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Abstract
Background: Themajority of patients with prostate cancer (PCa) exhibit intrin-
sic resistance to immune checkpoint blockade (ICB) following radiotherapy
(RT). This resistance is generally attributed to the limited antigen presentation
of heterogeneous cells within tumors. Here, we aimed to isolate and charac-
terize these diverse subgroups of tumor post-RT to understand the molecular
mechanisms of their resistance to ICB.
Methods: Single-cell RNA-sequencing (scRNA-seq) was used to profile senes-
cent cancer cell clusters induced by RT in LNCaP cells. The expression and
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phosphorylation levels of ataxia telangiectasia and Rad3-related protein (ATR)
were assessed by immunohistochemistry in clinical samples from patients with
or without RT. Co-immunoprecipitation, mutagenesis, and Western blotting
were used to measure the interactions between proteins. Xenograft experiments
were performed to assess the tumor immune response in the mice.
Results:We identified a subset of PCa cells that exhibited resistance to RT, char-
acterized by a reduced antigen presentation capability, which enhanced their
ability to evade immune detection and resist cytotoxic T-lymphocyte-associated
protein 4 (CTLA-4) blockade. scRNA-seq revealed that the senescent state was a
transient phase of PCa cells post-RT, particularly in CTLA-4 blockade treatment-
resistant cells. This state was marked by increased cytosolic ATR level. Cytosolic
ATR phosphorylated CD86 in its cytosolic domain and enhanced the interaction
between CD86 and its E3 ligaseMARCH1 through electrostatic attraction. Deple-
tion or inhibition of Atr increased the sensitivity to immune attack and improved
responses to anti-Ctla-4 antibody treatment in a mouse model.
Conclusions: Our findings indicate that the activation of cytosolic ATR, which
is associated with cellular senescence, impedes the effectiveness of combined RT
and ICB treatments. This discovery may provide valuable insights for improving
the efficacy of combined RT and ICB therapies in PCa.
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ATR, CD86, immune checkpoint, senescence

1 BACKGROUND

Immune checkpoint blockade (ICB) targeting pro-
grammed death-1 (PD-1)/programmed death ligand 1
(PD-L1) and cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) has shown promise in cancer treatment, with
a subset of patients experiencing positive outcomes [1,
2]. However, the majority of patients with “cold” tumors
exhibit resistance to ICB due to a paucity of antigen
presentation and immune responses. Immunotherapy has
been combined with radiotherapy (RT) to improve patient
survival, a strategy that has shown efficacy across various
cancer types [3]. In addition to its cytotoxic effects, RT
modulates the immune system, as evidenced by increased
cytokine and chemokine expression in breast cancer
[4] and melanoma [5]; the abscopal effect in melanoma
[6]; T cell activation in lung cancer [7, 8]; dendritic
cell activation in colorectal cancer [9]; and enhanced
antigen-specific effector cell trafficking in melanoma [10].
High-dose radiation is known to bolster both innate and
adaptive immune responses by activating DNA-sensing
pathways in tumor cells, as observed in breast [11] and
colorectal cancers [12]. Conversely, low-dose RT in con-
junction with immunotherapy can induce inflammation,
leading to the regression of metastatic ovarian tumors [13].

Fractionated RT has been shown to stimulate systemic
antitumor immunity and, when combined with ICB,
can eradicate distal metastases in patients with breast
cancer [14], colorectal carcinoma [15], melanoma [16],
or pancreatic cancer [17, 18]. An analysis of the tumor
microenvironment (TME) revealed that RT enhances
T-cell production, infiltration, recognition, and effector
function [3, 19]. However, clinical trials have shown that
the efficacy of ICB in “cold” tumors, such as prostate,
bladder, and kidney cancers, is limited, with only a small
subset of patients benefiting [20]. In a phase I/II trial [21],
the combined treatment of ipilimumab with RT resulted
in a 16% decrease in prostate-specific antigen (PSA) levels
in patients with metastatic castration-resistant prostate
cancer (mCRPC) [22]. Combination therapy in phase
III trial of patients with mCRPC did not produce an
overall survival advantage over the placebo [23, 24]. The
molecular resistance mechanism of combined RT and
ICB therapy in prostate cancer (PCa) cells remains poorly
understood.
The shaping of the differentiation pathway of naïve T

cells by antigen-presenting cells (APCs) and cancer cells
depends on the first activation signals. T cells are typi-
cally activated when the T-cell receptor interacts with a
specific antigen on the major histocompatibility complex

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12636 by Z

hixiang L
in , W

iley O
nline L

ibrary on [19/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



SHAO et al. 3

(MHC) molecule and when certain costimulatory signals,
especially those from the B7 family, are expressed. The
interaction between B7-1 (CD80) or B7-2 (CD86) on can-
cer cells and CD28 on T cells is crucial for immunotherapy
with ipilimumab. The loss of these interactions is a sig-
nificant factor contributing to the insensitivity of cancer
cells to ipilimumab treatment [25, 26]. The process of CD86
induction ismore rapid than that of CD80 induction. CD86
induction typically begins within 6 hours of stimulation
and peaks between 18 and 24 hours in macrophages and
APCs [27, 28]. However, CD80 induction peaks at 48-72
hours [29]. Hence, the transient expression of CD86may be
regulated by rapid degradation, but the precisemechanism
remains elusive.
In this study, we aimed to identify the pathways medi-

ating the loss of an immune reaction in RT-resistant PCa
cells, with a focus on intrinsic cellular factors. Single-cell
RNA sequencing (scRNA-seq) was employed to character-
ize the cellular heterogeneity within PCa cell populations,
and resistance-related molecular mechanisms were inves-
tigated using cellular and mouse models. An explanation
of the resistance pathwaywill provide new insights into the
potential mechanism of ICB in PCa.

2 MATERIALS ANDMETHODS

2.1 The cancer genome atlas (TCGA)
cohort and the second hosipital of tianjin
medical university cohort

The expression profiles and clinical characteristics of
prostate adenocarcinoma (PRAD) from TCGA were used
for analysis. Data were obtained using the “TCGAbi-
olinks” package (version 2.32.0, https://bioconductor.org/
packages/release/bioc/html/TCGAbiolinks.html) [30]. A
total of 246 cases with transcriptome profiling were down-
loaded, of which 83 cases were clinically informative
[31].
For the analysis of the Second Hosipital of Tianjin Med-

ical University cohort, the study was approved by the
Tianjin Medical University Institutional Review Board.
Tissues were obtained from the Tianjin Medical Uni-
versity Tissue Registry. A total of 302 formalin-fixed,
paraffin-embedded (FFPE) samples of hormone-naïve pri-
mary PCa and bone metastatic PCa were collected for
RNA extraction and immunohistochemical (IHC) stain-
ing. Clinical information of the patients was also collected.
Among the 302 cases, 142 cases with no significant tumor
regression or even progression post-RT completion were
classified into the RT-resistant group. For senescence anal-
ysis in the RT-resistant cohort, the cohort was divided

into two groups by the median RNA level of CDKN1A
or CDKN2A (n = 71 for each group). The overlap of
the CDKN1Ahigh group and the CDKN2Ahigh group was
considered the CDKN1Ahigh/CDKN2Ahigh group (n = 60).
Similarly, CDKN1Alow/CDKN2Alow was defined in the
same manner (n = 36). The CDKN1Ahigh/CDKN2Ahigh
group and CDKN1Alow/CDKN2Alow group paired samples
were used for IHC assay. Detailed patient information is
described in Supplementary Table S1.

2.2 Identification of differentially
expressed genes (DEGs) and gene
enrichment analysis

The DESeq2 package (version 1.42.0, https://bioconductor.
org/packages/release/bioc/html/DESeq2.html) [32] in R
(version 4.1.2, https://cran.rstudio.com/bin/windows/
base/old/) was used to identify the DEGs with the default
settings. DEGs were identified according to a P value <
0.05 and |log2FC|> 0.5.
The clusterProfiler package (version 4.10.0,

https://www.bioconductor.org/packages/release/bioc/
html/clusterProfiler.html) [33] was used to analyze the
molecular and functional characteristics of the DEGs.
Upregulated and downregulated DEGs were enriched
in the Gene Ontology (GO) database. The P value was
calculated by Fisher’s exact test and adjusted for multiple
testing using the Benjamini‒Hochberg method. The Q
value was calculated by adjusting the P value using the
Storey method. An adjusted P value < 0.05 and a Q value
< 0.05 were considered statistically significant. The rich
factor is the ratio of the number of enriched DEGs in the
pathway to all genes annotated in the pathway.

2.3 Cell culture

The human PCa cell lines LNCaP and PC-3, the murine
PCa cell line RM1, and the human embryonic kidney
(HEK) 293 cell line were purchased from the American
Type Culture Collection (ATCC) (Manassas, VA, USA).
The murine PCa cell line TRAMP-C1 was a gift from
Dr. Yuanjie Niu at the Second Hospital of Tianjin Medi-
cal University (Tianjin, China). LNCaP cells, PC-3 cells,
and RM1 cells were cultured in 10% (v/v) fetal bovine
serum (FBS) (16000044, Gibco, Grand Island, NY, USA)-
containing RPMI 1640 medium (C3010-0500, VivaCell,
Shanghai, China). TRAMP-C1 cells andHEK293 cells were
cultured in DMEM (C3113-0500, VivaCell) supplemented
with 10% (v/v) FBS. The cells were maintained in a humid
atmosphere containing 5% CO2 at 37◦C.
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2.4 Mouse xenograft generation

All animal experiments were performed with the approval
of the Laboratory Animal Ethics Committee of the Insti-
tute of Radiation Medicine, Chinese Academy of Medical
Sciences (approval number: IRM-DWLL-2023033) and
in accordance with the animal ethical review guide-
lines. All the mice were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (China)
and maintained under specific pathogen-free (SPF)
conditions under the general requirements for animal
experiments (GB/T 35823-2018). The mice were housed
for a 2-week period to acclimate before being used in
experiments.
Grafts were generated from 6-week-old male NOD.Cg-

PrkdcscidIl2rgTm1Wj1/SzJ (NSG) mice to obviate interfer-
ence from the immune microenvironment. RT-resistant
xenografts were generated on one side, and control
xenografts were generated on the other side of eachmouse,
as described below. A total of 5 × 106 TRAMP-C1 cells
in 100 µL of PBS with 100 µL of Matrigel matrix (HY-
356234, BD Bioscience, Franklin Lakes, NJ, USA) were
injected into one flank of each NSG mouse. The tumor
on one flank was exposed to 2 fractions of 5 Gy of X-
ray radiation at 14 days after the injection to generate
RT-resistant xenografts. The tumor on the other flank
without irradiation served as a control. Mice were euth-
anized with CO2 when the maximum tumor volume was
400 mm3. The implanted tumors were manually dissected
into 5mm3 pieces using a sterile scalpel blade and stored in
transport medium at 4 ◦C until xenograft preparation. The
second-generation xenograft was produced in 6-week-old
male wild-type (WT) C57BL/6 mice for immune func-
tion measurements. TRAMP-C1 cells, either uninfected or
infected with lentiviruses expressing short hairpin RNAs
(shRNAs) and/or recombinant expression vectors, were
utilized to establish xenograft tumors in accordance with
the experimental protocol.

2.5 Irradiation treatment of the mice

Eight-week-old male NSG mice were subjected to 225 kVp
and 17 mA X-rays at a dosage rate of 2 Gy/min using an
RS2000 radiator (RADSource Technologies, Suwanee,GA,
USA). The right flank tumors (400 mm3) were exposed to
a total of 10 Gy of X-rays via two 5 Gy irradiations. The
exposure field was chosen based on the size of the irradi-
ated tumor to expose the entire tumor of the mouse, and a
dosimeter was placed in this field to detect the dosage rate.
Radiation was focused using a collimator of 4 × 4 cm or 2
× 2 cm, depending on the location.

2.6 Immunotherapy experiments

Operative tumor tissue from NSG mice was mechani-
cally disaggregated, triturated through a 1 mL syringe,
and mixed 1:1 with Matrigel matrix (HY-356234, BD Bio-
science). A total of 200 µL of the mixture was injected into
the flank of a 6-week-old C57BL/6 male WT mouse. The
size of the tumors and the state of the mice were mea-
sured. For immunotherapy administration, mice bearing
100 mm3 tumors were randomized into different groups
and intraperitoneally injected with an anti-mouse Ctla-
4 antibody (9D9) (200 µg, HY-P99132, MedChemExpress,
Monmouth Junction,NJ,USA) or IgG2a (HY-P99978,Med-
ChemExpress) on days 7, 10, and 13. Subsequently, tumor
growthwasmeasuredwith calipers every 7 days.Micewere
euthanized, and tumors were collected from all animals
once the tumors reached a volume of 400 mm3.

2.7 Survival analysis

The survival analysis of TCGA-PRADwas performedusing
the website of GEPIA (http://gepia.cancer-pku.cn/). The
ATR and ATM expression and disease-free survival (DFS)
of patients were used for the analysis with quartile cutoff.
For the cohort from the Second Hospital of Tianjin

Medical University and the corresponding mouse sur-
vival analysis, the survival package (version 3.5-7, https://
rdrr.io/cran/survival/) and the survminer package (ver-
sion 0.4.9, https://github.com/kassambara/survminer) in
R were used to construct survival curves and perform sta-
tistical analysis. The data were analyzed via Kaplan‒Meier
analysis and the log-rank test. A P value less than 0.05 was
considered statistically significant. IHC staining results of
CD8 were used to assess the CD8+ T cells infiltration ratio,
and Real-time quantitative PCR (RT-qPCR) were used to
evaluated the ATR expression levels. In PCa patients, the
endpoint for survival analysis was defined by the occur-
rence of biochemical recurrence, characterized by a 2
ng/mL increase in post-treatment PSA levels after radi-
cal radiotherapy completion [34]. Data were analyzed with
median cutoff point. The data are presented as median
survival times with 95% confidence intervals.
In the mouse survival analysis, the time taken for the

tumor to grow to a volume of 400 mm3 was recorded as
the survival time and was used for analysis.

2.8 Irradiation of cells

LNCaP, PC-3, TRAMP-C1, and RM1 cells (8 × 106) were
seeded in a 15 cm dish and cultivated for 24 h in complete
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medium containing 10% FBS prior to irradiation. For γ-
ray irradiation, a Gammacell-40 137Cs irradiator (Atomic
Energy of Canada Limited, Chalk River, ON, Canada)
with a dosage rate of 0.8 Gy per minute was employed.
A single dose of 10 Gy was administered to LNCaP, PC-3,
TRAMP-C1, and RM1 cells.
Senescent cells were generated by irradiation followed

by maintenance culture for 10 days as previously reported
[35], and the cells were harvested on day 10 for protein
expression and interactions analysis using Western blot-
ting, Co-IP, etc. The immune checkpoints expression was
determined on day 14 using fluorescence-activated cell
sorting (FACS) assay [36]. The cells without irradiation
were cultured for 1 day and served as a negative control.

2.9 Western blotting and cellular
fractionation

Western blotting was performed as previously described
[37]. Briefly, the total proteins were obtained from cells
using RIPA buffer (R0010, Solarbio, Beijing, China). Cel-
lular subcomponent proteins were isolated and extracted
using Cell Fractionation Kit (78840, Thermo Fisher Sci-
entific, Waltham, MA, USA) according to the manual
instructions. The protein concentration was quantified
with a BCA protein quantification assay (A55864, Thermo
Fisher Scientific). Equal amounts of protein samples were
mixed with 5× loading buffer (P1040, Solarbio) and boiled
for 15 min. The samples were separated on an SDS‒PAGE
gel and transferred to a nitrocellulose membrane (24937-
79-9, Millipore, Billerica, MA, USA). The membrane was
blocked with 5% milk (D8340, Solarbio) for 1 h at room
temperature and then incubated with the primary anti-
body at 4◦C overnight. The membrane was washed with
1 × TBST three times the next day and incubated with
peroxidase-conjugated secondary antibodies for 1 h at
room temperature. The protein bandswere visualizedwith
SuperSignal West Pico PLUS Chemiluminescent Substrate
(PI34577, Thermo Fisher Scientific). The antibodies used
are shown in Supplementary Table S2.

2.10 β-Galactosidase (β-Gal) staining

A β-Gal staining assay was performed using a Senescence
β-Galactosidase Staining Kit (C0602, Beyotime Biotech-
nology, Shanghai, China) according to the manufacturer’s
protocol [38]. Briefly, the cells were fixedwith fixative solu-
tion for 15 min at room temperature and washed three
times with PBS. The β-Gal staining solution was prepared
according to the instructions and incubated with the cells
overnight at 37◦C. The samples were observed under an
opticalmicroscope, and the senescent cells were dyed blue.

2.11 scRNA-seq analysis

The scRNA-seq datasets can be found in the online repos-
itories of Gene Expression Omnibus (GEO) (GSE234387).
For sample preparation, LNCaP cells were divided into
two groups and seeded at a density of 1×105 cells/cm2 24
h prior to treatment (n = 3 for each group). Then, the
cells were exposed to 2 Gy of ionizing radiation. After 7
days of culture, the unirradiated or RT-resistant cells (>
70% β-Gal staining) were digested with 0.25% (w/v) trypsin
(25200072, Gibco) and collected by centrifugation at 300 ×
g for 4 min at room temperature for subsequent analysis.
Samples with ≥ 90% living cells were analyzed.

2.12 Library construction for scRNA-seq

The whole transcriptomic information of each sample
was captured with 10× Genomics Chromium™ (Pleasan-
ton, CA, USA) according to the manufacturer’s protocol
[39]. Briefly, for gel bead-in-emulsion (GEM) generation
and barcoding, the concentration of the cellular suspen-
sions was adjusted to 1 × 104 cells/µL in PBS containing
0.04% bovine serum albumin (BSA) (11020039, Thermo
Fisher Scientific). According to the manufacturer’s proto-
col for the Chromium Next GEM Chip G Single Cell Kit
(PN1000120, 10× Genomics), a reaction system including
75 µL of Master Mix with a cell suspension, 40 µL of gel
beads containing barcode information, and 280 µL of oil
drops was added to the wells of Rows 1, 2, and 3 for load-
ing onto Chromium Next GEM Chip G. Approximately
10,000-16,000 cells were loaded per reaction, resulting in
a recovery of approximately 6,000-10,000 cells. The chip
was subsequently loaded on the Chromium Controller
to generate single-cell GEMs. The released mRNAs were
transcribed into cDNAs with an Illumina R© R1 sequence,
a 16 nt 10× barcode, a 10 nt unique molecular identifier
(UMI), and a poly-dT primer sequence by reverse tran-
scription. The program was as follows: 53◦C for 45 min,
85◦C for 5 min, and a held at 4◦C. The reactions were
performed on a Bio-Rad C1000 Touch instrument.
For cDNA amplification, Recovery Agent and Dyn-

abeads Cleanup Mix were used to clean the products
from the previous experiment. The full-length cDNAswere
amplified by PCR. A total of 35 µL of clean product was
mixed with 15 µL of Feature cDNA Primers 1 and 50 µL
of Amp mix. The mixture was incubated with a thermal
cycler at 98◦C for 3 min, followed by 11 cycles of 98◦C for
15 s, 63◦C for 20 s, 72◦C for 60 s, 72◦C for 60 s, and a hold
at 4◦C. The amplification products were cleaned using the
SPRIselect reagent.
For 3’ gene expression library construction, the exper-

iment was performed according to the manufacturer’s
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instructions for the Chromium Next GEM Single Cell 3’
Reagent Kit v3.1 (PN-1000121, 10× Genomics). The cDNA
was first digested into 200-300 bp fragments using a ther-
mocycler. Before PCR, the thermal cycler was precooled at
4◦C. For cDNA digestion, a total of 10 µL of purified cDNA
sample was mixed with 5 µL of fragmentation buffer, 10 µL
of fragmentation enzyme, and 25 µL of Buffer EB and then
processed at 32◦C for 5 min, 65◦C for 30 min, and held at
4◦C.An SPRI select Reagent Kit (0.6× SPRI and 0.8× SPRI)
was used to select fragments, perform end repair, and per-
form A-tailing. Then, a PCR was set up to perform adaptor
ligation with a reaction of 50 µL of sample, 20 µL of ligation
buffer, 10 µL of DNA ligase, and 20 µL of Adaptor Oligos.
The thermal cycler was heated at 20◦C for 15 min and held
at 4◦C. Then, 0.8× SPRIwas used for adaptor ligation selec-
tion. A PCRmixture containing 30 µL of sample, 10 µL of SI
primer, and 50 µL of AmpMix was used to add the sample
index. The mixture was incubated in a thermal cycler with
the following protocol: 98◦C for 45 s; 5 cycles of 98◦C for
20 s, 54◦C for 30 s, and 72◦C for 20 s; 72◦C for 1 min; and
a hold at 4◦C. Next, 0.6× SPRI and 0.8× SPRI were used
for double-sided size selection. Finally, fragments contain-
ing connector sequences, including R1, R2, P5, P7, and the
sample index, were produced. The insert size of the library
was examined using an Agilent 2100 system. The effec-
tive concentration and quantification of the library were
performed with a Qubit 3.0 instrument.

2.13 scRNA-seq sequencing

Sequencing of the constructed library was subsequently
performed on the Illumina NovaSeq 6000 platform with a
depth of 20,000 reads per cell and 150-bp (PE150) paired-
end reads. The 16 nt barcodes and 10 nt UMI at the
terminus of Read1 were used to quantify the number of
cells and gene expression, respectively. The cDNA at the
terminus of Read2 was aligned with the reference genome.

2.14 Read alignment

Readswithmismatched barcodes, UMIs containingmono-
oligo chains, unknown bases (N), low-quality bases (Q
<10), or UMI counts < m×10% barcodes were filtered
with 10× Genomics Cell Ranger software (version 3.1.0,
10× Genomics). The clean reads were then mapped to the
human genome (hg38).

2.15 scRNA-seq data processing

Seurat software (version 3.1.1, 10× Genomics) was used
for the downstream analysis [40]. The cells whose unique
feature counts were greater than 2,500 or less than 200

and whose mitochondrial gene percentage was greater
than 30% were filtered for quality control. The level of
cell expression was normalized using the log normaliza-
tion method (scale. factor = 10,000). A total of 2,000
hypervariable genes (HVGs) were selected using the “vst”
method via the FindVariableFeatures function. The Scale-
Data function was used to perform the z score conversion
of the data, and then the dimensionality reduction of
the data was performed via principal component analysis
(PCA) (dimensions = 1: 10). The function FindNeighbors
from the Seurat package was used to calculate the distance
between each cell with the default parameters (dimensions
= 1: 10). The cells were clustered using the FindClusters
function with a resolution value of 0.5. Uniform manifold
approximation and projection (UMAP) was used to obtain
a two-dimensional representation for data visualization.

2.16 Marker gene expression analysis

The differentially expressed marker genes between clus-
ters were analyzed with the function FindAllMarkers.
Genes expressed in at least 25% of the cluster with P
values less than 0.05 and average fold changes greater
than 0.25 were identified as significantly differentially
expressed genes and were used for Gene Ontology
(GO) analysis and Kyoto Encyclopedia of Genes and
Genomes (KEGG) analysis. The GOplot package (ver-
sion 1.0.2, https://wencke.github.io/), the clusterProfiler
package (version 4.10.0), and the org.Hs.eg.db package
(version 3.17.0, https://github.com/bioconda/bioconda-
recipes/tree/master/recipes/bioconductor-org.hs.eg.db)
were used for the GO analysis and KEGG analysis. The
Benjamini‒Hochberg method was used to adjust the P
values. Terms with a P value <0.05 and a Q value < 0.01
were considered significant.

2.17 Pseudotime analysis

For the single-cell trajectory analysis, 10,000 random
cells were selected, and positive marker genes for each
cluster were used to establish pseudotime trajectories
with DDRTree. Analyses were performed using Mono-
cle 2 (version 2.28.0, https://cole-trapnell-lab.github.io/
monocle-release/), with the default parameters of a min-
imum limited detection value of 0.5 and a minimum index
of 0.1.

2.18 Gene set variation analysis (GSVA)

GSVA was performed to estimate the drift of the genes
among the cell clusters [41]. The average gene expression of
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each cluster was calculated and used for analysis with the
GSVA package (version 1.52.2, https://www.bioconductor.
org/packages/release/bioc/html/GSVA.html) and the
default parameters. Gene sets of human immunologic
signature (C7), cell division (Systematic name: M1727) and
epithelial cell proliferation (Systematic name: M15437)
were downloaded from the Molecular Signature Database
(MSigDB, https://www.gsea-msigdb.org/gsea/msigdb).

2.19 Analysis of immune cell
infiltration

The xCell package (version 1.1.0, https://comphealth.ucsf.
edu/app/xcell) [42] was used to calculate the infiltra-
tion levels of immune cells via single-sample gene set
enrichment analysis (ssGSEA). The expression profiles of
TCGA-PRAD cohort were analyzed.

2.20 IHC staining

FFPE tissue samples were cut into 5-µm-thick sections.
The experiment was performed using an UltraSensitive
S-P (Rabbit) IHC Kit (13079S, Cell Signaling Technology,
Boston, MA, USA). All procedures were performed in
accordance with the manufacturer’s instructions. Briefly,
the sections were deparaffinized in xylene and rehydrated
in a graded ethanol series according to standard proto-
cols. Antigen retrieval was performed using an unmasking
solution at 4◦C for 15 min. Endogenous peroxidase activ-
ity was quenched via an incubation with 3% H2O2 for
15 min. The sections were blocked with normal goat
serum (C0265, Beyotime) and incubated for 2 h. Then, the
sections were incubated with primary antibodies, includ-
ing CD8 (1:20000 dilution; 66868-1, proteintech, Wuhan,
Hubei, China), ATR (1:200 dilution; PA5-85507, Invitro-
gen, Carlsbad, CA, USA), p-ATR-T1989 (1:250 dilution;
ab28936, Abcam, Cambridge,MA, USA), CD86 (1:200 dilu-
tion; sc-28347, Santa Cruz Biotechnology, Dallas, TX, USA)
and ATM (1:200 dilution; sc-377293, Santa Cruz Biotech-
nology), at 4◦C overnight. The sections were washed
with PBS three times and incubated with goat anti-rabbit
HRP (1:200 dilution; 8114, Cell Signaling Technology) at
37◦C for 1 h. Then, the sections were washed with PBS
every 5 min for three times. 3,3′-Diaminobenzidine (DAB-
2031, Transgene, Beijing, China) was used to visualize
the antibody-bound antigen. Images were acquired ran-
domly from a 40× field and analyzed with Image-Pro Plus
software (Media Cybernetics, MD, USA).
IHC staining was scored by three investigators, includ-

ing a GU pathologist, to quantify the staining of each
protein. The staining index (SI) was calculated as follows:

the staining intensity and percentage of positive staining
(stained cells/total cells) for any given tissue microarray
(TMA) spot were graded individually. For the staining
intensity, no obvious staining was scored as 0, light yel-
low staining was scored as 1, brownish-yellow staining was
scored as 2, and brown staining was scored as 3. For the
percentage of positive staining, scores were assigned as fol-
lows: 0% = 0, 1%-30% = 1, 31%-60% = 2, and 61%-100% = 3.
The final SI score for each TMA element was obtained by
multiplying the values obtained from the staining intensity
and percentage (SI = staining intensity × positive staining
percentage) andwas used for the correlation analysis. Sam-
ples with SI scores were ranked into three grades: low, 0-3;
intermediate, 4-6; high, 7-9, respectively. For CD8 staining
assay, over 3 foci/slide was identified as high CD8+ T cells
infiltration ratio; 0-2 foci/slide was identified as low ratio
[43]. The antibodies used are listed in Supplementary Table
S2.

2.21 FACS assay

The cells were isolated with trypsin and suspended in PBS.
The extra-membranous antigens, including CD86, Cd86,
MHC II,Mhc II, Cd326, Cd3, andCd8, were analyzed using
the protocols described below. Approximately 1×105 cells
were incubated with APC-conjugated CD86 (clone: IT2.2;
305411, Biolegend, San Diego, CA, USA), FITC-conjugated
Cd86 (clone: GL-1; 105005, Biolegend), MHC II (ab55152,
Abcam), Mhc II (ab139365, Abcam), Percp/Cyanine5.5-
conjugated Cd326 (clone: G8.8; 118219, Biolegend), APC-
conjugated Cd3 (clone: 17A2; 100235, Biolegend), and
PE-conjugated Cd8 (clone: 53-6.7; 100708, Biolegend) anti-
bodies for 30 min in the dark on ice. The cells were
washed three times with PBS. Human MHC II and mouse
Mhc II antibodies were hybridized with Alexa Fluor 488-
conjugated goat anti-mouse IgG (H+L) (A-10680, Thermo
Fisher Scientific) and YSFluor™488-conjugated donkey
anti-rat IgG (H+L) (34406ES60, Yeasen, Shanghai, China)
at 4◦C for 30 min, respectively. Afterward, the cells were
washed three times with PBS and collected by centrifu-
gation at 300 ×g for 4 min at room temperature. The
PBS was discarded, and the cells were then fixed in 4%
paraformaldehyde (P1110, Solarbio) for 15 min and washed
with PBS three times. The number of PBS-resuspended
samples was determined with a BD FACSCanto II sys-
tem flow cytometer and analyzed with FlowJo software
(https://www.flowjo.com/).
For mouse tissue samples, tumors were cut into small

pieces (1 mm) and digested with 2 mg/mL collagenase
(9001-12-1, Sigma‒Aldrich, St. Louis, MO, USA) in DMEM
for 1 h at 37◦C. The cells were filtered through a 45 µm
nylon strainer and resuspended in red blood cell lysis
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buffer (420301, Biolegend) for 3 min at room temperature.
After centrifugation, the cells were then suspended in PBS
with 2% BSA and costained with the following antibodies
for 1 h at room temperature: APC-conjugated Cd45 anti-
body (clone: 30-F11; 103112, Biolegend), FITC-conjugated
Cd4 antibody (clone: RM4-5; 100510, Biolegend), and
PE-conjugated Cd8 antibody (clone: 53-6.7; 100708, Biole-
gend). Then, the cells were washed with PBS three times
and analyzed on a flow cytometer.

2.22 Human PCa specimens and RNA
extraction from human tissues

Total RNAwas extracted from FFPE tissues using a Recov-
erAll Total Nucleic Acid Isolation Kit (AM1975, Thermo
Fisher Scientific) according to the manufacturer’s proto-
col. Briefly, 80 µmthick FFPE tissuesweremixedwith 1mL
of 100% xylene and incubated at 50◦C for 3 min to remove
the paraffin. The tissues containing total nucleic acid with-
out paraffin were collected by centrifugation at 12,000 ×g
for 2 min. The precipitate was washed twice with 1 mL of
100% ethanol. The precipitate was dried in air for 5 min
to remove the residual ethanol. The extracted tissues were
subsequently digested with 200 µL of digestion buffer and
4 µL of protease. RNA was extracted from the tissues by
an incubation at 50◦C for 15 min and then at 80◦C for 15
min. The RNA was collected into a filter cartridge after
being mixed with the isolation additive/ethanol mixture
and centrifuged at 10,000 ×g for 1 min. The filter cartridge
was washed with wash buffers 1, 2, and 3, according to
the manufacturer’s instructions. The remaining DNA was
then removed via an incubation with DNase for 30 min.
The filter cartridge was washed with wash buffers 1, 2, and
3 again, and the clean RNA was eluted with nuclease-free
water. The quality and amount of RNA were estimated
using YSNano-100 (80481ES03, Yeasen).

2.23 RNA extraction from cultured cells

Total RNA was extracted using TRIzol reagent (15596026,
Invitrogen). Approximately 5 × 106 cells were lysed in 1
mL of TRIzol through vortexing and left to stand for 10
min. Chloroform (200 µL, C2432, Sighma-Aldrich) was
added to the lysate to separate the organic phase. The mix-
ture was vortexed and incubated for 10 min. The upper
aqueous phase containing RNA was collected by centrifu-
gation at 12,000 × g for 15 min at 4◦C and transferred to
new sterile, enzyme-free centrifuge tubes. An equal vol-
ume of isopropanol (I811932,MACKLIN, Shanghai, China)
was added to precipitate the RNA. The RNA was col-
lected by centrifugation at 12,000 × g for 15 min at 4◦C.

The samples were washed twice with 75% ethanol. The
ethanol was discarded and the pellet was dried in air at
room temperature for 5 min. The fresh RNA was dis-
solved in sterile, enzyme-free water and assessed using a
YSNano-100 system.

2.24 Reverse transcription PCR
(RT‒PCR)

A total of 1 µg of RNA was reverse transcribed into cDNA
using the PrimeScript Reverse Transcriptase Kit (RR037A;
Takara Bio, Kyoto, Japan). Briefly, a 20 µL reaction sys-
tem containing 1 µg of RNA, 4 µL of 5×PrimeScript Buffer,
1 µL of PrimeScript RT Enzyme Mix I, 1 mL of Oligo dT
Primer (50 µmol/L), 1 µLof random6-mers, andRNase-free
ddH2O was incubated in an Applied Biosystems Sim-
pliAmp PCR system (A24811, Thermo Fisher Scientific)
under the following conditions: 37◦C for 15 min; 85◦C for 5
s; and maintained at 4◦C.

2.25 RT‒qPCR

Hieff UNICON R© Universal Blue qPCR SYBR Green Mas-
ter Mix (11184ES08, Yeasen) was used for real-time PCR,
with a reaction system of 20 µL containing 25 ng of cDNA,
0.4 µL of forward primer (10 µmol/L) and 0.4 µL of reverse
primer (10 µmol/L) per well. The reactions were per-
formed on a Celemetor 96 (80520ES03, Yeasen) with a
program of 1 cycle of 95◦C for 2 min; 50 cycles of 95◦C
for 10 s and 60◦C for 30 s; and 1 cycle of a melting curve
analysis with a temperature increase rate of 0.15◦C/sec.
Each reaction consisted of three parallel experiments.
RNase-free ddH2O was used as a no-template control,
and human glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used to quantify the relative expression of
genes.CDKN1A, CDKN2A, andGAPDH primers were used
as previously described [38, 44]. The primers used are
shown in Supplementary Table S2.

2.26 Chemical compounds

Equal volumes of DMSO (D8371, Solarbio) and ATR/Atr
inhibitors (ATRis/Atris), including VE-821 (HY-14731,
MedChemExpress), VE-822 (S7102, Selleck, Houston, TX,
USA), and ceralasertib (HY-19323, MedChemExpress),
were added to LNCaP, PC-3, TRAMP-C1 and RM1 cells
combined with (RT-resistant) or without (Control) radio-
therapy. The ATRis were diluted to 10mmol/L with DMSO
and applied to approximately 5×105 cells at the follow-
ing doses: VE-821, 5 µmol/L; VE-822, 300 nmol/L; and
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ceralasertib, 1 µmol/L. For the animal experiments, the
recipient dose was 50 mg/kg.

2.27 Plasmids and mutagenesis

Myc-tagged murine Cd86 and human CD86, as well as
Flag-tagged murine March1 and human MARCH1 were
constructed by subcloning the respective cDNAs into the
pcDNA3.1(+)-backbone-Myc or pcDNA3.1(+)-Flag vector
with the T7 promoter by Yeasen Company. The cDNA frag-
ments were amplified by Phusion polymerase (M0530S,
New England Biolabs, Ipswich, MA, USA) using Phusion
High-Fidelity PCR Master Mix (M0531S, New England
Biolabs).
The pLKO.1(+) plasmids encoding non-specific

shRNAs (shCtr), human ATR shRNAs (TRCN0000039613
and TRCN0000039616) and mouse Atr shRNAs
(TRCN0000023909 and TRCN0000023912) were pur-
chased from Sigma-Aldrich. Human NUP93 shRNA pools,
NUP160 shRNA pools, single-guide RNA (sgRNA) of
human MARCH1 and sgRNA of murine March1 were
purchased from Yeasen company.
The fragments, deletion, and points mutagenesis were

oligonucleotide synthesis, purified using High Pressure
Liquid Chromatography (HPLC), and subcloned into
pcDNA3.1-Flag/Myc plasmids by Yeasen company.
The sequences of the cloning primers, including restric-

tion enzyme sites, are provided in the Supplementary Table
S2.

2.28 Clustered regularly interspaced
short palindromic repeat (CRISPR)-Cas9
system

The sgRNAs were synthesized by Yeasen Company and
cloned into the LentiCRISPRv2 plasmid (52961, Addgene,
Watertown, MA, USA) as previously described [44].
Briefly, an equal volume of upstream and downstream
primers of sgRNA (100µmol/L) were mixed and annealed
by a water bath at 95◦C for 10 min, followed by natu-
ral cooling. The LentiCRISPRv2 plasmid was linearized by
BsmBI enzyme (15203ES80, Yeasen) under the following
reaction conditions: 55◦C, 1 h; 80◦C, 20 min; maintained
at 4◦C. The enzymatic digestion system was 0.5 µg Lenti-
CRISPRv2 plasmid, 0.5µL BsmBI enzyme, 2.5 µL of 10 ×
BsmBI Buffer, and ddH2O, for a total of 25 µL reaction
system. Enzymatic products were recovered by TIANgel
Midi Purification Kit (DP209, Tiangen, Beijing, China)
following the manufacturer’s instructions. The linearized
LentiCRISPRv2 plasmid and annealed sgRNA products
were subjected to ligation using T4 DNA ligase (2011A,

Takara Bio) at 37◦C for 4 h, followed by incubation at
4◦C for maintenance. The ligation reaction was performed
using a 10 µL system comprising 25 ng of linearized Lenti-
CRISPRv2 plasmid, 2.5 µL of annealed sgRNA product, 0.2
µL of T4 DNA ligase enzyme, 1 µL of T4 DNA ligase buffer,
and ddH2O to complete the volume. Recombinant plas-
mids were transformed into DH5α competent cells (9057,
Takara Bio) and individual positive clones were identified
by Sanger sequencing (Sangon Biotech, Beijing, China).

2.29 RNA interference

Small interfering RNA (siRNA) of CHEK1
(SASI_Hs01_00027316, and SASI_Hs02_00331483) and
negative control (SIC002) were purchased from Sigma-
Aldrich. LNCaP cells were plated one day in advance to
ensure 70% confluence the next day. The siRNAs were
transfected into LNCaP using Lipofectamine RNAiMAX
(13778030, Thermo Fisher Scientific). The transfection
reagents were replaced with a complete medium after 6 h
of incubation. Then, the LNCaP cells were collected and
assayed 48 h after transfection. Sequence of siRNAs are
listed in Supplementary Table S2.

2.30 Transient transfection

The pcDNA3.1 plasmids were transient transfected into
TRAMP-C1 and LNCaP cells with Lipofectamine 3000
(L3000015, Thermo Fisher Scientific). In short, the cells
were seeded at a density of 2 × 104 cells/cm2 in a 10 cm
dish and allowed to reach approximately 70% confluence
prior to transfection. A total of 15 µg of plasmid DNA was
complexed with 30 µL of P3000 reagent and 45 µL of Lipo-
fectamine 3000, following the manufacturer’s protocol.
The medium was replaced with fresh complete medium 6
h post-transfection. The cells were then collected 48 h after
transfection and utilized for subsequent assays.

2.31 Stable transfection

The pEXQV/pVSV-G/pLKO.1 and psPAX2/
pMD2.G/LentiCRISPRv2 systems were used to for-
mat lentiviruses. In general, HEK293 cells were seeded
in a 10 cm dish at a density of 5 × 104 cells/cm2 at 24
h before transfection. On the day of transfection, the
culture medium was replaced with DMEM lacking FBS.
Plasmids were mixed in Opti-MEM (31985062, Thermo
Fisher Scientific) and co-transfected to HEK293 cells using
Lipofectamine 3000 according to the manufacturer’s pro-
tocol. The medium was replaced with DMEM containing
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10% FBS and sodium Pyruvate (C0331, Beyotime) at 24
h post-transfection. Viral supernatants were collected at
the following 48 h and 72 h. The freshly collected viral
supernatants were filtered through a 0.45 µm membrane
and stored at -80◦C for subsequent use.
LNCaP and TRAMP-C1 cells were seeded at a density

of 2 × 104 cells/cm2 before infection. For infection, the
cell culture medium was replaced with 8 mL of complete
medium and 8mL of the filtered viral supernatant, supple-
mented with 12 µg/mL of polybrene (40804ES76, Yeasen).
After 48 h of infection, the cells were selected with 1 µg/mL
of Puromycin (A1113802, Sigma-Aldrich) for 3-5 days.

2.32 GST-tagged recombinant protein
purification and pull-down of in vitro
transcribed proteins

GST-MARCH1 recombinant plasmids encoding different
portions of MARCH1 were expressed in Escherichia coli
(BL21 competent cell) (9126, Takara Bio) and purified
with glutathione Sepharose 4B beads (GE Healthcare)
(17075601, Cytiva, Marlborough, MA, USA). Full-length
Myc-CD86 was cloned and inserted into the pcDNA3.1
vector with the T7 promoter. Plasmids were linearized
by digestion with Xba I (R0145T, New England Biolabs)
followed by purification with a TNT quick coupled tran-
scription/translation systemkit (L1170, Promega,Madison,
WI, USA), and a total of 200 ng of linearized plasmid
DNA was transcribed in vitro using T7 RNA polymerase
(M0251S, NewEngland Biolabs) and purified withMyc-tag
beads (88842, Thermo Fisher Scientific). Purified GST-
tagged recombinant proteins (2 µg) were incubated with in
vitro transcribed Myc-CD86 proteins (2 µg) in NT2 buffer
[50 mmol/L Tris (pH 7.4), 150 mmol/L NaCl, 1 mmol/L
MgCl2, 0.05% NP-40, 1 mmol/L DTT, 1 × PIC]. The ATR
proteins were purified with ATR antibodies and Protein
A/G beads (88802, Thermo Fisher Scientific) from LNCaP
cell lysates. The mixture was incubated with ATR beads
and 2 mmol/L ATP at 37◦C for 30 min and then at 4◦C
overnight. On the second day, after five washes with PBS,
the proteins were detected by Western blotting.

2.33 Co-immunoprecipitation (Co-IP)

Freshly digested cellswere lysedwith IP buffer (50mmol/L
Tris-HCl (pH 7.4), 150 mmol/L NaCl, 1% NP-40, 1% sodium
deoxycholate, and a 1% protease inhibitor cocktail) on ice
for more than 30 min. Phosphatase λ (PPλ) (P0753S, New
England Biolabs) at a concentration of 100 units/mL was
used to prevent protein phosphorylation. Bafilomycin A1
(Baf-A1) (HY-100558,MedChemExpress) at a working con-

centration of 1 µmol/L was used to inhibit ubiquitination.
The application of PPγ or Baf-A1 depended on the exper-
imental design. Then, the cell lysate was centrifuged at
14,000× g at 4◦C for 15min. The supernatant was collected
and incubated with primary antibodies and Protein A/G
agarose beads. The antibodies were diluted according to
the instructions. Proteins and antibodies were incubated
at 4◦C overnight. The beads were washed with IP buffer
6 times and then boiled for Western blotting analysis, as
previously described [45].

2.34 Prediction of post-translational
modification (PTM)

The software GPS 6.0 (https://gps.biocuckoo.cn), which
integrates 30043 known site-specific kinase–substrate rela-
tionships in 7041 proteins and 22 public resources, was
used for the ATR phosphorylation site prediction. The
FASTA-formatted sequences of the CD86 (Gene ID: 942;
Ensembl: ENSG00000114013) and Cd86 (Gene ID: 12524;
Ensembl: ENSMUSG00000022901) were input into the
screen of the “WEB SERVER” website, and the predicted
phosphorylation sites were subsequently obtained.

2.35 Conserved region detection

We predicted conserved regions in peptides using InterPro
(http://www.ebi.ac.uk/interpro/), an online peptide con-
served region prediction website. The peptide sequences
of MARCH1 from human (Entry: Q8TCQ1), mouse
(Entry: D3YVY0), rat (Entry: D4A6K8), dog (Entry:
A0A8C0NY50), chicken (Entry: A0A8V0Y382), and
African clawed frog (Entry: A0A974I0L6) were down-
loaded from UniProt (https://www.uniprot.org/) and
submitted to InterPro. We divided peptides based on
protein structure and functional regions and performed
sequence comparisons via BLAST to identify conserved
peptides.

2.36 Immunofluorescence (IF) staining

IF experiments were performed as previously described
[46] with modifications. Briefly, LNCaP and TRAMP-C1
cells were fixed with 4% paraformaldehyde for 10 min.
After three washes with PBS, the fixed cells were per-
meabilized with 0.1% Triton X-100 for 20 min, washed
with PBS, and then blocked with PBS supplemented with
5% BSA. The cells were incubated with the primary anti-
body p-ATR-T1989 (dilution 1:250; ab289363, Abcam) at
4◦C overnight. After three washes with PBS, the cells were
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incubated with a secondary antibody conjugated with the
Alexa Fluor 594 dye (48934, Cell Signaling Technology) for
30 min at room temperature. After three washes with PBS,
the cells were counterstained with Vectashield (H-1200,
Vector Laboratories, Newark, CA, USA) containing 4’,6-
diamidino-2-phenylindole (DAPI). Images were captured
using the EVOS FL AUTO 2 system (Thermo Fisher Scien-
tific) and analyzed with ImageJ software (https://imagej.
net/ij/).

2.37 T-cell isolation and activation

T cells were isolated using previously reported methods
[47]. Briefly, fresh lymphocytes were flushed from the
spleens of 6-week-old C57BL/6 male WT mice with PBS
and purified using a lymphocyte isolation kit (P8860, Solar-
bio). T cells were expanded in a 15 mL centrifuge tube
with RPMI 1640 medium containing 10% FBS and 150
U/mL Il-2 (HY-P7077, MedChemExpress) for 24 h. Then,
the T cells were subjected to isotype antigen stimulation
twice every 7 days before being used. The day before anti-
gen stimulation, IFN-γ (HY-P7071, MedChemExpress) at a
concentration of 200 ng/mL was added to cultured tumor
cells to enhance antigen presentation, and a 96-well plate
was prepared by adding 5 µg/mL anti-mouse Cd28 anti-
body (clone: 37.51; HY-P99123, MedChemExpress) to the
wells. On the day of co-stimulation, a total of 2×105 T cells
and 1×104 tumor cells were added to the wells supple-
mented with 150 U/mL Il-2 and 20 µg/mL anti-mouse Pd-1
(clone: RMP1-14; A2122, Selleck). The medium of stimu-
lated T cells was replaced with RPMI 1640 medium (10%
FBS, 150 U/mL Il-2, and 20 µg/ml anti-mouse Pd-1) or
cells were subjected to 1:1 passaging after 2 days of co-
stimulation. The T cells derived from the mice were used
for analysis after 14 days of culture.

2.38 Tumor responsiveness assessment

The proportion of Cd8+ T cells and the degree of tumor cell
apoptosis were analyzed to assess tumor responsiveness.
For the Cd8+ T-cell viability assay, a total of 1×105 T

cells and 2.5×103 tumor cells were seeded in a 96-well
plate precoated with the anti-mouse Cd28 antibody and
cultured in RPMI 1640 medium supplemented with 10%
FBS, 50 ng/mL PMA and 1 µg/mL ionomycin (2030421;
DakeweBioengineering, Shenzhen,Guangzhou, China). T
cells were collected for assays after 24 h of coculture. The
proportion of Cd8+ cells among the total number of Cd3+
cells was analyzed.
For the tumor apoptosis analysis, theT cellswere stained

red with CellTracker Red CMTPX (40717ES50, Yeasen).
The live cells were indicated by negative Caspase 3 expres-

sion. Briefly, a total of 1×104 prestained T cells and 2.5×103
tumor cells were seeded in a 96-well plate precoated with
the anti-mouse Cd28 antibody and cultured in RPMI 1640
medium supplemented with 10% FBS and 0.1 µmol/L
SuperView™488Caspase-3 substrate (40273ES25, Yeasen).
The cells were collected after 2 days of culture and incu-
bated with a Percp/Cyanine5.5-conjugated Cd326 antibody
(clone: G8.8; 118219, Biolegend). The Cd326+ and Caspase
3− cells were considered live tumor cells.

2.39 Statistical analysis

GraphPad Prism 8 and R software were used for statisti-
cal analyses, with a minimum cutoff of P < 0.05. All the
data are presented as the means ± standard deviations
(SDs). Unpaired Student’s t test was used to compare data
with a normal distribution between two groups. The log-
rank test was used for the Kaplan‒Meier plot of the patient
cohort. Datawith a non-normal distributionwere analyzed
using the Mann‒Whitney test. All in vivo experiments
were replicated at least three times. Animal experiments
were performed randomly, with at least n = 6 per group. P
< 0.05 was considered statistically significant.

3 RESULTS

3.1 RT-resistant PCa cells were
insensitive to Ctla-4 antibody treatment

Weperformed a GO analysis on the transcriptomic profiles
of TCGA-PRAD cohort to understand the gain- and loss-
of-function of RT-resistant PCa. The GO analysis revealed
that T-cell activation, immune effector processes, and
lymphocyte-mediated immunity were among the top 20
significantly downregulated pathways in RT-resistant PCa
patients of TCGA-PRAD cohort, compared with the RT-
sensitive group (all P < 0.001, Figure 1A). Among the RT-
resistant related immune genes obtained from the GO list
(Supplementary Table S3), the T cell activation-associated
genes were notably implicated. The Kaplan-Meier sur-
vival analysis of the 142 samples from the RT-resistant
group of the SecondHospital of TianjinMedical University
cohort revealed that the upregulation of CD8+ T cell infil-
tration was associated with longer post-RT biochemical
recurrence-free survival (P < 0.01, Figure 1B, Supplemen-
tary Figure S1A). However, survival in the RT-sensitive
group was not associated with CD8+ T-cell infiltration
(Supplementary Figure S1B). These findings imply that the
suppression of immune pathways could be a radiotherapy-
induced characteristic of PCa that does not respond to
radiotherapy.
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12 SHAO et al.

F IGURE 1 Cancer cell senescence is associated with resistance to immunotherapy. (A) Gene Ontology biological process (GO
BP) analysis of RT-resistant PCa (n = 15) vs. RT-sensitive PCa (n = 39) from TCGA-PRAD dataset. The top 20 pathways with the lowest P
values are shown for the upregulated (up) and downregulated (down) groups (Fisher’s exact test). Purple asterisks indicate immune-related
pathways. P value < 0.05 was considered statistically significant. (B) Kaplan‒Meier plot showing biochemical-recurrence-free survival of
patients with high and low level of CD8+ T cell infiltration in the RT-resistant PCa cohort of the Second Hospital of Tianjin Medical
University. Patients were divided based on the medium CD8 expression levels (n = 71 for each group). (C) Schematic representation of the
experimental strategy for measuring immune function in cells stimulated with RT in vivo. TRAMP-C1 cells were implanted subcutaneously
into both sides of 6-week-old NSG male mice. RT-resistant tumors were generated using unilateral ionizing radiation (X-ray, 10 Gy) and are
shown in rose red. Untreated tumor cells served as controls and are shown in green. The control and RT-resistant tumor cells were injected
into the flanks of 6-week-old male C57BL/6 WT mice to eliminate the immune response to anti-Ctla-4 antibody treatment. Anti-Ctla-4
treatment and immune function measurements were performed as described above. (D) Tumor volume analysis of control, control +
anti-Ctla-4, RT-resistant, and RT-resistant + anti-Ctla-4 tumors in WT C57BL/6 mice (n = 6 for each group). The control group of mice
received an equivalent concentration of the IgG2a isotype control antibody. The purple triangle indicates the anti-Ctla-4 injection. The data
are presented as the means ± SDs. The tumor volume curves were statistically analyzed via two-sided Student’s t tests. (E) Survival analysis of
control, control + anti-Ctla-4, RT-resistant, and RT-resistant + anti-Ctla-4 tumors in WT C57BL/6 mice (n = 6 for each group). The control
group of mice received an equivalent concentration of the IgG2a isotype control antibody. Survival curves were analyzed using the log-rank
test. * P < 0.05, ** P < 0.01, *** P < 0.001, and ns, not significant. Abbreviations: GO BP, Gene Ontology biological process; NSG,
NOD.Cg-PrkdcscidIl2rgTm1Wj1/SzJ; PCa, prostate cancer; RT, radiotherapy; RTres, radiotherapy resistant; SD, standard deviation; TCGA, The
Cancer Genome Atlas; PRAD; WT, wild-type.

We generated TRAMP-C1 tumors in immunodeficient
NSG mice to test whether the RT-related pathway sensi-
tized tumors to antitumor immunotherapy. Both tumors
located on opposite sides of the same animal, with the
same volume, were subjected to treatment with or without

radiation to induce the development of RT-resistant
tumors. The tumor volumes of the two groups were very
similar (Supplementary Figure S1C-D). Next, we tested the
antitumor immunity of the implanted tumors (Figure 1C).
RT-resistant tumors implanted in WTmice exhibited slow
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SHAO et al. 13

growth and did not respond to treatment with anti-Ctla-4
antibodies, in contrast to the control tumors, which
were sensitive to this antibody treatment (Figure 1D).
The survival data revealed that the RT-resistant group
had slightly prolonged survival but didn’t sensitive to
immunotherapy (Figure 1E). In addition, we observed a
decrease in the expression of CD86 in RT-resistant PCa
cells, but the expression of MHC I and MHC II remained
unchanged (Supplementary Figure S1E-F). Thus, these
findings suggest that Ctla-4 antibody treatment does
not confer any additional antitumor immunity benefits
to RT-resistant PCa cells in the transplantable tumor
model.

3.2 RT-resistant PCa cells exhibited
senescent features and ATR activation

Given the diminished immune response in RT-resistant
PCa, we investigated the underlying genetic factors asso-
ciated with these cells. The cellular diversity of PCa cells
was profiled by scRNA-seq to characterize the tempo-
ral dynamics of PCa cells under RT stress. scRNA-seq of
unirradiated LNCaP cells and RT-resistant LNCaP cells
revealed different cellular properties (Figure 2A-B). Clus-
ter 4, 6, and 9 were RT-resistant cell clusters exhibiting a
loss of immune pathways (Figure 2C). A senescent path-
way was found in Cluster 4 and 6 (Supplementary Figure
S2A). Moreover, our data indicated that more than 50%
of RT-resistant PCa cells were positive for β-Gal (Supple-
mentary Figure S2B). However, we still found that approxi-
mately 40% of RT-resistant PCa cells activated cell division
and proliferation pathways (Supplementary Figure S2C),
suggesting that RT-resistant cells survived and replicated.
A pseudotime analysis of the cells using Monocle 2 sug-
gested two diverging cell fates, starting at Cluster 7 (only in
the control group), progressing toward Cluster 0 at one end
and Cluster 3, 5 and 8 at the other end, with Cluster 4, 6,
and 9 indicating an intermediate state and spreading along
the axis (Figure 2D-E). One end of the pseudotime trajec-
tory was characterized by cell proliferation events, such
as routes involved in chromosomal segregation, nuclear
division, and the cell cycle. The other end of the pseu-
dotime trajectory was marked by cell development events
with nervous system development related pathways acti-
vated (Figure 2E and Supplementary Figure S2D), which
were consistent with the clinical PCa tumor progression
data [48, 49]. However, the pseudotime analysis revealed
an intriguing intermediate state in which PCa senescence
occurred as a result of RT stress. The KEGG analysis
revealed that the DNA replication pathway was present
in Clusters 4 and 6 (Supplementary Figure S2A), which
were unique to RT resistant. ATR is one of the most impor-

tant genes upstream of DNA replication signaling [50, 51].
Interestingly, we detected a similar early-to-late trajectory
of ATR with the senescence marker genes CDKN1A and
CDKN2A [38, 52] (Figure 2F and Supplementary Figure
S2E), suggesting that these clusters highly expressed the
ATR gene along with senescence markers. The gene dis-
tribution analysis revealed that ATR levels were positively
associated with CDKN1A/CDKN2A expression and nega-
tively associated with the RNA levels of PARP1 and PRKDC
(encoding DNAPKcs) in RT-resistant specific Clusters 4
and 6 (Figure 2G). However, there was no change in the
expression of CD80 and CD86was observed in the clusters
(Supplementary Figure S2F), indicating that senescence
does not affect the B7 family at the RNA level. Precom-
puted data from the xCell website revealed an interesting
finding: patients with higher ATR expression had a highly
immunosuppressive tumor microenvironment consisting
of a low proportion of CD8+ naïve T cells and T helper type
1 (Th1) cells, as well as an abundance of T regulatory (Treg)
cells (Supplementary Figure S2G), which was consistent
with T-cell infiltration in PCa tumors [48]. In vitro cocul-
ture experiments revealed that senescent PCa cells were
involved in immune escape (Supplementary Figure S2H).
These findings imply a substantial association between
RT-resistant PCa cells and immunological responses.
Thus, the data indicated that specific subgroups within the
RT-resistant population presented senescence-associated
traits, notably with elevated expression of ATR. In terms of
molecular mechanisms, ATR appears to be significant fac-
tor linking cellular senescence to T-cell-mediated immune
responses.

3.3 The senescence-related protein ATR
negatively regulated CD86 expression at
the protein level

We assessed the ATR protein levels in FFPE tissues
matched with RNA data to thoroughly investigate the
relationships between ATR expression, immunological
processes, and senescence. The samples characterized
by high expression of both CDKN1A and CDKN2A
(CDKN1AhighCDKN2Ahigh) were considered as senes-
cent tissue samples (Supplementary Figure S3A).
Senescent tissues were verified by the expression of
the canonical senescence-associated secretory pheno-
type (SASP) factors IL-6, IL-8, SPINK1, SFRPS, and
MMP3 (Supplementary Figure S3B). Consistent with
the scRNA-seq data, CDKN1AhighCDKN2Ahigh clinical
senescent tissues presented a higher level of ATR stain-
ing than CDKN1AlowCDKN2Alow tissues (Figure 3A).
The IHC analysis revealed that approximately 70% of
CDKN1AhighCDKN2Ahigh tumors exhibited strong or

 25233548, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cac2.12636 by Z

hixiang L
in , W

iley O
nline L

ibrary on [19/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



14 SHAO et al.

F IGURE 2 scRNA-seq analysis of cancer cell senescence. (A) Schematic diagram of scRNA-seq of LNCaP RT-resistant cells. The
cells treated with (RT-resistant cells, rose red) or without (control cells, green) radiation were analyzed via scRNA-seq. (B) UMAP analysis of
16,664 single cells, color-coded by clusters (left) and group (right). The control group and the RT-resistant group shared the same clusters
(Cluster 1, 2, 3, 5, and 8). Cluster 7 was unique to the control group. Clusters 4, 6, and 9 were the main components of the RT-induced
senescence group. (C) Heatmap of the enrichment of immune-related gene sets in each cluster according to GSVA. Differences in pathway
activities were scored for each cluster using GSVA, and Cluster 4, 6, and 9 (columns) presented lower scores for immune-related pathways
(rows) than the other clusters did. The GSVA score represents the absolute enrichment of the gene set in each sample. (D) Pseudotime
trajectories of cells of each cluster analyzed by Monocle 2. (E) Randomly, 10,000 cells are ordered along pseudotime trajectories, and the cells
differentiate into two fates from the prebranch, with the cells color-coded by cluster. (F) Kinetic plots showing the associations between
senescence-related gene expression and trajectory states. The expression levels of ATR, CDKN1A, and CDKN2A were arrayed along the
pseudotime trajectory, whereas the expression levels of CDKN1A increased at state 1 and decreased at state 2. (G) The expression of the ATM,
ATR, CDKN2A, CDKN1A, PARP1, and PRKDC genes in each cluster and group is shown in the violin plot. Compared with the control group,
the senescence groups expressed higher levels of related genes in Cluster 4 and 6. Abbreviations: ATM, ataxia telangiectasia mutated; ATR,
ataxia telangiectasia and Rad3-related protein; CDKN1A, cyclin-dependent kinase inhibitor 1A; CDKN2A, cyclin-dependent kinase inhibitor
2A; GSVA, gene set variation analysis; PARP1, poly (ADP‒ribose) polymerase 1; PRKDC, Protein Kinase C Delta; RTres, radiotherapy-resistant;
scRNA-seq, single-cell RNA sequencing; UMAP, uniform manifold approximation and projection.
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SHAO et al. 15

F IGURE 3 ATR and CD86 protein levels in clinical samples. (A) Total ATR and CD86 IHC staining results from 96 patients with
RT-resistant PCa. Left panel, representative images of ATR and CD86 staining grade; right panel, quantitative data for the total percentage of
ATR and CD86 protein staining. Statistical significance was determined by the Wilcoxon rank-sum test. *** P < 0.001. (B) Kaplan‒Meier
survival analysis of the relationship between the level of ATR and biochemical-recurrence-free survival time of PCa patients from the Second
Hospital of Tianjin Medical University cohort. The left panel shows the analysis of all samples (n = 151 per group), and the right panel shows
the analysis of the RT-resistant samples (n = 71 per group). P values are shown in the figures. (C) FACS analysis of the surface expression of
CD86 following ATR inhibition by ceralasertib, VE-821, or VE-822 in RT-resistant PCa cells. After 48 h of inhibitor treatment, a flow cytometry
analysis was performed from three independent experiments. Abbreviations: ATR, ataxia telangiectasia and Rad3-related protein; CDKN1A,
cyclin-dependent kinase inhibitor 1A; CDKN2A, cyclin-dependent kinase inhibitor 2A; IHC, immunohistochemistry; PCa, prostate cancer;
RTres, radiotherapy-resistant.
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SHAO et al. 17

intermediate staining for ATR but that approximately 15%
of the tumors exhibited staining for CD86 (Figure 3A).
CD80 was undetectable in PCa tissues (Supplementary
Figure S3C). The patient survival data indicated that
higher ATR expression was associated with shorter
biochemical-recurrence-free survival in PCa patients in
our post-RT cohort (Figure 3B) and in TCGA cohort (Sup-
plementary Figure S3D). Another DNA repair gene, ATM,
was not associated with DFS survival or the expression
of senescence markers (Supplementary Figure S3E-F),
suggesting that ATR may be a senescence-related protein
without a DNA repair function in PCa. Similarly, equiv-
alent RNA levels of CD86 were detected in control and
RT-resistant cells (Supplementary Figure S3G), suggesting
that senescence mediated CD86 expression at the protein
level through ATR activation. An analysis of CD86 expres-
sion on the surface of the membrane revealed a significant
reduction in the LNCaP RT-resistant group, whereas
this decrease was reversed by ATRis, leading to the
restoration of CD86 expression on the surface (Figure 3C
and Supplementary Figure S3H-I). We conducted in
vitro coculture experiments of T cells with tumor cells
derived from TRAMP-C1 and RM1 lines to assess how
T cells respond to tumors with low Cd86 expression and
the effects of Atris. The data revealed that the overex-
pression of Cd86 promoted the killing of PCa cells by T
cells (Supplementary Figure S3J-K). Atris enhanced the
capacity of T cells to kill tumor cells and increased the
proportion of CD8+ T cells among the total T cells (Supple-
mentary Figure S3L-N). These results demonstrated that
senescence mediated CD86 protein expression through
ATR.

3.4 Senescence released cytosolic ATR

Next, we sought to understand the molecular mechanism
by which ATR mediates the production of CD86, a key
ligand of CTLA-4. Knockdown of ATR increased CD86
protein levels but did not affect CD80 levels (Supplemen-
tary Figure S4A). We also found that the depletion of
ATR rescued the protein levels of CD86 in RT-resistant
PCa cells (Figure 4A). Notably, CHK1, the downstream
target of ATR, plays a role in activating apoptosis to kill
cells or triggering DNA repair [53]. However, in this study,
we ruled out the possibility that ATR might phosphory-
late CD86 through CHK1 (Supplementary Figure S4B).
Interestingly, CD86 ubiquitination was increased by Baf-
A1 in RT-resistant PCa cells (Supplementary Figure S4C),
suggesting that CD86 is involved in endosome recycling.
CD86 degradation may involve MARCH1-mediated ubiq-
uitination [54, 55]. Knocking out MARCH1 rescued the
protein level of CD86 in RT-resistant PCa cells (Figure 4B
and Supplementary Figure S4D). Ubiquitination assays
revealed that senescence increased the ubiquitination of
CD86 in LNCaP cells that were resistant to RT. Conversely,
the suppression of ATR activity mitigated this increase in
ubiquitination (Supplementary Figure S4E). A previous
study showed that ATR functions as a cytosolic protein
to regulate ultraviolet-induced apoptosis [56]. As CD86 is
a protein found in the cell membrane, we investigated
whether ATR directly affects CD86 levels in the cytoplasm.
The results of the cell fractionation assays revealed that
the ATR protein was expressed in both the nucleus and
cytoplasm of PCa cells (Figure 4C-D). Additionally, T1989
site-phosphorylated ATR (p-ATR) was activated in the

F IGURE 4 ATR downregulated CD86 expression in PCa cells. (A) Western blotting revealed that ATR was knocked down in
LNCaP parental and RT-resistant cells. The cells were infected with a nonspecific shRNA (shctr) or two independent ATR shRNA mixtures,
and after 48 h, the cells were harvested for Western blotting. β-TUBULIN served as an internal control. (B) Cells were infected with a
nontargeting sgRNA (parental) orMARCH1 sgRNAs. The parental cells andMARCH1-KO cells were selected with puromycin for 2 weeks,
after which the single clones were cultured and unirradiated or irradiated. The unirradiated and senescent cells were harvested for Western
blotting. β-TUBULIN was used as an internal control. (C) LNCaP cells were treated with 10 Gy of radiation (acquired at 1 h post-radiation),
ultraviolet (254-nm lamp at a frequency of 0.83 J/m2/sec) or senescence (acquired at 10 days after 10 Gy radiation). The cells were lysed with
different buffers to obtain fractions of the cytoplasm and nucleus. ATR and p-ATR (Thr1989) levels were determined using Western blotting.
β-TUBULIN served as a cytoplasmic control; Histone 3 served as a nuclear control. (D) LNCaP and TRAMP-C1 cells were treated with the
sham, 10 Gy of radiation (acquired immediately after irradiation, short-term), or senescence (acquired at 10 days after 10 Gy radiation,
long-term). p-ATR (Thr1989) levels were detected using IF staining. (E) Expression levels of ATR and p-ATR(Thr1989) in LNCaP cells along
with cellular senescence. LNCaP cells were treated with 10 Gy of radiation to induce senescence. β-Gal staining at days 0, 1, 4, 6, and 7 is
shown. The cells were lysed with different lysis buffers at different times after irradiation to obtain fractions of the cytoplasm and nucleus.
ATR and p-ATR (Thr1989) levels were detected using Western blotting. β-TUBULIN served as a cytosolic control; Histone 3 served as a nuclear
control. (F) p-ATR (Thr1989) IHC staining in 96 RT-resistant PCa samples. Left panel, representative images of p-ATR IHC staining grade;
right panel, quantitative data for p-ATR protein staining. Statistical significance was determined by the Wilcoxon rank-sum test. * P < 0.05, **
P < 0.01, *** P < 0.001, and ns, not significant. Abbreviations: β-Gal, β-galactosidase; ATR, ataxia telangiectasia and Rad3-related protein;
CDKN1A, cyclin-dependent kinase inhibitor 1A; CDKN2A, cyclin-dependent kinase inhibitor 2A; IF, immunofluorescence; IHC,
immunohistochemistry; IR, irradiation; KO, knockout; MARCH1, membrane-associated ring-CH-type finger 1; RTres, radiotherapy resistant;
sgRNA, single guide RNA; shRNA, small hairpin RNA or short hairpin RNA; UV, ultraviolet
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18 SHAO et al.

F IGURE 5 ATR phosphorylates CD86 to increase its interaction with MARCH1 in human and mouse PCa cells. (A) Western
blots of samples from RT-resistant LNCaP cells subjected to Co-IP assays with IgG, anti-CD80, or anti-ATR antibodies. (B) Western blotting
assay shows ATR KO in RT-resistant LNCaP cells. The cells were infected with nonspecific shRNAs (shCtr) or two independent ATR shRNAs,
and after 48 h, the cells were harvested for Western blotting. (C) LNCaP cells were infected with Flag-MARCH1 andMyc-CD86 full-length or
1-229 amino acid or 229-329 amino acid, and after 48 h, the cells were harvested for IP and Western blotting. FL, full length. (D) Western blots
show the human CD86 phosphorylation sites. Upper panel, a diagram shows the different domains of human CD86 and possible
phosphorylation sites in CD86. Variable domain (IgV), constant domain (IgC), transmembrane domain (TM). Lower panel, Western blots of
samples from the Co-IP analysis using IgG or an anti-Myc-CD86 antibody and lysates from LNCaP cells transfected with WT CD86 and point
mutants. (E) Western blotting was used to identify phosphorylation sites in murine Cd86. Upper panel, a diagram shows the different
domains of murine Cd86 and possible phosphorylation sites in murine Cd86. Lower panel, Western blots of samples from the Co-IP analysis
using IgG or an anti-Myc-Cd86 antibody and lysates from TRAMP-C1 cells transfected with WT Cd86 and point mutants. (F) Western blots of
samples subjected to Co-IP analysis with IgG, anti-Myc-CD86, and anti-Flag-MARCH1 antibodies in lysates from LNCaP cells. The cell lysate
was treated with PPλ at 30◦C for 30 min. (G) Western blots of TRAMP-C1 cell lysates that were subjected to Co-IP analysis with rabbit IgG,
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SHAO et al. 19

cytoplasm through RT-induced senescence (Figure 4C-D
and Supplementary Figure S4F). We found that nuclear
ATR was phosphorylated at 12 h post-radiation, but both
the cytosolic ATR and p-ATR levels were increased by RT-
induced senescence (Figure 4E). The cytosolic location
and upregulation of p-ATR were verified in human PCa
tissues via IHC staining (Figure 4F). Notably, senescence
opens nuclear pore complexes and releases some nuclear
molecules into the cytoplasm [57, 58]. We found that the
release of ATR from the cytoplasm was blocked by the
absence of nuclear pore complex formation when NUP93
and NUP160 were knocked down (Supplementary Figure
S4G). These data indicated that the senescence-induced
cytosolic translocation of ATR induced the upregulation of
CD86 in PCa cells.

3.5 Interaction between CD86 and
MARCH1 through the phosphorylation of
CD86

Co-IP experiments revealed the interaction between
endogenous ATR and CD86 (Figure 5A). We found that
ATR bound to the CD86 cytosolic domain in LNCaP cells
(Supplementary Figure S5A). Fragment deletion experi-
ments revealed that ATR was associated with the amino
acid 304-329 domain of CD86 in LNCaP cells (Supplemen-
tary Figure S5B). The panshosphorylation data revealed
that ATR knockdown inhibited the panshosphorylation
of CD86 (Figure 5B). We predicted the possible phospho-
rylation sites on CD86 using the software GPS 6.0. The
PTM prediction revealed four possible ATR phosphoryla-
tion sites in the cytoplasmic domain of human CD86 and
mouse Cd86 (Supplementary Figure S5C). The cytoplas-
mic domain and the transmembrane domain have been
identified as the regions where CD86 interacts with its
E3 ligase MARCH1 [54, 59]. We confirmed that MARCH1
bound to the cytoplasmic domain of CD86 (Figure 5C).
To investigated the impact of ATR-induced phosphoryla-
tion on the binding of CD86 and MARCH1, we conducted
site-directed mutagenesis of the phosphorylation sites in
the cytoplasmic domain of CD86. The Co-IP assays and
Western blotting assays showed that mutations of the
phosphorylation sites S279A, T286A, or T295A partially

hindered the interaction between CD86 and MARCH1,
whereas the S292A mutation did not have the same effect
(Figure 5D). Similarly, alterations of phosphorylation sites
in the same area of mouse Cd86 also partially impeded the
interaction between Cd86 and March1 in TRAMP-C1 cells
(Figure 5E). The interaction between CD86 and MARCH1
was decreased by PPλ in both human and murine PCa
cells (Figure 5F-G). ATR depletion reduced the interaction
between wild-type CD86 and MARCH1 but did not affect
the interaction with the CD86 S279A, T286A, and T295A
mutants (Figure 5H).
We transcribed and translated CD86 and MARCH1 in

vitro to explore whether phosphorylation has a direct
or indirecteffect on the CD86-MARCH1 interaction.
MARCH1 binding to CD86 was directly reliant on ATP
and ATR (Supplementary Figure S6A). We also observed
that CD86 bound to the C-terminal cytoplasmic domain
of MARCH1 (Figure 6A). Based on the amino acids in
the cytoplasmic region of MARCH1, we identified two
conserved regions (RRLK and KKLEK) in the MARCH1
cytoplasmic region in different species (Figure 6B). We
hypothesized that phosphorylation at specific sites on
CD86, located in the cytoplasmic region, strengthens
binding to the MARCH1 cytoplasmic domain through
electrostatic interactions. This hypothesis was tested
through experiments with targeted deletions, which
revealed that the RRLK motif of CD86 significantly
influences the interaction with MARCH1 (Figure 6B).
Deletion or mutation of the RRLK motif impaired the
interaction between CD86 and MARCH1 in human PCa
cells and mouse PCa cells (Figure 6C-E). Additionally,
we discovered that in both human and mouse PCa cells,
the ubiquitination of CD86 was somewhat reduced by
mutations of three phosphorylation sites: all mutations or
RRLK deletion (Supplementary Figure S6B). Basic amino
acid exchange blocked the degradation of CD86 induced by
ATRis (Figure 6F and Supplementary Figure S6C). Com-
pared with those in control tumors, RT-resistant tumors
with RRLK domain-deletion implanted in WT mice were
profoundly sensitized to anti-Ctla-4 antibody treatment
(Figure 6G-H and Supplementary Figure S6D). Therefore,
these data suggest that ATR phosphorylates CD86 to
enhance the interaction between CD86 and MARCH1
(Figure 6I).

anti-Myc-Cd86, or anti-Flag-March1 antibodies. The cell lysate was treated with PPλ at 30◦C for 30 min. (H) IP assay showing ATR
knockdown in RT-resistant LNCaP cells. The cells were infected with nonspecific shRNA (shCtr) or two independent ATR shRNA mixtures
along withMyc-CD86-WT orMyc-CD86-3Amut (S279A, T286A, or T295A), and after 48 h, the cells were harvested for Co-IP assays with IgG
or anti-Myc-CD86. β-TUBULIN was used as an internal control. Abbreviations: ATR, ataxia telangiectasia and Rad3-related protein; FL, full
length; IgC, constant domain; IgV, variable domain; IP, immunoprecipitation; KO, knock out; MARCH1, membrane-associated ring-CH-type
finger 1; PPλ, phosphatase λ; RT, radiotherapy; shRNA, small hairpin RNA or short hairpin RNA; TM, transmembrane domain; WT, wild type.
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20 SHAO et al.

F IGURE 6 The conserved RRLKmotif is critical for the interaction of MARCH1 with CD86. (A) LNCaP cells were infected with
Myc-CD86 and Flag-MARCH1 full-length or 1-154 amino acid, 155-218 amino acid, or 219-289 amino acid fragments, and after 48 h, the cells
were harvested for Flag IP and Western blotting. FL, full length. (B) Conserved amino acids in MARCH1 from human, mouse, rat, dog,
chicken, and African clawed frog are highlighted in yellow. LNCaP cells were infected with the Flag empty vector, Flag-MARCH1WT, or
Flag-MARCH1 RRLK-deleted mutants (-del), and after 48 h, the cells were harvested for Flag IP and Western blotting. (C) Western blotting
assay for the human CD86-MARCH1 binding site identification. Upper panel, a diagram showing different domains of the human MARCH1
and basic amino acids in the RRLK motif of MARCH1. Lower panel, Western blots of samples subjected to Co-IP analysis using IgG or
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3.6 The combination of ATR and Ctla-4
inhibited immune evasion

We evaluated the progression of tumors and their response
to immunotherapy to assess the impact of ATR on anti-
tumor immunity and cancer sensitization. Our findings
indicated that, compared with control tumors, tumors
with reduced Atr expression exhibited slower growth and
increased sensitivity to anti-Ctla-4 antibody treatment
when implanted into WT mice (Figure 7A). The survival
data revealed that Atr-deficient tumors prolonged mouse
survival in response to immunotherapy (Figure 7A). Cd86
expression in tumors was detected and the results sug-
gested that the loss of Atr upregulated Cd86 protein levels
in tumors (Supplementary Figure S7A). We obtained sim-
ilar results in mouse tumors after ATRi treatment. A
combination of a murine anti-Ctla-4 monoclonal antibody
and ATRi (ceralasertib) resulted in slower tumor growth
and longer survival in mice (Figure 7B). Western blotting
assays revealed that ceralasertib upregulated Cd86 pro-
tein levels in tumors (Supplementary Figure S7B). The
body weights of the mice were decreased after treatment
with anti-Ctla-4 antibodies or ceralasertib (Supplementary
Figure S7C-D). Moreover, both Atr knockdown and ATRis
significantly increased the infiltration of immune effec-
tors, including Cd45+Cd8+ T cells and Cd45+Cd4+ T cells,
into RT-resistant tumors (Figure 7C). Consistent with the
effects on tumor regression, cotreatment with ATR and
Ctla-4 inhibitors dramatically increased Cd45+Cd8+ and
Cd45+Cd4+ T-cell infiltration (Figure 7C). These data sug-
gest that the absence of Atr leads to an increase in immune
responses within senescent tumor cells (Supplementary
Figure S7E).

4 DISCUSSION

In this study, we pinpointed the pathways associated with
the loss of the immune response in RT-resistant PCa,
with a particular focus on intrinsic cellular factors. Our
findings indicate that senescent PCa cells are resistant
to immunotherapy, which is attributed to specific post-
translational modifications of CD86. The modification of
CD86 by cytosolic ATR enhances the binding of the E3
ubiquitin ligase MARCH1. The scRNA-seq analysis pro-
vided novel insights into senescence progression and the
tumor microenvironment in PCa.
Previous studies of senescence have focused primarily

on the tumormicroenvironment, such as the roles of senes-
cent CD8+ T cells [60, 61] and NK cells [62]. However, the
role of cancer cell senescence in cancer–immune crosstalk
remains unclear. In this study, we focused on intrinsic
molecules in PCa cells and tried to to figure out how PCa
cells evolve after RT. Senescent cancer cells induced by
radiotherapy are challenging to sample in vivo because
of the small size or disappearance of metastatic cancers
posttreatment, making the collection of samples for IHC
staining or scRNA-seq to identify senescent subgroups dif-
ficult. We utilized a mouse model to mimic the treatment
of senescent tumors with radiotherapy. The GO analysis
of TCGA-PRAD cohort revealed that senescent PCa was a
more common immune reaction-related cancer than RT-
sensitive PCa was, which was consistent with a report that
late-passage PCa cells inmice do not respond to anti-Ctla-4
antibody treatment. We further discovered that senescent
tumors in WT mice did not respond to anti-Ctla-4 anti-
body treatment. Interestingly, the PCa senescent state was
revealed by a pseudotime analysis using scRNA-seq to be

anti-Flag-MARCH1 antibodies in lysates from LNCaP cells transfected with WTMARCH1 andMARCH1 point mutants. (D) Western blotting
assay for murine Cd86-March1 binding site identification. Upper panel, a diagram showing different domains of murine March1 and basic
amino acids in the RRLK motif March1. Lower panel, Western blots of samples from the Co-IP analysis of lysates from TRAMP-C1 cells
transfected with WTMarch1 and point mutantMarch1. (E) LNCaP cells were infected withMyc-CD86 and Flag-MARCH1WT, Flag-MARCH1
RRLK/AALA mutants (AALA), or Flag-MARCH1 RRLK/DDLD mutants (DDLD), and after 48 h, the cells were harvested for Flag IP and
Western blotting. (F) LNCaP cells were infected with a Flag empty vector, Flag-MARCH1WT, Flag-MARCH1 RRLK/AALAmutant (AALA), or
Flag-MARCH1 RRLK/DDLD mutant (DDLD) and treated with or without an ATR inhibitor (ATRi, ceralasertib 1 µmol/L). After 48 h, the cells
were harvested for Western blotting. (G) TRAMP-C1 parental orMarch1-KO cells were infected with the Flag empty vector, Flag-March1WT,
or Flag-March1 RRLK-deleted mutant (-del), and after 48 h, the cells were harvested for Western blotting. (H) Implanted tumor volume in WT
C57BL/6 mice.March1-KO TRAMP-C1 cells transfected withMarch1-WT orMarch1-RRLK-deletion were injected into the flanks of WT mice
and administrtion with or without anti-Ctla-4 (n = 6 for each group). The cells in all the groups were subjected to unilateral ionizing radiation
(X-ray, 10 Gy). Purple triangle, antic-Ctla-4 injection. The data are presented as the means ± SDs. Tumor volume curves were estimated by
two-sided Student’s t test; *P < 0.05, **P < 0.01, ***P < 0.001 and ns, not significant. (I) A diagram showing the positive‒negative interaction
between MARCH1 and CD86. Abbreviations: AA, amino acid; AALA, Flag-MARCH1 RRLK/AALA mutation; ATRi, ATR inhibitor; Ctla-4,
cytotoxic T-lymphocyte-associated protein 4; DDLD, Flag-MARCH1 RRLK/DDLD mutation; del, deletion mutation; EC, extracellular
cadherin; FL, full length; IP, immunoprecipitation; KO, knockout; MARCH1, membrane-associated ring-CH-type finger 1; ns, no significance;
RING-CH, really interesting new gene-cysteine-histidine; SD, standard deviation; TM, transmembrane domain; WT, wild type; WT, wild-type.
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22 SHAO et al.

F IGURE 7 Atr inhibition overcomes the resistance of senescent TRAMP-C1 cells to anti-Ctla-4. (A) Implanted senescent tumor
volume (left panel) and survival analysis (right panel) of control, Atr KD, control + anti-Ctla-4, and Atr KD + anti-Ctla-4 tumors in WT
C57BL/6 mice (n = 6 for each group). The control group of mice received an equivalent concentration of the mouse IgG2a isotype control
antibody. The purple triangle indicates the anti-Ctla-4 injection. (B) Implanted senescent tumor volume (left panel) and survival analysis
(right panel) of control, ATRi (ceralasertib, 50 mg/kg), control + anti-Ctla-4, and ATRi + anti-Ctla-4 tumors in WT C57BL/6 mice (n = 6 for
each group). The control group of mice received an equivalent concentration of the mouse IgG isotype control antibody. The purple triangle
indicates the anti-Ctla-4 injection. (C) Quantification of CD45+CD8+ and CD45+CD4+ T cells in tumors. Following treatment, the numbers of
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an intermediate state rather than the conclusion of RT
pressure progression. The two endpoints of the neuroen-
docrine and proliferative states correspond to the clinical
picture of RT-resistant PCa [48, 49]. This fluctuating condi-
tion indicated that PCa senescence served as a transitional
and varied phase in the advancement toward malignancy
(Figure 2). For normal tissue cells, whether cellular senes-
cence is defined as an irreversible and ultimate fate [63]
or a transcription factor-driven invertible cell state [64]
is debated. In this study, we demonstrated that PCa cel-
lular senescence is a transitional state between the early
and advanced stages of cancer cells, which is not indica-
tive of cell death. Given the lack of activation or increase
in PRKDC, PARP1, and ATM levels, we concluded that
these conditions do not represent a DNA repair process.
Additional evidence of this condition included positive β-
Gal staining and high expression of CDKN1A/CDKN2A
and SASP-related genes (Figure 2, Supplementary Figure
S2B, Supplementary Figure S3B). Once PCa cells enter
the senescent state, the fate ends, leading to an advanced
cancer status, such as proliferation or a neuroendocrine
status,which is consistentwith previous reports [65]. Thus,
we found that PCa senescence is an intermediate state
in which cells escape immune attack for further cancer
progression.
In the molecular analysis, ATR was identified as a sig-

nificantly upregulated gene in the senescent cells. IHC
and WB data indicated that the ATR protein levels were
elevated in senescent cells. This increase was notably asso-
ciated with elevated expression of CDKN1A and CDKN2A,
both of which are established indicators of cellular senes-
cence (Figure 3). Moreover, the CD86 protein level was
downregulated in senescent cells. Our scRNA-seq and IHC
staining data precisely separated the senescent subgroups
and indicated that these subgroups presented lower CD86
levels. CD86 loss is a key factor in the insensitivity of can-
cer cells to anti-CTLA-4 immunotherapy in the clinic [25,
26]. In this study, the findings suggest that RT-induced
senescent PCa cells exhibit a lack of CD80 expression and
low CD86 expression, indicating amore significant role for
CD86 in the immediate senescent state in RT-resistant PCa
cells. Similar results were observed in mice, where insen-
sitivity to ICB was due to low levels of CD86, which is
consistent with clinical data showing a decrease in CD8+
andCD4+ helper T-cell numbers postradiotherapy [66, 67].

Collectively, these findings indicate that PCa cells undergo
senescence as amechanism to evade immune surveillance,
particularly through the downregulation of CD86, which is
crucial for immune checkpoint function (Supplementary
Figure S8).
As reported, ATR is typically considered an activa-

tor in response to DNA damage and DNA replication
[50, 51]. The cytosolic function of ATR involves bind-
ing to Bid following ultraviolet damage [56]. However,
the role of senescence in inducing cytosolic ATR activ-
ity in PCa cells remains unexplored. In our study, we
revealed a new mechanism for the activation of cytosolic
ATR. Western blotting assays demonstrated that senes-
cence influences ATR activity, specifically showing that
cytosolic ATR is activated and its expression is elevated in
senescent PCa cells induced by RT. Concurrently, nuclear
ATR was found to respond to DNA damage caused by RT
(Figure 4). A similar phenomenon was observed in senes-
cent hepatic stellate cells, inwhich senescence upregulated
single-stranded DNA accumulation in the cell cytoplasm
[68]. The results of a previous study [68] and our data
suggested that senescence stimulated cytosolic ATR acti-
vation. Moreover, data from the clinical cohort suggested
that ATR expression was negatively associated with sur-
vival in PCa patients (Supplementary Figure S3D). ATR
was also detected in the senescence-specific clusters via
scRNA-seq analysis, which revealed a similar early-to-late
trajectory of ATR expression with respect to senescence
marker genes (Figure 2) but not other DNA repair genes,
such as PARP1 and PRKDC. More significantly, IHC label-
ing of the senescent clinical samples revealed low levels
of CD86 and high levels of cytosolic ATR (Figure 3). We
subsequently excluded the possibility that ATR phospho-
rylates CD86 via CHK1. Our data indicate that ATRdirectly
targets CD86 in the cytoplasm. A crucial role of protein
degradation complexes has been identified in the devel-
opment of tumors [69], such as immune evasion [70, 71].
Although the domain of CD86 that interacts with the E3
ligase MARCH1 has been previously reported [54, 55],
the interaction mechanism and key amino acids involved
remain unclear. Using a PTM predictor online, we pre-
dicted the ATR phosphorylation sites of CD86. We found
that the sites (S279, T286, and T295) of CD86 phospho-
rylated by ATR were located in the terminal cytoplasmic
domain. Interestingly, the cytoplasmic domains of the

infiltrated T cells in the tumors were analyzed by FACS with the corresponding antibodies. The tumors were harvested when they reached a
volume of 400 mm3, except for those in the Atr KD + anti-Ctla-4 and ATRi + anti-Ctla-4 groups. We harvested tumors with a volume of 200
mm3 from these two groups (n = 6 for each group). All the data are presented as the means ± SDs. Tumor volume curves were determined by
two-sided Student’s t test; survival curves were statistically analyzed with the log-rank test; * P < 0.05, ** P < 0.01, *** P < 0.001, and ns, not
significant. Abbreviations: Atr, ataxia telangiectasia and Rad3-related protein; Atri, Atr inhibitor; Ctla-4, cytotoxic T-lymphocyte-associated
protein 4; FACS, fluorescence activated cell sorting; KD, knockdown; ns, not significant; SD, standard deviation; WT, wild-type.
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MARCH1 protein from both humans and mice contained
a conserved RRLK motif (Figure 6). Consequently, phos-
phorylation by ATR enhanced the electrostatic interaction
betweenMARCH1 and CD86 in the cytoplasm, facilitating
the ubiquitination and subsequent degradation of CD86.
We further revealed that inhibiting ATR or deleting the
RRLK domain increased the efficacy of immunotherapy in
mice.
Senescent cells were found in multiple cancers. How-

ever, senescent cancer cells induced by RT were hard to be
collected in vivo. The reason was that the metastatic can-
cer was small or disappeared post RT. It was a challenge to
collect the samples for senescence staining and scRNA-seq
to directly demonstrate the senescent subgroups in vivo.
Thus, we used the mice model to mimic the treatment of
RT. The limitation of resource post-RT will be solved by
new sequencing technology in future.

5 CONCLUSIONS

Taken together, the results revealed that senescent PCa
cells were insensitive to immunotherapy through the spe-
cific regulation of CD86. The modification of CD86 by
cytosolic ATR enhanced the binding of the E3 ligase
MARCH1. The scRNA-seq analysis provided new insights
into post-RT progression and the potential mechanism of
ICB in PCa. Thus, senescence-related cytosolic ATRmight
be a potential predictive marker and therapeutic target for
combining RT with immunotherapy.
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