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DNA-PKcs orchestrates CTLA-4 depletion-induced senescence

in cancer cells
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Immune checkpoints such as cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), programmed cell death 1 (PD-1), and
programmed cell death ligand 1 (PD-L1) have been targeted in cancer therapy, however, the efficacy of these interventions remains
limited. Beyond its immune function on T cell surfaces, CTLA-4 is also expressed in various intrinsic cancer cells, where it influences
cell proliferation, metastasis, and apoptosis. The present study aimed to investigate the function of CTLA-4 in cancer cells by
investigating the consequences of CTLA-4 depletion in melanoma cells. We found that targeting CTLA-4 in melanoma cells
inhibited proliferation via the induction of senescence, which was attributed to genomic instability resulting from a decrease in
Aurora B expression, leading to the activation of the DNA-dependent protein kinase catalytic subunit (DNA-PKcs)-stimulator of
interferon genes (STING) pathway. Notably, DNA-PKcs coordinates CTLA-4 depletion-induced senescence by regulating the STING
pathway. Mouse study showed that the tumor suppressive effect of CTLA-4 depletion in allograft cancer models via senescence
induction. Furthermore, public data analysis showed a negative correlation between CTLA-4 and DNA-PKcs expressions in patients.
Conclusively, CTLA-4-depletion induces senescence via genome instability, which activates DNA-PKcs and ultimately leads to cancer
growth regression. These findings suggest that intracellular CTLA-4 targeting can confer to cancer therapy.
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INTRODUCTION
Cellular senescence is a state of permanent cell cycle arrest
characterized by morphological changes, increased activity of
senescence-associated (-galactosidase (SA-B-Gal) at pH 6.0, and the
induction of the expression of cell cycle checkpoints like p21, p16,
and p27 [1]. The expression of heterochromatin and DNA damage
markers, including H3K9 trimethylation (H3K9me3) and y-H2AX [2], is
also linked to senescence. Cellular senescence has been demon-
strated to impede tumor growth by arresting the cell cycle [3].

While cytotoxic T-lymphocyte—associated protein 4 (CTLA-4), a key
regulator of immune responses, is expressed on the T cell surface
and acts as a negative regulator of T cell proliferation, it is also
expressed in various cancers [4] including numerous human and
mouse melanoma cell lines, primary melanomas, melanoma stem
cells, and normal melanocytes [4-6]. Its expression is associated with
poor prognosis. Consequently, evidence of tumor-related CTLA-4
functions has prompted investigations into the cell-intrinsic effects
of CTLA-4 in tumors. CTLA-4 primarily accumulates in intracellular
compartments and transiently relocates to the cell surface upon
stimulation before being rapidly internalized [7]. Despite this, the
cytoplasmic function of CTLA-4 remains poorly understood, and its
role, particularly in cancer cells, needs to be re-evaluated.

The cyclic GMP-AMP synthase (cGAS)-stimulator of interferon
genes (STING) is an important mediator of inflammation, cellular

stress, tissue damage, and senescence [8, 9]. The process of cGAS
detection and binding to DNA is initiated by the presence of DNA
in the cytosol, which may be due to infection, separation from self
DNA damage, or slippage during replication. This process
subsequently engages the adaptor protein STING and activates
TANK-binding kinase 1 (TBK1). TBK1 has shown to phosphorylate
STING and the interferon regulatory factor 3 (IRF3), leading to the
dimerization and subsequent nuclear translocation of IRF3, which
in turn induces the production of type | interferons [10]. The cGAS-
STING pathway has also been implicated in the process of
senescence. The occurrence of genomic or epigenomic changes
due to genotoxic stress results in the formation of cytoplasmic
chromatin fragments (CCFs) by senescent cells, thereby triggering
the cGAS-STING pathway [9, 11]. Consequently, STING signaling
emerges as a pivotal pathway in senescence, representing a
potential therapeutic strategy for suppressing tumors through the
induction of senescence.

Serine/threonine kinase AKT has been shown to enhance the
expression of p53 and p21, increase cell size, and induce
senescence [12, 13]. While the PI3K-AKT-mTORC1 pathway is
essential for cell proliferation, persistent hyperactivation of this
pathway leads to cellular senescence, serving as a tumor-
suppressive mechanism that prevents transformation. Further-
more, the interaction between the AKT and STING pathways
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[14, 15] has expanded the previous limited notion of AKT to the
STING-related fields of senescence [14, 16]. The DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) serves as a pivotal
sensor for DNA double-strand breaks (DSBs) and functions in non-
homologous end joining (NHEJ) DNA damage repair (DDR)
pathways alongside Ku70/Ku80. Beyond its involvement in NHEJ,
DNA-PKcs also contributes to STING-dependent and STING-
independent pathways for intracellular nucleic acid recognition.
While DNA-PKcs is predominantly nuclear, its non-nuclear func-
tions are critical for maintaining genomic integrity and DNA
fidelity [17]. The kinase activity of DNA-PKcs is vital in various
diseases, including cancers, because of its involvement in cellular
processes such as cell death, cell division, and senescence [18]. In
addition to its well-established role in DNA damage response, the
association of DNA-PKs with the STING-related pathway has
significant implications for cancer therapy [19, 20].

In the present study, we aimed to investigate the role of CTLA-4
in cancer cell senescence by intrinsic CTLA4-depletion via a
signaling cascade involving DNA damage by genomic instability,
ultimately leading to tumor regression in melanoma cells.

MATERIALS AND METHODS

Cell culture, transfection, and reagents

A375 human melanoma, B16-F10 mouse melanoma, and BJ human foreskin
cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin. The CTLA-4 and Aurora B plasmids were obtained from Sino
Biological. Plasmids and short interfering (siRNA transfections were
performed using FuGene HD reagent and RNAIMAX, respectively, as
recommended by the manufacturers. siRNA duplexes against human CTLA-
4, DNA-PKcs, human and mouse STING, AKT, and control siRNA were
purchased from Bioneer Inc. siRNA duplexes against mouse CTLA-4 and DNA-
PK were obtained from Santa Cruz Biotechnology. Doxorubicin (Dox) and
cisplatin were obtained from Calbiochem and Sigma-Aldrich, respectively.
Nu7441 and KU-60019 were purchased from Selleck Chemicals.

Western blotting (WB) analysis

WB analysis was followed as previously described [21]. The following
antibodies were used in this study: p-IRF3, STING, p-TBK1, p-AKT, AKT, p-
mTOR, mTOR, B-actin, and H3K9me3 from Cell Signaling Technologies, Inc,;
CTLA-4, DNA-PKcs, y-H2AX, and p16 from Abcam; p21 and p27 from BD
Biosciences; p53 from Santa Cruz Biotechnology, p-STING from Affinity; and
antibody to BRAF'®°® from Sigma-Aldrich. Secondary antibodies for
immunofluorescence were also obtained from Cell Signaling Technologies.
Antibody-antigen complexes were detected using HRP-conjugated sec-
ondary antibodies and visualized using a standard chemiluminescence
method according to the manufacturer’s instructions.

Cell cycle analysis

Cells were collected by trypsinization, fixed in 70% ethanol, washed in
phosphate-buffered saline (PBS), and resuspended in 1ml of PBS
containing 1 pg/ml RNase and 50 pg/ml propidium iodide (Pl). After
incubation in the dark for 30 min, cell cycle distributions were analyzed
using BD FACS Verse Il (Becton Dickinson, Franklin Lakes Enterprises, NJ,
US). The data were assessed using FLOWJO, Single Cell Analysis Software
V10 (OR, USA).

Cell morphology analysis and SA--Gal staining

Cellular morphologies were analyzed by captured using an inverted phase-
contrast microscope (Olympus, Tokyo, Japan). SA-B-Gal staining was
performed as recommended by the manufacturers (CELLEvent™ Senes-
cence Green Detection Kit, C10850, Invitrogen, Waltham, MA, USA) or as
previously described [22]. The examinations were performed on day 3
following each treatment, unless otherwise indicated.

Confocal microscopy

Confocal microscopy assay was followed as previously described [21] using
antibodies against CTLA-4, p-AKT, p-mTOR, DNA-PKcs, p21, and y-H2AX
(same as those used for WB).
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Chromatin immunoprecipitation (ChIP) analysis
ChlIP assay was followed as previously described [21, 23].

Generation of B16-F10™* KO cell line

CRISPR/Cas9-mediated knockout of CTLA-4 in the B16-F10 cell line was
generated by using CTLA-4 Double Nickase Plasmid (m) (sc-419533-NIC;
Santa Cruz Biotechnology) following the manufacturer’s instructions. In
detail, the CRISPR/Cas9 plasmid was transfected to the B16-F10"" cells, and
the transfected cells were selected using a normal growth medium
containing puromycin (Santa Cruz Biotechnology). After the antibiotic
selection was completed, the cells expressing GFP fluorescence were
sorted using BD FACS Aria Il sorter (Becton Dickinson) and seeded into the
96-well plates, with one cell per well. After selecting and verifying
successful gene deletion among clones, the CTLA-4 deficient (KO) B16-
F10°™A4 O cells were utilized for subsequent experiments.

Mouse experiment

All animal procedures were approved by the Institutional Animal Care and
Use Committee (IRB No. 2023-0132). Briefly, seven-to-eight-week-old
female C57BL/6 mice were housed in a specific pathogen-free facility
and used for allograft tumor experiments. To generate tumors, 1 x 10° B16-
F10"T and B16-F10°™A* X© cells were suspended in 100puL of PBS,
respectively, were injected into both sides of the dorsal subcutaneous area
of the mice, and tumor masses were successfully formed after implanta-
tion. For Dox treatment, mice were administered a single intraperitoneal
injection of Dox (9 mg/kg body weight) after tumor formation, and the
tumors were collected after seven days. The tumor tissues were fixed
overnight in 4% formalin, embedded in paraffin, and subjected to
immunohistochemistry to detect the expression of STING, H3K9me3, and
p-IRF3. The sections were counterstained with DAPI. Photographs were
acquired in randomly chosen fields per tumor section according to
standard procedures.

Analysis of publicly available data

The mRNA expression z-scores of The Cancer Genome Atlas (TCGA) Pan-
Cancer Atlas were obtained from the cBioPortal for Cancer Genomics
(https://www.cbioportal.org). The data of patients with skin cutaneous
melanoma, lung squamous cell carcinoma, cervical squamous cell
carcinoma, and head and neck squamous cell carcinoma were used for
analysis. To analyze the correlation between different genes, Pearson’s
correlation test was used. Additionally, based on the CTLA-4 expression
level, patients were categorized into the CTLA-4-high and CTLA-4-low
groups, and the gene expression levels were compared between the
groups.

Statistical analysis

Statistical analysis was performed as previously described [21]. Data are
represented as the mean * standard deviation (SD). Asterisks denote the
p-values as follows: *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

CTLA-4 depletion induces senescence in melanoma cells

To investigate the role of CTLA-4 in cancer cell senescence, we
silenced CTLA-4 alone or together with a low dose doxorubicin
(Dox), an anti-cancer drug used to induce senescence [24, 25], in
B16-F10 mouse melanoma cells, which express high levels of
CTLA-4 [4, 26]. Unexpectedly, CTLA-4 silencing induced senes-
cence phenotypes, including increased cell size, decreased cell
viability as assessed by the MTT assay, and elevated SA-f-Gal
activity as indicated by a senescent green probe (Fig. 1A-C).
Additionally, senescence markers such as the cell cycle check-
points p21 and p16 and the heterochromatin marker H3K9me3
expressions were elevated compared to controls as shown by
western blotting (Fig. 1D). Confocal microscopy analysis also
demonstrated an inverse correlation between CTLA-4 and p21
expressions (Fig. 1E). All those effects by CTLA-4 siRNA treatment
were promoted by Dox co-treatment (Fig. 1A-E). Next, we
conducted experiments where CTLA-4 was overexpressed in
B16-F10 cells. Intriguingly, even sole CTLA-4 overexpression
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induced apoptotic-like morphology, and the senescence morphol-
ogy induced by Dox was disrupted (Fig. 1F), which is accompanied
by the decrease of SA-B-Gal activity and p21 expression, where
the increased SA-B-Gal activity and p21 expression by Dox
treatment were also aborted by CTLA-4 overexpression (Fig. 1G,
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OX CTLA-4 + Dox

H). In addition, CTLA-4 knockout (KO) B16-F10 (B16-F10°™** ¥©)
cells, which were generated by CRISPR/Cas9 system, showed
senescence-like morphology and SA-B-Gal activity, whereas WT
B16-F10 (B16-F10"") showed apoptotic-like morphology to Dox in
a dose-dependent manner (Fig. 1I-L). And senescence markers,
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Fig. 1 CTLA-4-depletion induces senescence in mouse melanoma cells. B16-F10 cells were transfected with 100 nM siC and CTLA-4 siRNA,
respectively, one day before treatment with or without 100 ng/ml Dox. Subsequently, morphological changes were detected (A) cell viability
by MTT assay (B) SA-B-Gal staining detected by Senescent Green Probe (C) WB with indicated antibodies (D) confocal microscopy assay for
CTLA-4, p21, and DAPI levels followed by quantification (E) were performed on day two after Dox treatment. CTLA-4 was overexpressed in
B16-F10 one day before treatment with or without Dox (F-H). Then, morphological change (F) SA-f-Gal staining with quantification (G) and
confocal microscopy assay for p21 and DAPI (H) were performed on day 2 post Dox treatment. B16-F10<™** ¥ cells were generated and
confirmed with anti-CTLA-4 antibody (I). B16-F10" and B16-F10<™4** X© cells were treated with different Dox concentration such as 0, 100,
200, 400 ng/ml, and morphological changes (J), SA-p-Gal staining (K) with guantiﬁcation (L) and WB with indicated antibodies (M) were
performed on day 2 post Dox treatment. CTLA-4 was reconstituted in B16-F10°™4* K© cells, and SA-p-Gal staining with quantification (N), and
WB with indicated antibodies (0) were performed on day two post Dox treatment. Scale bars, 50 um (A, F, G, J, K) 20 pm (C, E, H). The
significance of the statistical differences among the four groups was calculated using a one-way analysis of variance and Newman-Keuls

methods. Quantitative data are expressed as means £ SD. N = 3, *p < 0.05. **p < 0.01. ***p < 0.001.

p21 and y-H2AX expressions were much higher in B16-F10<T4 KO

cells (Fig. 1M). Additionally, CTLA-4 complementation in B16-
F10<™* KO cells interrupted SA-B-Gal positivity induced by Dox
(Fig. 1N). And cell cycle inhibitors, p16, p21, and p27, were aborted
when CTLA-4 was overexpressed (Fig. 10).

We employed human melanoma cell line A375 to verify these
results. Similar to B16-F10 mouse cells, A375 cells showed the
increased cell size, a decrease in cell viability, an increase of SA-
B-Gal activity, and the increased levels of p21 and p16 when
CTLA-4 siRNA was treated (Fig. STA-E). All of those effects by
CTLA-4 siRNA were promoted by Dox co-treatment (Fig. STA-E).
When CTLA-4 was overexpressed in A375 cells, SA-B-Gal activity
and p21 expression led by Dox were decreased (Fig. S1F, G). To
observe the effect of CTLA-4 knockdown on apoptosis, we
performed an Annexin V/Pl staining analysis along with a
positive control using cisplatin (CPT). As shown in Fig. STH, |,
and no significant apoptosis was observed. Next, we investigated
the effects of depleting CTLA-4 in non-tumoral cells using human
skin fibroblast BJ cells. BJ cells showed low CTLA-4 expression,
and after CTLA-4 siRNA transfection, they exhibited senescence-
like morphological changes and p21 upregulation (Fig. S1J, K).
Furthermore, the most frequent melanoma tumors are B-Raf
mutated. Given this, we investigated the effects of depleting
CTLA-4 in B-Raf mutated melanoma cells. A375 cells are known
to carry BRAFY®°®, a common mutant form of BRAF [27].
Interestingly, BRAFY®?%F mutant expression levels were elevated
along with p21 levels in A375 CTLA-4 KO melanoma cells
(Fig. S1L). This is consistent with previous reports that BRAFV%°F
mutant induces senescence [28, 29].

All together, targeting intrinsic CTLA-4 in melanoma A375 and
non-tumoral BJ cells induces cellular senescence and halts the
proliferation of cancer cells.

Aurora B reduction by CTLA-4 depletion confers senescence
induction via cell cycle arrest through genome instability
marked with micronuclei

The expression of CTLA-4 influenced the cell proliferation,
therefore, we checked cell cycle status. When B16-F10 cells
were transfected with CTLA-4 siRNA, G1 phase was increased
with the decrease of S phase. (Fig. 2A). While cyclin A and
phospho-histone 3 (p-H3) as proliferation markers were
increased in B16-F10"" cells, both were decreased in B16-
F10°TA% KO ce|ls after Dox treatment (Fig. 2B). And p-H3
expressions after CTLA-4 silencing was declined in a time-
dependent manner in FACS analysis (Fig. 2C). The micronuclei
formation and DNA damage marker y-H2AX expression were
increased upon CTLA-4 silencing, particularly combined with
Dox treatment (Fig. 2D-F), implying that micronuclei can be
derived as a result of DNA damage caused by genomic
instability due to CTLA-4 depletion.

Aurora B has been known for its role in maintaining genome
stability and preventing micronuclei formation [25, 26], and
phosphorylating H3 during mitosis [30]. Inhibition of Aurora B
can cause cell cycle arrest and genome instability [31, 32].

SPRINGER NATURE

Therefore, we doubted the Aurora B status in CTLA-4 depleted
cells. Indeed, Aurora B was downregulated at the mRNA and
protein level upon CTLA-4 siRNA treatment in our experiments
(Fig. 2G-I). Additionally, CTLA-4 bound to Aurora B promoter
region (Fig. 2J) was proven by chromatin immunoprecipitation
(ChIP) assay, which indicates that Aurora B reduction by CTLA-4
depletion is due to the transcription regulation. Furthermore,
micronuclei induced by CTLA-4 siRNA alone or in combination
with Dox were attenuated by Aurora B overexpression in B16-F10
cells (Fig. 2K).

We confirmed above results in A375 human melanoma cells.
The cell cycle analysis, the change of cyclin A and p-H3,
micronuclei formation, and y-H2AX expression were similar to
B16-F10 when CTLA-4 was silenced (Fig. S2A-D). Furthermore,
Aurora B mRNA or protein expression was downregulated upon
CTLA-4 siRNA treatment and elevated by CTLA-4 overexpression
(Fig. S2E-G). All these findings collectively suggest that CTLA-4
depletion leads to a decrease in Aurora B levels, resulting in
micronuclei formation and DNA damage.

CTLA-4-depletion activates DNA-PKcs that governs STING
signaling

DNA-PKcs is required for cGAS/STING-dependent or -indepen-
dent DNA sensing pathway [19, 33]. We first investigated
whether DNA-PKcs is involved in senescence induced by CTLA-4
depletion. DNA-PKcs was found to be co-localized with
micronuclei in B16-F10 and A375 cells and was upregulated by
CTLA-4 silencing, which was further enhanced by Dox
co-treatment in confocal microscopy assays (Fig. 3A). Concurrently,
the expression of p-STING, which is increased in senescence, was
increased by CTLA-4 siRNA transfection whereas STING showed
similar level in A375 cells using confocal analysis (Fig. 3B). And the
elevated p-STING and its downstream molecules of p-TBK-1 and
p-IRF3 by CTLA-4 depletion were decreased to baseline level by
siDNA-PKcs transfection (Fig. 3C). The senescence-like morphology
and SA-B-Gal positivity induced by CTLA-4 depletion was
significantly attenuated upon silencing of DNA-PKcs (Fig. 3D, E).
These results suggest that CTLA-4 deficiency leads to STING
activation via DNA-PKcs employing to induce senescence. Next,
we analyzed TCGA data from patients with skin cutaneous
melanoma, and found a negative correlation between the mRNA
expression of PRKDC, which encodes DNA-PKcs, and CTLA4
(Fig. 3F). Moreover, patients were stratified into high- and low-
CTLA-4 expression groups based on the median CTLA-4 levels,
revealing an inverse correlation with components of the NHEJ
pathway, which is related to DNA-PKcs, but not with the
homologous recombination (HR) pathway (Fig. 3G). These
findings were consistent across TCGA datasets from lung,
cervical, and head and neck squamous cell carcinoma patients
as well (Fig. 3H). Altogether, these findings suggest that the
increase of DNA-PKcs by CTLA-4 depletion activates the STING
pathway to the senescence process in human and mouse
melanoma cancer cells, and DNA-PKcs is required for CTLA-4
depletion-induced senescence.

Cell Death and Disease (2026)17:204
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STING modulates AKT pathway activated by CTLA-4 targeting
STING activation can lead to metabolic adaptations in cells, such
as the activation of ACLY (ATP-citrate lyase), which is involved in
lipid synthesis and energy production [34]. This metabolic
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reprogramming can impact the AKT pathway, which is involved
in cell cycle [35], senescence [36], and autophagy [37]. So, we
investigated the status of the AKT pathway after CTLA-4 siRNA
transfection. Interestingly, elevated p-AKT was accompanied by
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Fig. 2 AURKB reduction by CTLA-4 depletion contributes to senescence induction via cell cycle arrest through genome instability in
cancer cells. B16-F10 cells were treated with CTLA-4 siRNA, and cell cycle analysis with quantification (A). B16-F10"* and B16-F10°™** K° cells
were treated with 100 ng/ml Dox as indicated times, and WB was performed with indicated antibodies (B). Cells were transfected with CTLA-4
siRNA, then FACS analysis for p-H3 was performed and quantified from day one to three post siRNA treatment (C). DAPI staining for
micronuclei assay with quantification (D). WB with indicated antibodies (E) and confocal microscopy assay for y-H2AX (F) were performed on
day two post Dox treatment. Cells were treated with CTLA-4 siRNA, and real-time PCR for CTLA-4 and Aurora B was performed (G) and WB (H)
was performed as indicated times post CTLA-4 siRNA transfection. CTLA-4 siRNA transfection was treated one day before Dox treatment, and
WB was performed as indicated antibodies (I). Chromatin immunoprecipitation assay (ChIP) was performed with an anti-lgG or CTLA-4
antibody, respectively. PCR was performed using the indicated Aurora B promoter-specific primers for ChIP assays in A375 cells (J). Aurora B
was overexpressed one day before CTLA-4 siRNA treatment in B16-F10 cells, and DAPI staining for micronuclei assay and quantification (K)
was performed on day 3 post CTLA-4 siRNA treatment. Scale bars, 20 um (D, F, K). The significance of the statistical differences among the four
groups was calculated using a one-way analysis of variance and Newman-Keuls methods. Quantitative data are expressed as means + SD.

N=3, *p <0.05. **p < 0.01. ***p < 0.001.
«

p-STING and p-IRF3 elevation in a time-dependent manner post
CTLA-4 siRNA transfection (Fig. 4A). In addition, the expression
of p-AKT and the downstream target of AKT, p-mTOR were
increased, as assessed by immunofluorescence assay, by CTLA-4
siRNA and were further enhanced by Dox co-treatment (Figs. 3B,
C, and S3A-C). p-mTORa and p-mTOR, which are the full-length
and the splicing isoform of mTOR, respectively, and p-mTOR is
considered an active protein kinase beyond the full-length
mTOR [38], were elevated by CTLA-4 siRNA. However, the
upregulation of p-AKT and p-mTOR by CTLA-4 siRNA treatment
were restored to baseline level when siSTING was treated
(Figs. 4D, E and S3D). Overall, these findings indicate that STING
pathway controls AKT pathway, which is activated by CTLA-4
targeting.

CTLA-4-depletion impedes tumor growth via senescence
induction

Finally, we performed mouse experiments to validate the implica-
tions of previous findings on tumor growth. We hired the B16-
F10<™4* KO cell line. C57BL/6 female mice were subcutaneously
injected with 5x 10° cells of B16-F10"'T and B16-F10°™A* KO cells
into each flank region, followed by intraperitoneal injection of
9mg/kg Dox at day 9 for the combination effects of CTLA-4
depletion and anti-tumor drug treatment. Tumor masses were
collected on day 16 (Fig. 5A). The tumor size, weight, and volume
derived from the mice injected with B16-F10<™* X© cells were
significantly lower than those of the tumors derived from the mice
injected with B16-F10"T cells (Fig. 5B-D). And the intensity of the
SA-B-Gal staining in B16-F10<™** ¥°_derived tumors was remark-
ably stronger than that of B16-F10""-derived tumors (Fig. 5E).
These results confirm the effect of CTLA-4 deficiency on tumor cell
senescence. B16-F10°™** *O_derived tumors showed higher
expression of y-H2AX and p-STING than B16-F10""-derived tumors
in both Dox-treated and non-treated groups (Fig. 5F). Immuno-
histochemistry analysis confirmed that B16-F10-™** ¥° tumors
showed no CTLA-4 staining (Fig. 5G), and the increased intensities
of H3K9me3, a senescence marker, and p-IRF3, a downstream
product of cGAS-STING activation, in both Dox non-treated and
-treated groups (Fig. 5H, I).

In conclusion, CTLA-4 depletion in cancer cells leads to the
formation of micronuclei resulting from nuclear instability.
Specifically, this instability, led and exacerbated by Aurora B
reduction due to the CTLA-4 depletion, allows cytosolic DNA to
activate DNA-PKcs. Subsequently, the DNA-PKcs canonical down-
stream, STING signaling pathway is activated, which in turn
triggers the AKT pathway. This activation then engages the p53-
p21 axis, inducing senescence and ultimately leading to tumor
growth regression (Fig. 6).

DISCUSSION
Understanding the role of CTLA-4 in cancer cells, beyond T cells, is
crucial for advancing cancer therapy. In the current study, we
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depleted CTLA-4 expression through silencing and examined its
effects in mouse and human melanoma cells. Remarkably, CTLA-4
depletion induced cellular senescence, characterised by irrever-
sible cell cycle arrest, which inhibited cancer cell proliferation. We
observed up-regulation of DNA damage and heterochromatin
markers, such as y-H2AX and H3K9me3. We also elucidated the
mechanism underlying CTLA-4 depletion-induced senescence.
Micronuclei, the broadly known marker of DNA damage and
chromosomal instability, are tiny DNA components of the nucleus
that are dispersed from the original nucleus and are commonly
observed in diseases such as cancer and senescence. In the
current study, CTLA-4 depletion in melanoma cells led to genomic
instability manifested by the formation of micronuclei. This
instability was attributed to the downregulation of Aurora B, a
protein critical for maintaining genome stability and preventing
micronuclei formation. Furthermore, a recent report has also
highlighted a positive correlation between CTLA-4 and Aurora B in
patients with hepatocellular carcinoma [39], implying that high
Aurora B expression is associated with high CTLA-4 in the tumor
microenvironment (TME) and leads to poor prognosis. Subse-
quently, DNA-PKcs detected this genomic instability and sequen-
tially activated the STING-AKT signaling pathway. DNA-PKcs is
critical for maintaining genome integrity [17]. In addition to its
canonical function in DNA repair, DNA-PKcs also detects cytosolic
DNA and activates the cGAS-STING pathway [19, 20]. Indeed, DNA-
PKcs is involved in DNA-driven immune response cGAS-STING in a
dependent or independent manner. In our study, the atypical role
of DNA-PKcs in senescence induced by CTLA-4 depletion is
particularly intriguing. We show that DNA-PKcs activates the
STING pathway, as evidenced by the effect of DNA-PKcs silencing
in our experiments. This finding is consistent with recent reports
showing that specific inhibitors of DNA-PKcs, such as NU7441,
suppress the activated STING pathway induced by double-
stranded DNA [40]. Overall, the activated STING pathway induced
by CTLA-4 deficiency was effectively blocked by inhibition of DNA-
PKcs in melanoma cells in our study. In contrast, one of the major
DNA damage HR pathways is not related with CTLA-4 in TCGA
data from patients (Fig. 3G).

While previous studies have found that CTLA-4 silencing
reduces cellular proliferation [41-43] and that CTLA-4 induces
apoptosis in cancer cells [44], our study is the first to identify the
role of CTLA-4 as a regulator of senescence in cancer. These
findings strongly support our hypothesis that the absence of
CTLA-4 increases sensitivity to DDR. Collectively, CTLA-4 depletion
leads to a decrease in Aurora B levels, resulting in micronuclei
formation and DNA damage [45], predisposing cells to enter
senescence via activation of the STING pathway. Our study may
contribute to a better understanding and potential strategies for
CTLA-4-targeted therapies in cancer. Although further studies are
needed to elucidate how CTLA-4 deficiency leads to genome
instability via Aurora B reduction and how STING activates the AKT
pathway, our research has uncovered the role of CTLA-4 in
senescence. Although senescence is defined as a permanent cell
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cycle arrest, which can inhibit tumors, it is also known to
contribute to therapeutic resistance by secreting the
senescence-associated secretory phenotype (SASP). Inducing
senescence and removing SASP are considered favorable strate-
gies to overcome therapy resistance and improve the efficacy of

Cell Death and Disease (2026)17:204

mRNA expression (z-score)

cancer treatment [46, 47]. In this study, we used siCTLA-4 to
reduce CTLA-4 expression or CTLA-4 KO cells, as the CTLA-4
inhibitor compound was unavailable. Further investigation using
CTLA-4 inhibitor will be necessary for the future therapeutic
approach.
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Fig. 3 DNA-PKcs governs STING signaling in DNA damage responses induced by CTLA-4-depletion. B16-F10 and A375 cells were treated
with 100 nM siC and CTLA-4 siRNA, respectively, one day before treatment with or without 100 ng/ml Dox. Then, confocal microscopy assays
for DNA-PKcs and DAPI (A) and p-STING with STING (B) were performed on day two post Dox treatment. The relative intensity of p-STING/
STING from (B) was quantified. A375 cells were treated with 100 nM siC and siDNA-PKcs, respectively, one day before treatment with or
without 100 nM CTLA-4 siRNA. On day three post CTLA-4 siRNA treatment, WB with indicated antibodies (C) morphological changes (D) and
SA-B-Gal staining with quantification by counting positive cells among 100 cells (n =3) (E). Public data analysis involved examining the
correlation of CTLA-4 with DNA-PKcs. The mRNA expression z-scores from The Cancer Genome Atlas (TCGA) PanCancer Atlas were obtained
from the cBioPortal for Cancer Genomics. The correlation between the mRNA expression of PRKDC and CTLA4 (F). Patients were categorized
into high (top 1/2, red color) and low (bottom 1/2, blue color) CTLA-4 expression groups. The correlation with non-homologous end joining
(NHEJ) pathway components, including DNA-PKcs, and HR components in skin cutaneous melanoma patients was analyzed (G). The analysis
also included data from patients with lung squamous cell carcinoma (Lung SCCa), cervical squamous cell carcinoma (Cervix SCCa), and head
and neck squamous cell carcinoma (H&N SCCa) (H). Scale bars: 20 pm (A, B), 50 pum (D, E). The significance of the statistical differences among
four or eight groups was calculated using one-way analysis of variance and the Newman-Keuls test. Quantitative data are expressed as
means = SD. Asterisks denote the p-values: *p < 0.05, **p < 0.01, ***p < 0.001. For public data, statistical analysis was performed using GraphPad
Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA) and SPSS Statistics 26.0 (IBM, Armonk, NY, USA). Two-tailed, unpaired Student’s t-tests were
used to determine the statistical significance between the two groups. The significance of the statistical differences among three or more
groups was calculated using a one-way analysis of variance and the Newman-Keuls test. The correlation between different genes was
analyzed using Pearson’s correlation test. Data are shown as the mean + standard deviation (SD). Asterisks denote p-values: *p < 0.05,
:‘p <0.01, **p < 0.001.
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Fig. 4 STING modulates AKT pathway activated by CTLA-4 targeting. A375 cells were transfected with CTLA-4 siRNA for indicated times,
and WB with indicated antibodies (A) confocal microscopy assay for p-AKT (B) p-mTOR (C) were performed on day two post Dox treatment.
siAKT was transfected one day before CTLA-4 siRNA treatment and WB with indicated antibodies (D) and confocal microscopy assay (E) with
indicated antibodies were performed on day three post CTLA-4 siRNA treatment. Scale bars, 20 pm (B, C, E).
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Fig. 5 Absence of CTLA-4 impairs tumor growth via senescence induction in vivo. Tumors were generated by implanting B16-F10"* or
B16-F10<™A4 KO cells (5 x 10°) into both dorsal flank regions of mice. On day nine after implantation, mice were administered Dox
(9 mg/kg) for seven days, and tumors were excised (A). The images of the autopsied tumors (n =5) (B). Tumor weights (n=6) (C) and
volume (n = 6) (D) were measured. Initially, five sets of autopsied tumor were obtained and photographed (B) and subsequently, data from
an additional set were included for weight and volume measurements (C, D). Tumors were cut in half and analyzed by SA-B-Gal staining
(n=3) (E). WB was performed with CTLA-4 WT vs KO tumors with or without Dox treatment with indicated antibodies for each group
(n=2) (F). Confocal microscopy assay was performed with tumors for individual CTLA-4, H3K9me3, and p-IRF3 (G-1). Scale bars, 20 pm
(G-1). The significance of the statistical difference was calculated using a one-way analysis of variance and Newman-Keuls; *p < 0.05.
**p < 0.01. **p < 0.001.
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Overall, targeting intrinsic CTLA-4 in cancer cells may be a

promising therapeutic approach to induce cancer regression
through senescence mechanisms. In conclusion, our findings
highlight senescence as a prominent response in CTLA-4-depleted
melanoma cells, mediated by the DNA-PKcs-STING-AKT-p21 axis.

DATA AVAILABILITY

Supplementary Figs. and the source data underlying Figs. are provided as a
Supplementary information file. Other figures or data supporting the results of this
study are available from the corresponding author upon reasonable request.
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