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ABSTRACT

Small cell neuroendocrine carcinoma of the cervix (SCNEC) is classified as a high-grade neuroendocrine carcinoma with a worse
prognosis than other major histological types of cervical cancer. Identifying novel therapeutic targets based on its molecular
characteristics is highly desirable but challenging due to the rarity of SCNEC and the resulting lack of research resources. In this
study, we identified vaccinia-related kinase 1 (VRK1) as a potential therapeutic target for SCNEC. VRK1 was prioritized based on
our previously reported proteomic analysis of patient-derived organoids. Immunohistochemistry of patient samples consistently
revealed high VRK1 expression in SCNEC, as opposed to its variable expression in other cervical carcinomas. Although VRK1
knockdown in SCNEC had only a limited effect on cell proliferation in two-dimensional cultures, it significantly suppressed
cell proliferation in three-dimensional cultures and inhibited xenograft tumor growth in vivo. Gene set enrichment analysis of
RNA-sequencing data from mouse xenograft models demonstrated that VRK1 is associated with mitochondrial-related path-
ways. Furthermore, under oxidative stress conditions, VRK1 knockdown resulted in a reduction of mitochondrial membrane
potential, an indicator of mitochondrial integrity, and decreased expression of cytochrome c¢ oxidase subunit IV (COX IV), a
nuclear-encoded subunit of cytochrome c oxidase, the terminal enzyme complex of the mitochondrial respiratory chain. These
findings suggest that VRK1 knockdown indirectly impaired mitochondrial function. Collectively, these anti-tumor effects high-
light VRK1 as a promising therapeutic target for SCNEC.

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; AC, adenocarcinoma; COX, cytochrome c oxidase; COX IV, cytochrome c oxidase subunit IV; DMEM,
Dulbecco's Modified Eagle's medium; GEO, Gene Expression Omnibus; GO, Gene Ontology; GSEA, gene set enrichment analysis; H,0,, hydrogen peroxide; HPA,
Human Protein Atlas; HPV, human papillomavirus; OS, overall survival; RNA-seq, RNA-sequencing; ROS, reactive oxygen species; SCC, squamous cell carcinoma;
SCLC, small cell lung cancer; SCNEC, small cell neuroendocrine carcinoma of the cervix; shRNA, short hairpin RNA; VRKI, vaccinia-related kinase 1.
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1 | Introduction

Cervical cancer is the fourth most common cancer in women,
with 662,301 new cases (age-standardized rate: 14.1 per
100,000) and 348,874 deaths (age-standardized rate: 7.1 per
100,000) reported worldwide [1]. Small cell neuroendocrine
carcinoma of the cervix (SCNEC) is classified as a high-grade
neuroendocrine carcinoma and has a worse prognosis than
other major histological types of cervical cancer, such as squa-
mous cell carcinoma (SCC) and adenocarcinoma (AC). The
overall 5-year survival (OS) rate for cervical cancer is approx-
imately 70%, whereas the stage-specific 5-year OS rates for
SCNEC are 56.7%, 41.0%, 27.6%, and 5.3% for stages I, II, III,
and IV, respectively [2-7].

Regarding the treatment of SCNEC, chemotherapy plays a
crucial role due to its aggressive nature, with a high propor-
tion of patients presenting with metastatic disease [2, 5, 8-9].
However, SCNEC is rare, accounting for only approximately
1% of all cervical cancers, resulting in a lack of basic research
and Level I evidence [4, 5, 7]. As a result, chemotherapy for
SCNEC has traditionally been adapted from those used
for small cell lung cancer (SCLC), the most common pri-
mary site of small cell neuroendocrine carcinoma [7, 10-11].
Nevertheless, there are notable distinctions between SCNEC
and SCLC. These include differences in the mechanisms
of p53 and RBI1 inactivation (genetic mutations in SCLC vs.
HPV-mediated inactivation in SCNEC), the spectrum and fre-
quency of gene mutations, and tumor mutational burden val-
ues [12-16]. Therefore, SCLC-based management of SCNEC
may be suboptimal for SCNEC, highlighting the need to iden-
tify therapeutic targets or biomarkers tailored to the unique
molecular characteristics of SCNEC [7].

Multi-omics sequencing and immunohistochemistry revealed
that the RNA expression profiles of SCNEC closely resemble
those of other small cell neuroendocrine carcinomas, such as
SCLC and small cell carcinoma of the bladder, rather than
those of other common types of cervical cancers like SCC and
AC [12]. Similar results were obtained in our previous pro-
teomic analysis using isobaric tags for relative and absolute
quantitation of patient-derived organoids, which compared
protein expression across various histological types of lung
and cervical cancers. In this analysis, we identified 16 pro-
teins that were characteristically overexpressed in SCNEC
compared to SCC and AC [11]. Among these, this study fo-
cused on vaccinia-related kinase 1 (VRK1), a protein reported
as a therapeutic target in other cancers and with potential for
drug development.

VRK1 is a member of the VRK family of serine/threonine ki-
nases, and it is significantly upregulated in various human
malignancies compared to normal tissues [17-19]. High VRK1
expression is associated with poor prognosis across multiple
cancer types and has thus attracted attention as a promising
therapeutic target, for which a novel and specific inhibitor has
been recently developed [20-28]. Functionally, VRK1 plays a
role in cell cycle progression and in the cellular responses to
stress signals, including oxidative stress-induced DNA damage,
by regulating chromatin remodeling and transcription factors
such as p53, Sox2, ATF2, CREB, and c-JUN [20-27, 29-30].

VRK2, another member of the VRK family and a paralog of
VRKI1, has been reported as a biomarker for effective targeting
of VRK1 [26, 27].

In this study, we identified SCNEC as a tumor type characterized
by high VRK1 expression, in contrast to its variable expression
in other common types of cervical cancers. VRK1 knockdown
suppressed tumor growth in SCNEC both in three-dimensional
(3D) culture conditions and in vivo. Mechanistically, this effect
appears to be mediated by indirect mitochondrial dysfunction.
These findings suggest that VRK1 could serve as a promising
therapeutic target for SCNEC.

2 | Material and Methods

Detailed information can be found in Data S1.

2.1 | Patients and Clinical Samples

Tissue samples were obtained from patients with SCC and AC of
the uterine cervix who underwent treatment in 2023, as well as
from patients with SCNEC who underwent treatment between
2015 and 2024. Samples collected after chemotherapy or radio-
therapy were excluded. The study was conducted in accordance
with the Declaration of Helsinki.

2.2 | Antibodies

The primary and secondary antibodies used in this study are
summarized in Table SI1.

2.3 | Immunohistochemistry

Immunohistochemistry was performed using the ABC
method with the VECTASTAIN Elite ABC Rabbit and Mouse
IgG Kit (PK-6101 and PK-6102; Vector Laboratories), follow-
ing the manufacturer's protocol. Three gynecologic oncol-
ogists (Ma.Ko., S.N., and Y.K.), each trained in pathological
diagnosis, independently evaluated protein expression levels
using a visual grading system based on staining intensity ob-
served under a light microscope. For VRK1, VRK2, and cy-
tochrome c oxidase subunit IV (COX IV), the H-score was
used for quantification [31]. For Ki-67 and cleaved caspase-3,
immunohistochemistry-positive and total cells were imaged
at 400x magnification and counted using ImageJ software
[32]. The proportion of positive cells was evaluated in three
microscopic fields per lesion.

2.4 | Cell Lines and Two-Dimensional (2D) Cell
Culture

One SCNEC cell line (HCSC-1), three SCC cell lines (CaSki, ME-
180, and BOKU), and one AC cell line (HeLa) were purchased
from the Japanese Collection of Research Bioresources Cell
Bank (Osaka, Japan). Another SCNEC cell line (TC-YIK) was
purchased from the RIKEN BioResource Research Center Cell
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Bank (Ibaraki, Japan). Another SCC cell line (SiHa) was pur-
chased from the American Type Culture Collection (Manassas,
VA, USA). All media were supplemented with 10% fetal bovine
serum, penicillin (1001U/mL), and streptomycin (100ug/mL).
All cell lines were cytogenetically tested and authenticated using
the short tandem repeat method, with the most recent validation
performed in November 2024. All experiments were performed
with mycoplasma-free cells.

2.5 | Short Hairpin RNA (shRNA)-Mediated
Knockdown of VRK1

VRK1 shRNA (h) Lentiviral Particles (sc-106702-V) contain-
ing three target-specific constructs for knocking down VRKI
(Table S2) and copGFP Control Lentiviral Particles (sc-10884) were
purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
To generate stable VRK1 knockdown in HCSC-1 and TC-YIK cells,
the cells were infected with VRKI shRNA or control lentiviral
particles in the presence of polybrene (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) at a final concentration of 5pg/mL in
complete medium. Stable clones were selected in culture me-
dium containing 4 ug/mL puromycin (Santa Cruz Biotechnology,
California, USA) and subsequently expanded. The knockdown ef-
ficiency was determined using western blot analysis.

2.6 | Western Blot Analysis

Western blot analysis was performed using sodium dodecyl
sulfate-polyacrylamide gel electrophoresis [33, 34]. Membranes
were blocked with Bullet Blocking One for Western Blotting
(Nacalai Tesque, Kyoto, Japan), then incubated sequentially
with primary antibodies overnight at 4°C and secondary anti-
bodies for 1h at 20°C-25°C. Membranes were detected using
chemiluminescence with Chemi-Lumi One Super (Nacalai
Tesque, Kyoto, Japan) and imaged using a ChemiDoc MP
Imaging System (Bio-Rad Laboratories, Hercules, CA, USA).
Quantitative analysis of the western blot bands was conducted
using Image Lab Software (Bio-Rad Laboratories, Hercules,
CA, USA).

2.7 | 2D Cell Culture In Vitro Proliferation Assay

The WST-8 assay was performed using Cell Count Reagent
SF (Nacalai Tesque, Kyoto, Japan) following the manufactur-
er's protocol. To assess the effect of VRK1 knockdown, 5000
cells were seeded into each well of a 96-well plate. After 96h,
the WST-8 solution was added to each well, and absorbance
was measured at 450nm using a Multiskan FC Microplate
Photometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA). To assess the effect of hydrogen peroxide (H,0,) treat-
ment, HCSC-1 and TC-YIK cells were seeded into 96-well
plates (20,000 cells per well).

2.8 | Colony Formation Assay

Cells were plated in 12- or 24-well plates. The cell counts and in-
cubation times according to the cell type are shown in Table S3.

When the incubation time exceeded 4days, the medium was
changed every 4days. The cells were fixed with methanol at
room temperature for 5min, then stained with crystal violet
solution (0.5% w/v crystal violet in 25% methanol) at room tem-
perature for 30 min for TC-YIK cells or 50 min for HCSC-1 cells.
The plates were washed and allowed to dry overnight. Each
plate was scanned using an Epson scanner (Epson WorkForce
GT-1500, Nagano, Japan) and quantified using ImageJ soft-
ware [32].

2.9 | 3D Cell Culture and Viability Assay

Cells were propagated as monolayers before 3D cell culture.
HCSC-1 spheroids were formed using a low-attachment 96-well
plate with 4000 cells per 100 uL of 2% Matrigel and cultured for
7days. TC-YIK spheroids were formed using a scaffold-based
method, with 500 cells in 10 uL Matrigel droplets suspended in
100uL of culture medium and cultured for 7days. Cell viabil-
ity was analyzed using the CellTiter-Glo 3D assay (Promega,
USA), and spheroids larger than 2500 um? were counted using
Imagel [32].

2.10 | InVivo Experiments

BALB/cAJcl-nu/nu mice were purchased from CLEA Japan Inc.
(Tokyo, Japan). Seven-week-old female mice were subjected to
unilateral dorsal subcutaneous implantation of VRK1 knock-
down (shVRK1) HCSC-1 cells (5x10° cells) or control (shCont)
HCSC-1 cells, and shVRK1 TC-YIK cells (2x 107 cells) or shCont
TC-YIK cells in 100uL of phosphate-buffered saline mixed
with 50puL of Matrigel matrix (Corning, NY, USA). Tumor vol-
umes were measured twice per week using the following for-
mula: (tumor volume, mm3)=(major axis, mm) X (minor axis,
mm)?X0.5. The mice were monitored over time for changes in
body mass. When the major axis of the maximum tumor ex-
ceeded 20mm, all mice were sacrificed, and the tumor xeno-
grafts were resected.

2.11 | RNA-Sequencing (RNA-Seq) Analysis
of Xenograft Tumors

Xenograft tumors from BALB/cAlJcl-nu/nu mice were an-
alyzed: shVRK1 HCSC-1, shVRK1 TC-YIK, and respective
shCont groups (n=3 per group). RNA was isolated using a
RNeasy Mini Kit (QIAGEN, Venlo, Netherlands), and qual-
ity was assessed with an Agilent 2100 Bioanalyzer. Libraries
were prepared using the TruSeq Stranded mRNA Library Kit
(Illumina) and sequenced on the Illumina NovaSeq6000, gen-
erating 101bpx101bp paired-end reads. Gene expression ta-
bles were generated from the FASTQ files using ikra (version
2.0.1), an RNA-seq pipeline developed for salmon [35]. RNA-seq
analyses were conducted using R software (version 4.2.3). The
DESeq?2 package (version 1.38.3) was used to generate normal-
ized counts and perform differential gene expression analyses.
Gene set enrichment analysis (GSEA) was performed using the
ClusterProfiler package (version 4.6.2). Gene lists from DESeq2
were converted to Entrez IDs and subjected to Gene Ontology
(GO) via GSEA.
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FIGURE1 | VRK1ishighlyexpressed in SCNEC. (A) Representative images of VRK1 immunohistochemistry staining corresponding to H-scores
of 0 (negative), 1 (weak), 2 (moderate), and 3 (strong) for SCC. Scale bars: 40 um. (B) Representative images of H&E staining and VRK1 immunohis-
tochemistry staining for SCNEC. Scale bars: 100 um. (C) Box plots showing VRK1 H-scores across SCNEC, SCC, and AC patients. The centerlines in
the boxplots indicate medians, and the box limits represent the minimum and maximum values. Statistical analysis was performed using one-way
ANOVA followed by Tukey's multiple comparison test (C). ns, not significant; *p <0.05; ***p <0.001.

2.12 | Analysis of Mitochondrial Membrane
Potential

The mitochondrial membrane potential of HCSC-1 cells was an-
alyzed using the MT-1 MitoMP Detection Kit (#MT13) (Dojindo
Laboratories, Kumamoto, Japan) following the manufacturer's
protocol. Cells were seeded at a density of 4x10* cells/well
in 96-well plates and stained with Hoechst 33342 (5uM; AAT
Bioquest, CA, USA) to detect nuclei. Assessment in TC-YIK cells
was technically challenging, as they are suspension cells and
could not tolerate multiple washing steps.

2.13 | Statistical Analysis

Statistical analyses were performed using GraphPad Prism 10
(GraphPad Software, San Diego, CA, USA) and Microsoft Excel
(Microsoft Corporation, Redmond, WA, USA). Significance was
tested using a two-tailed Student's -test for single comparisons,
one-way analysis of variance followed by Tukey's multiple com-
parison test for continuous variables with multiple groups, and
Pearson's chi-squared test for categorical variables with multiple
groups. Experimental data are presented as the mean +standard

deviation, except for in vivo experiments, where the data are
presented as mean + standard error of the mean. Statistical sig-
nificance was set at p<0.05. In our figures, statistical signifi-
cance is indicated as follows: *p <0.05; **p <0.01; ***p < 0.001;
*#*%p < 0.0001; ns, not significant.

3 | Results

3.1 | VRK1 Is Highly Expressed in SCNEC Clinical
Samples

To explore VRK1 expression across different histological types
of cervical cancer, immunohistochemistry was performed on
formalin-fixed paraffin-embedded clinical samples (Figure 1A).
The study included five patients of SCNEC, 34 patients of SCC,
and seven patients of AC (Table S4). Like SCC and AC, SCNEC
is a human papillomavirus (HPV)-related cancer and exhibited
positivity for pl6 (Figure 1B). Furthermore, synaptophysin, a
neuroendocrine marker, was positive in SCNEC. Quantitative
evaluation of immunohistochemical staining based on chro-
mogenic signal intensities revealed that VRK1 expression
varied widely in SCC and AC, whereas it was uniformly high

4
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FIGURE 2 | VRK1 knockdown in SCNEC had a limited effect on proliferation in 2D cultures. (A) Western blot analysis detecting VRK1 expres-
sion in SCNEC (HCSC-1 and TC-YIK), SCC (CaSki, SiHa, ME180, and BOKU), and AC (HeLa). (B) Western blot analysis of VRK1 expression in
HCSC-1 and TC-YIK cells. WT, wild-type; shCont, control; shVRK1, VRK1 knockdown. (C) Colony formation assay in 2D culture over 7days com-
paring shCont and shVRK1 in HCSC-1 and TC-YIK cells (n=4). (D) Proliferation assay in 2D culture over 96h, comparing shCont and shVRK1 in
HCSC-1 and TC-YIK cells (n =6). Data are presented as the mean + standard deviation (C and D). Statistical analysis was performed using two-tailed

unpaired Student's t-tests (C and D). ns, not significant; *p <0.05.

across all SCNEC samples (SCNEC: mean =284, range: 280-
290; SCC: mean =140, range: 10-280; AC: mean=176, range:
50-270; SCNEC vs. SCC: p<0.001, SCNEC vs. AC: p<0.05)
(Figure 1B,C). Additionally, RNA microarray data from patient-
derived organoids available in GEO datasets were analyzed.
Compared with the control AC sample (cerv51), all SCNEC sam-
ples (n=10) showed higher VRK1 expression (Figure S1). These
findings suggest that SCNEC consistently exhibits high VRK1
expression.

3.2 | Limited Effect of VRK1 Knockdown on
SCNEC Proliferation in 2D Culture

We investigated the role of VRK1 in SCNEC proliferation in 2D
culture. Similar to the clinical samples, VRK1 expression var-
ied in SCC and AC cell lines, whereas both SCNEC cell lines,
HCSC-1 and TC-YIK, consistently exhibited high VRK1 expres-
sion (Figure 2A). VRK1 was knocked down using shRNA, and
knockdown efficiency was validated using western blot analysis
(Figure 2B).

VRK1 knockdown resulted in a slight but significant reduction
in colony formation in HCSC-1 cells compared with that in the

control, while no significant difference was observed in TC-YIK
cells (Figure 2C). Conversely, WST-8 assays showed that cell
proliferation was slightly but significantly suppressed in TC-
YIK cells, but not in HCSC-1 cells following VRK1 knockdown
(Figure 2D). These findings suggested that VRK1 knockdown in
SCNEC had a limited effect on the proliferation in 2D cultures.

VRK1 regulates and stabilizes p53 [18, 36]. Carcinomas associ-
ated with high-risk HPV infection exhibit functional loss of p53
due to the viral E6 protein, which promotes p53 degradation by
recruiting the cellular ubiquitin ligase E6AP [37]. As a result,
these carcinomas display low levels of p53 expression. All cell
lines used in this study were reported positive for HPV infection
(Table S5). Additionally, TP53 mutation in TC-YIK cells (exon
6, ¢.652_654del, p.V218del) has been previously reported [38].
Based on these findings, we evaluated p53 protein expression in
SCNEC cell lines by western blot analysis. Wild-type p53 protein
expression was not detected in TC-YIK cells (Figure S2A). In
HCSC-1 cells, the TP53 mutation status is unknown, and only
a faint p53 band was observed (Figure S2A). Notably, VRK1
knockdown in HCSC-1 cells did not alter p53 protein levels
(Figure S2B). These results suggest that the effects of VRK1
knockdown on SCNEC cell proliferation are likely independent
of p53 stabilization.
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FIGURE 3 | VRKI1 knockdown in SCNEC significantly suppressed proliferation in 3D cultures. (A and B) Representative 3D culture images com-
paring shVRK1 and shCont on days 1 and 7. (A) HCSC-1 and (B) TC-YIK cells. Scale bars: 200um. (C and D) CellTiter-Glo 3D cell viability assays
and spheroid counts (>2500um?) over 7days. Comparison of shCont and shVRK1 in HCSC-1 (C, n=4) and TC-YIK (D, n=3). Data are presented as
mean +standard deviation in C and D. Statistical analyses were performed using two-tailed Student's t-tests (C and D). *p <0.05; **p <0.01; ***p <0.001.

3.3 | VRKI1 Knockdown in SCNEC Significantly
Suppresses Tumor Growth in 3D Cultures
and In Vivo

We explored the effects of VRK1 on tumor growth in both 3D
cultures and in vivo mouse xenograft models. Unlike tradi-
tional 2D monolayer cultures, 3D cultures allow cells to interact
with their surroundings in all directions [39]. VRK1 knock-
down in SCNEC cells significantly inhibited tumor growth in
3D cultures, as opposed to the limited effects observed in 2D
cultures (Figure 3A-D). Similar results were observed in the
in vivo subcutaneous xenograft mouse model (Figure 4A-D;
Figure S3; Figure S4). Maintenance of VRK1 knockdown during
the observation period was confirmed via western blot analysis
(Figure S4).

We further evaluated the expression of Ki-67, a marker of cell
proliferation, and cleaved caspase-3, a marker of apoptosis, in
xenograft tumors using immunohistochemical staining. The
proportion of Ki-67-positive cells was significantly lower in
shVRK1 tumors compared with that in shCont tumors (HCSC-
1: Figure 4E; TC-YIK: Figure S5A). In addition, the proportion
of cleaved caspase-3-positive cells was significantly higher
in shVRK1 tumors compared with that in shCont tumors
(HCSC-1: Figure 4F; TC-YIK: Figure S5B). These findings
suggest that VRK1 knockdown exerts a significant antitumor
effect in vivo by inhibiting cell proliferation and promoting

apoptosis, underscoring its potential as a novel therapeutic tar-
get for SCNEC.

3.4 | VRKI1Is Associated With the Mitochondrial
Pathway In Vivo

To investigate the role of VRK1, we performed GSEA of shCont
versus shVRK1 RNA-seq data from subcutaneous tumors de-
rived from SCNEC cell lines in mice (Figure 5A). GSEA of tu-
mors derived from HCSC-1 cells revealed that mitochondrial
translation and gene expression were the most prominently
suppressed pathways in shVRK1 tumors, ranking above previ-
ously reported pathways, such as those related to the cell cycle
and DNA replication (Figure 5B; Table S6) [17, 18, 26-27].
The pathways associated with ATP generation via mitochon-
dria were also significantly suppressed in shVRK1 tumors
(Figure S6A; Table S6) [40, 41]. These findings were consistent
with GSEA results of shCont versus shVRK1 tumors derived
from another SCNEC cell line, TC-YIK (Figure S6B; Table S7).

Immunohistochemistry analysis of mouse xenograft subcuta-
neous tumors further confirmed that the expression of COX
IV was significantly decreased in shVRK1 tumors (Figure S7;
HCSC-1: Figure 5C,D; TC-YIK: Figure S8). COX IV is a subunit
of cytochrome c oxidase (COX), the terminal enzyme complex of
the mitochondrial respiratory chain, and it is encoded by nuclear
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Ki-67 and (F) cleaved caspase-3 immunohistochemistry staining in HCSC-1 xenografts, with bar plots showing the proportion of positive cells. Scale
bars: 50 um. Comparison of shCont versus shVRK1 (n =6). Data are presented as mean + standard deviation in E and F, and mean +standard error of
mean in A-D. Statistical analyses were performed using two-tailed Student's t-tests (A-F). *p <0.05; **p < 0.01; ****p <0.0001.

DNA [42]. Taken together, these results suggest that VRK1 is as-
sociated with mitochondrial activity in SCNEC.

3.5 | VRKI1 Regulates the Mitochondrial Stress
Response Under Oxidative Stress

Given the differences observed in the effects of VRK1 knock-
down on cell proliferation between 2D and 3D cultures or

in vivo conditions, we hypothesized that VRK1 might be
involved in regulating responses to specific external stimuli
characteristic of 3D and in vivo environments (Figures 2-4).
Indeed, the GSEA revealed that VRK1 was associated with
the regulation of responses to external stimuli (Figure 5B;
Figure S9; Tables S6 and S7). To explore this further, we exam-
ined changes in cell proliferation following VRK1 knockdown
under hypoxia, nutrient deprivation, and exposure to reactive
oxygen species (ROS), all of which are typically encountered
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in tumors in vivo [30]. Conditions with exposure to ROS were expression and cell proliferation (Figures S10 and S11). In
generated using H,0,. Notably, nutrient deprivation and hy- contrast, VRK1 knockdown caused a dose-dependent in-
poxic conditions did not alter the relationship between VRK1 crease in sensitivity to H,0, and a decline in colony formation
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following H,0, treatment in VRK1-knockdown cells (HCSC-
1: Figure 6A,B; TC-YIK: Figure S12). These findings suggest
that VRK1 knockdown is associated with increased vulnera-
bility of SCNEC to ROS-induced stress.

We evaluated changes in mitochondrial function following
VRK1 knockdown under ROS exposure in HCSC-1 cells. A

significant decrease in mitochondrial membrane potential, an
indicator of mitochondrial integrity, was observed in VRK1-
knockdown SCNEC cells after H,O, treatment (Figure 6C,D).
Additionally, COX IV expression was reduced by VRK1 knock-
down and further decreased in VRK1-knockdown cells treated
with H,0, (HCSC-1: Figure 6E; TC-YIK: Figure S13). In con-
trast, the expression of MT-CO1, a subunit of COX encoded
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by mitochondrial DNA, as well as other mitochondria-related
proteins, remained unchanged (HCSC-1: Figure 6E; TC-YIK:
Figure S13).

Evaluation of the subcellular localization of VRK1 revealed
that it was predominantly localized in the nucleus, with partial
presence in the cytoplasm (Figure S14). However, colocalization
with mitochondria was not observed (Figure S14). In addition,
VRK1 suppressed the levels of H3K4me3, an epigenetic histone
posttranslational modification and an activating mark asso-
ciated with gene promoters and active transcription (HCSC-1:
Figure 6E; TC-YIK: Figure S13).

These results suggest that VRK1 plays an important role in reg-
ulating the mitochondrial stress response under oxidative stress.
This effect may be mediated by epigenetic histone posttransla-
tional modification induced by VRK1, resulting in the indirect
suppression of COX IV expression.

4 | Discussion

As the outcomes of conventional SCNEC treatments remain
unsatisfactory, the development of specialized pharmacologi-
cal therapies is warranted [2, 4, 5, 7-9]. In light of this, we fo-
cused on VRK1, identified in our previous proteomic analysis
using patient-derived organoids [11]. Notably, SCNEC is char-
acterized by high VRKI1 expression, and VRK1 knockdown
significantly suppressed tumor growth in both 3D culture
and in vivo models. Mechanistically, VRK1 was indirectly
involved in mitochondrial function in response to oxidative
stress during SCNEC proliferation. Based on its unique molec-
ular characteristics, we propose VRK1 as a novel therapeutic
target for SCNEC.

We demonstrated that VRK1 expression is consistently high in
SCNEQ, in contrast to SCC and AC. Regarding AC, a previous
study reported no significant difference in VRK1 protein ex-
pression between SCNEC and mucinous adenocarcinoma of the
cervix [11]. The discrepancy between our findings and a prior
report is likely attributable to the following methodological dif-
ferences: (i) the primary antibodies used for immunohistochem-
istry, (ii) the scoring method employed, and (iii) the analyzed
case cohorts [31]. While the previous study evaluated only the
area fraction of positive cells for scoring, we adopted the H-score
method, which quantitatively integrates both staining intensity
and the proportion of positive cells [31].

In our study, the effect of VRK1 knockdown on SCNEC prolifer-
ation and tumor growth differed between traditional 2D cultures
and 3D cultures or in vivo conditions. Traditional 2D monolayer
cell culture models lack the tumor microenvironment [39, 43]. In
contrast, 3D cultures promote these interactions and more accu-
rately recapitulate the characteristics of tumor cells in vivo, such
as nutrient and oxygen concentration gradients [39, 43]. Our re-
sults revealed that ROS exposure, arising from the combined
effects of the tumor microenvironment and high-energy metab-
olism of the tumor itself, which are required for uncontrolled
growth and spread, influenced the tumor growth-inhibitory ef-
fect of VRK1 knockdown in a dose-dependent manner [41, 44].

VRK1 regulates chromatin remodeling indirectly by mod-
ulating epigenetic enzymes responsible for histone post-
translational modifications [29]. VRK1 depletion has been
reported to downregulate activating histone marks such
as H3K4me3 and upregulate repressive marks including
H3K9me3 and H3K27me3 [29]. Consistent with these find-
ings, we demonstrated that VRK1 knockdown induces
H3K4me3 downregulation in SCNEC cell lines. VRK1 is also
essential for the DNA damage response, and its loss alters
both the histone epigenetic pattern and nuclear phosphopro-
teome pathways under oxidative stress [30]. While a previous
study reported that VRK1 depletion altered the pattern of
histone epigenetic modifications induced by oxidative stress
and increased H3K4me3 levels, our findings demonstrate that
VRK1 knockdown reduces H3K4me3 levels under the same
conditions [30]. This difference may reflect differences in the
cellular context, such as the state of p53 and the temporal
dynamics of chromatin modification. The degree of ROS ex-
posure may also be a cause of these differences. Since VRK1
functions within a complex regulatory network involving
histone-modifying enzymes, its effect on H3K4me3 is likely
context-dependent and influenced by the intensity of oxida-
tive stress [30]. Based on our findings, we hypothesize that the
downregulation of H3K4me3, a transcriptionally activating
histone mark, may suppress COX IV expression and thereby
impair mitochondrial function. However, further investiga-
tion is required to determine whether this effect is direct.

The results of this study suggest that VRK1 is associated with
mitochondrial function. Mitochondria are not only essential or-
ganelles for energy production but also play various roles in cel-
lular stress responses [45]. Mitochondrial dysfunction caused by
cytotoxic stress triggers processes such as apoptosis, necroptosis,
and ferroptosis [41, 45]. In this context, our immunohistochem-
ical analysis of mouse xenograft tumors revealed an increase in
cleaved caspase-3-positive cells following VRK1 knockdown,
supporting its involvement in apoptosis.

Recently, VRK1 has been identified as a synthetic lethal target in
VRK2-deficient nervous system cancers [26, 27, 46]. We identi-
fied SCNEC as a distinct tumor type characterized by low VRK2
expression (Figure S15). VRK1 and VRK2 are paralogous genes
that may exhibit functional redundancy [46]. These findings
suggest that the potential synthetic lethality between VRK1 and
VRK2 could have therapeutic relevance for SCNEC, warranting
further investigation. Importantly, no normal tissue exhibits a
VRK1-VRK2 expression pattern similar to SCNEC, VRK1-high,
and VRK2-low, which could potentially mitigate adverse effects
associated with VRK1 inhibition (Figure S16).

In conclusion, the current study demonstrates that SCNEC is
characterized by high VRK1 expression and low VRK2 expres-
sion. Notably, VRK1 knockdown suppresses tumor growth via
indirect mitochondrial dysfunction. Our findings suggest that
VRK1 is a promising therapeutic target for SCNEC.
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derived from TC-YIK. Figure S9: GSEA revealed that VRK1 was as-
sociated with the regulation of responses to external stimuli. Figure
$10: Nutrient deprivation did not alter the relationship between VRK1
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the relationship between VRK1 and cell proliferation. Figure S12:
VRK1 knockdown in TC-YIK cells increased sensitivity to H,O, in a
dose-dependent manner. Figure S13: Western blot analysis detecting
the expression levels of mitochondria-related proteins and the levels
of epigenetic histone marks in TC-YIK cells treated with or without
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HCSC-1 cells as determined by immunocytochemistry. Figure S15:
VRK2 expression was lower in SCNEC than that in SCC and AC.
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terial and methods.
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