role in tumor progression and the immune microenviron-
ment in TC. Functional experiments in thyroid carcinoma
cell lines further demonstrated that silencing XPR1
markedly reduced proliferative activity, colony-forming
potential, migratory behavior, and invasive capacity.
Previous research has indicated that XPR1 is markedly
overexpressed in papillary thyroid carcinoma cells, pro-
moting tumor cell growth, motility, and invasiveness via
oncogenic signaling pathways. However, these previous
studies mainly focused on papillary thyroid carcinoma
cells, whereas the present study included both papillary
(TPC-1 and BCPAP) and follicular (FTC-133) thyroid
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carcinoma cell lines in the loss-of-function experiments to
further evaluate the biological effects of XPR1 across dif-
ferent thyroid carcinoma cell backgrounds. Higher XPR1
levels have also been correlated with shorter disease-free
survival among patients [13]. Moreover, in hepatocellular
carcinoma models, increased XPR1 expression was linked
to poor prognosis, and its knockdown induced mitochon-
drial dysfunction and apoptosis, indicating a wider role for
XPR1 in supporting cancer cell survival and progression
[24].

Single-gene GSEA and Western blot analyses re-
vealed that XPR1 knockdown suppressed NF-κB signaling
and modulated apoptosis-related proteins, including BCL-
2 and Bax. Rescue experiments with p65 cDNA overex-
pression confirmed that NF-κB activation partially reversed
the effects of XPR1 depletion, suggesting that the biologi-
cal effects of XPR1 may be partly associated with NF-κB
signaling. In other cancer types, such as tongue squamous
cell carcinoma, XPR1 overexpression enhanced malignant
phenotypes and activated NF-κB signaling, whereas its si-
lencing inhibited proliferation, invasion, and anti-apoptotic
capacity, indicating that XPR1-mediated NF-κB activation
contributes to tumor progression [22]. Emerging studies
have also highlighted the central role of NF-κB as a regula-
tor of cancer cell survival and cell death pathways. A recent
comprehensive review and analysis indicated that NF-κB
activation supports tumorigenesis by promoting prolifera-
tion and suppressing programmed cell death, whereas inhi-
bition of NF-κB enhances cancer cell susceptibility to apop-
tosis [25]. Collectively, these findings support a possible
association between XPR1 expression and NF-κB-related
signaling changes during thyroid carcinoma cells progres-
sion.

Despite our findings, this study has several limitations.
First, most functional assays were performed in vitro, and
in vivo validation of XPR1’s role in thyroid cancer progres-
sion is still lacking. Second, although our results suggest an
association between XPR1 expression and changes in NF-
κB–related signaling, the molecular mechanism linking the
membrane-associated phosphate exporter XPR1 to NF-κB
activation, particularly the regulation of p65 phosphoryla-
tion, remains unclear. The precise molecular interactions
and upstream regulators involved also require further in-
vestigation. Third, the clinical relevance of XPR1 expres-
sion, including its predictive value for patient response to
therapy, requires validation in larger, independent cohorts.
Future investigations into these issues are crucial for com-
prehensively elucidating the therapeutic value of targeting
XPR1 in thyroid carcinoma cells. Finally, although loss-of-
function experiments were performed in both papillary and
follicular thyroid carcinoma cell lines, the rescue experi-
ments were conducted only in the papillary thyroid carci-
noma cell lines (TPC-1 and BCPAP). Therefore, the mech-
anistic findings should be interpreted cautiously and may
not be directly generalizable to all histological subtypes of

thyroid carcinoma. Future studies should further validate
these observations in additional thyroid carcinoma models.

Conclusion

XPR1 is highly expressed in thyroid carcinoma cells
and is associated with enhanced malignant phenotypes in
thyroid carcinoma cells by enhancing cell growth, motil-
ity, and invasiveness, while concurrently reducing apopto-
sis which may be partly associated with alterations in NF-
κB signaling. In addition, XPR1 expression shows a close
correlation with patterns of immune cell infiltration, imply-
ing its involvement in modulation of the tumor microenvi-
ronment. Overall, these findings provide preliminary evi-
dence supporting XPR1 as a potential biomarker and thera-
peutic target for thyroid carcinoma, although further mech-
anistic and in vivo studies are required.
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