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ABSTRACT

Background Activating signal cointegrator 3 (ASCC3) has
been identified as an oncogenic factor that impairs host
immune defense. However, the underlying mechanisms of
carcinogenesis and its impact on the antitumor immune
response remain unclear. In this study, we aimed to
investigate the molecular mechanisms of ASCC3 in the
progression of non-small cell lung cancer (NSCLC).
Methods Single-cell sequencing data from the Gene
Expression Omnibus and gene expression profiles from
The Cancer Genome Atlas database were analyzed.

The expression, clinical relevance and biological
functions of ASCC3 in NSCLC were explored. Then, RNA
sequencing, immunoprecipitation, mass spectrometry,
immunofluorescence, and flow cytometry analyses

were conducted to explore the underlying molecular
mechanisms. In addition, in vivo experiments in mouse
models were conducted to explore the probability of
ASCC3 knockdown to improve the efficacy of anti-
Programmed Death-1 (PD-1) therapy in NSCLC.

Results ASCC3 was significantly upregulated in NSCLC
and correlated with poor pathological characteristics

and prognosis in patients with NSCLC. Overexpression

of ASCC3 promoted malignant phenotypes of NSCLC
cells and induced an immunosuppressive tumor
microenvironment, which was characterized by a decrease
in CD8* T cells, natural Killer cells and dendritic cells but
an increase in regulatory T(Treg) cells. Mechanistically,
ASCC3 stabilized signal transducer and activator of
transcription (STAT)3 signaling by recruiting Cullin-
associated and neddylation dissociated 1 (CAND1), which
inhibited ubiquitin-mediated degradation of STAT3, thereby
impairing the type | interferon response of tumor cells
and promoting the immunosuppression and progression
of NSCLC. Furthermore, high expression of ASCC3
impaired the efficacy of anti-PD-1 therapy, and an anti-
PD-1 antibody combined with ASCC3 knockdown exerted
promising synergistic efficacy in a preclinical mouse
model.

Conclusion ASCC3 could stabilize the STAT3 pathway
via CAND1, reshaping the tumor microenvironment and
inducing resistance to anti-PD-1 therapy, which promotes

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Numerous patients with asymptomatic non-small
cell lung cancer (NSCLC) are diagnosed in advanced
stages, marked by immunosuppression and disease
progression. While targeted therapy and immuno-
therapy hold promise in NSCLC treatment, drug re-
sistance remains a formidable challenge. Activating
signal cointegrator 3 (ASCC3), identified as an on-
cogenic factor, may contribute to tumor progression
and treatment resistance, yet its role in NSCLC re-
mains insufficiently explored. Further investigation
is warranted.

WHAT THIS STUDY ADDS

= High ASCC3 expression in NSCLC cells stabiliz-
es signal transducer and activator of transcription
(STAT)3 signaling by recruiting Cullin-associated and
neddylation dissociated 1 that inhibited ubiquitin-
mediated degradation of STAT3, thereby impairing
the type | interferon response of tumor cells and
promoting the immunosuppression and progression
of NSCLC. ASCC3 knockdown combined with anti-
Programmed Death-1 (PD-1) therapy exerted prom-
ising synergistic efficacy in treatment of NSCLC.

HOW THIS STUDY MIGHT AFFECT RESEARCH
PRACTICE OR POLICY

= This study highlights the identification of ASCC3 as
a potential oncogenic factor, offering a promising
avenue for combination therapy with anti-PD-1 to
augment NSCLC treatment efficacy and improve pa-
tient prognosis.

the progression of NSCLC. It is a reliable prognostic
indicator and can be a target in combination therapy for
NSCLC.

INTRODUCTION
Lung cancer is a major contributor to cancer-
related deaths worldwide, with non-small cell
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lung cancer (NSCLC) comprising the majority of cases.' >

Many asymptomatic patients are diagnosed with NSCLC
at an advanced stage, limiting the effectiveness of conven-
tional treatments such as surgery combined with chemo-
radiotherapy. Somatic mutations, copy number variations,
and chromosome rearrangements, including EGFR/
KRAS mutations and ALK or ROS1 rearrangements,” have
been identified in NSCLC, and small molecular inhibitors
targeting these genetic alterations have been developed.
These drugs inhibit tumor cell proliferation and modu-
late the immune response, leading to improved outcomes
for patients with NSCLC.*® Immunotherapy, especially
immune checkpoint inhibitors, has shown promising effi-
cacy in treating advanced NSCLC. Despite these advance-
ments, challenges remain, including the development of
resistance to various treatment options, which hampers
the comprehensive management of NSCLC. Distant
metastasis is a major factor contributing to the low cure
and survival rates of patients with advanced NSCLC.’
Therefore, it is crucial to gain further insights into the
mechanisms underlying NSCLC development and iden-
tify effective strategies to enhance treatment efficacy.

Previous research has demonstrated that activating
signal cointegrator 3 (ASCC3) is a protein with heli-
case activity that is associated with DNA damage repair
and immune regulation, and it might be involved in
the development of several solid tumors.>!? However,
there has been no investigation into the role of ASCC3
in lung cancer. Single-cell RNA sequencing analysis has
revealed differentially expressed genes in non-tumor
tissues, primary tumors, and metastases of NSCLC, some
of which are associated with NSCLC metastasis, by directly
influencing the malignant characteristics of tumor cells
or being involved in tumor progression-related signaling
pathways."' ™ We found that ASCC3 was also upregu-
lated in NSCLC, and importantly, a higher expression
level was observed in distant metastases. As a member of
the helicase family, ASCC3 is thought to be involved in
DNA damage repair and cancer progression.'* " Addi-
tionally, ASCC3 has been shown to regulate the expres-
sion of immune-related genes, affecting immune cell
infiltration and thyroid cancer recurrence.® Through
Gene Ontology (GO) andKyoto Encyclopedia of Genes
and Genomes (KEGG) analysis of our RNA sequencing
data, we found that ASCC3 was involved in signal trans-
ducer and activator of transcription (STAT) signaling
and type I interferon (IFN)-related pathways. Further
mechanical exploration revealed that ASCC3 regulated
the STAT3 signaling pathway. STAT3 is a key regulator of
malignant tumor behaviors and the antitumor immune
response'®!” and acts as a point of convergence for many
oncogenic signaling pathways.'® ' Exploring factors that
affect STAT3 expression and activation will enhance our
comprehension of the intricate mechanisms underpin-
ning tumor progression and facilitate novel therapeutic
strategies.

In this study, we analyzed available gene expression profiles
from the Gene Expression Omnibus (GEO) and The Cancer

Genome Atlas (TCGA) databases, revealing that ASCC3 was
upregulated in NSCLC. Moreover, higher expression of
ASCC3 in metastasis than in primary tumors was observed,
indicating the potential role of ASCC3 in driving tumor
metastasis.'> We also demonstrated that ASCC3 might func-
tion by influencing STAT3-regulated type I IFN signaling
and impairing the antitumor immune response and efficacy
of anti-Programmed Death-1 (PD-1) immunotherapy. Mech-
anistically, ASCC3 interacts with STAT3 and recruits Cullin-
associated and neddylation dissociated 1 (CANDI), which
inhibits the ubiquitin (Ub)-mediated degradation of STATS3.
Then, the level of phosphorylated STAT3 increased, followed
by dimerization, nuclear translocation, DNA binding and
transcription regulation. Consequently, STAT3 promotes
the malignant features of NSCLC and inhibits the antitumor
immune response by impairing the type I IFN response.
Targeting ASCC3 combined with anti-PD-1 therapy may
enhance the efficacy of NSCLC treatment. A deeper under-
standing of the mechanistic role of ASCC3 in NSCLC will
contribute to the development of new therapeutic strategies.

METHODS

Data availability

To verify whether ASCC3 was involved in the progression
of NSCLC, we performed data mining on available gene
expression profiles from the GEO (https://www.ncbi.
nlm.nih.gov/gds/) and TCGA (https://xenabrowser.
net/datapages/) databases. The processed single-cell
sequencing data demonstrated that the molecular and
cellular reprogramming of metastatic lung adenocarci-
noma was accessed from the GEO database with accession
code GSE131907 (based on GPL16791 platform, Homo
sapiens, Illumina HiSeq 2500), including 58 lung adeno-
carcinomas from 44 patients, which covered primary
tumor, lymph node and brain metastases, pleural effu-
sion, normal lung tissues and lymph nodes. Data were
calculated and analyzed via R studio V.4.1.2 (Boston,
Massachusetts, USA).

Cell culture and reagents

The human NSCLC cell lines H1299, H460, Ab549,
H1703, and PC9 and the mouse-oriented cell line MLE-
12, LLC and HEK-293T cells were purchased from the
cell bank of the Chinese Academy of Sciences (Shanghai,
China). These cells were cultured as previously described
in Dulbecco's Modified Eagle's medium (DMEM) or
Roswell Park Memorial Institute (RPMI)-1640 medium
(Gibco, USA) with 10% fetal bovine serum (Invit-
rogen, USA), penicillin (100IU/mL), and streptomycin
sulfate (100pg/mL) at 37°C in a thermostatic incubator
containing 5% CO,.”’

Vector construction and transfection

All plasmidsusedin thisstudy,including flag-tagged mutant
ASCC3 (deletion of domain SEC63-1 or domain C-ter-
minal 2), were constructed by Genomeditech (Shanghai,
China). The H_ASCC3-shRNA and M_Ascc3-shRNA
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lentiviruses were designed and purchased from Geno-
meditech (Shanghai, China). ASCC3-shRNAI-3 lenti-
viral vectors were transfected into H1299 and H460 cells,
Ascc3-shRNAI-2 lentiviral vectors were transfected into
LLC cells, and scramble-shRNA vectors were used as nega-
tive controls. The target sequences are shown in online
supplemental table 1. The efficiency of knockdown was
confirmed by western blotting and quantitative real-time
PCR (qRT-PCR) after 72hours of transfection and puro-
mycin treatment. siRNAs against CAND1 were designed
and synthesized by Genomeditech (Shanghai, China).
The target sequences are shown in online supplemental
table 2. The siRNA was transfected using Lipofectamine
2000 (Thermo Fisher Scientific, USA) according to the
manufacturer’s protocols.”” The silencing efficiency was
verified by western blotting and qRT-PCR analysis after
72hours of transfection.

Patients and follow-up

A total of 173 paraffin-embedded NSCLC tissues and
matched peritumoral tissues were collected from patients
who underwent wedge resection, lobectomy or segmen-
tectomy at Zhongshan Hospital, Fudan University
(Shanghai, China) from 2014 to 2015 to construct a tissue
microarray (TMA). Twelve pairs of frozen NSCLC and
matched non-tumor tissues were randomly selected and
analyzed by qRT-PCR and western blotting. All NSCLC
tissues were identified by two experienced pathologists,
and the clinicopathological information was collected via
electronic medical records with the last follow-up infor-
mation occurring in 2021. Prior to sample and informa-
tion collection, informed consent was duly obtained from
all participating patients.

TMA construction and immunohistochemistry staining

The construction of the TMA and immunohistochem-
istry (IHC) staining were performed as described previ-
ously.”’ # The procedures included deparaffinization with
xylene, rehydration in graded ethanol (100%, 95%, 85%,
and 70%) for 10 min each, quenching for endogenous
peroxidase activity in 3% hydrogen peroxide, and antigen
retrieval in 0.5mM EDTA (pH 9.0) buffer by heating in
boiled water for 30 min. Subsequently, the sections were
cooled naturally to room temperature and incubated
with the primary antibodies (online supplemental table
3) at 4°C overnight, followed by staining with horseradish
peroxidase-labeled IgG (GeneTech, China). Sections were
then stained with diaminobenzidine, counterstained with
hematoxylin, dehydrated in ethanol, clarified in xylene,
and coversslipped. Two pathologists helped visually eval-
uate the scanned IHC images, and we employed a scoring
system based on integral points to evaluate the density
of positive staining.* First, the cell staining intensity was
scored on a scale of 0-3, with no positive staining (nega-
tive) scored as 0, light yellow staining (weakly positive)
as 1, brownish-yellow staining (positive) as 2, and brown
staining (strongly positive) as 3. Second, the percentage
of positive cells was graded on a scale of 0—4, with <25%

scored as 1, 26%—-50% scored as 2, 51%-75% scored as
3, and >75% scored as 4. Finally, the two scores were
multiplied to obtain the final score, with a scoring range
of 0-12. Then, all images were classified as high expres-
sion or low expression (cut-off=moderate intensity value
6). For the THC results of immune cells, the molecular
markers CD8, CD11c, Foxp3 and CD161 (human)/NKI.1
(mouse) represent CD8 T cells, dendritic cells, regulatory
T (Treg) cells and natural killer cells, respectively.

qRT-PCR and western blotting analysis

Total RNA was obtained from both tissue samples and
cultured cells by using TRIzol reagent (Invitrogen, USA),
and reverse-transcribed to complementary DNA with a
PrimeScript RT Reagent Kit (Takara, Japan) following
the manufacturer’s protocols. The cycling conditions
were 95°C for 10s, 60°C for 30s, 95°C for 15s, 60°C for
60s and 95°C for 15s. Each reaction was performed in
triplicate. The primer sequences for qRT-PCR are listed
in online supplemental table 4. Total protein was also
extracted from both tissues and cultured cells according
to the manufacturer’s instructions. Western blotting was
performed as described previously,” and all the primary
antibodies are listed in online supplemental table 3.

Wound-healing migration and transwell assay

The linear wound was generated by mechanically
disrupting cell monolayers using a sterile 200 pL pipette
tip. The average number of migrated cells was measured
by Image] (NIH, for Windows, USA) after taking pictures
under a microscope calibrated with an ocular micrometer
at a suitable time. For transwell assays, 24-well Transwell
plates with 8 pm pore size (Corning, New York, USA) were
employed. A total of 50,000 cells, suspended in 200 pL of
serum-free medium, were placed in the upper chambers,
with or without Matrigel (BD Biosciences, USA). Simul-
taneously, 200 pL. of RPMI-1640 medium containing 10%
Fetal Bovine Serum (FBS) was introduced into the lower
chamber. Following an appropriate incubation period,
cells were fixed using 4% paraformaldehyde, stained
with crystal violet, and subsequently quantified under a
microscope.

Colony formation and CCK-8 assays

The colony formation assay was performed as previ-
ously described.” In brief, an initial seeding of 1,500
cells was conducted in a 6cm culture dish, and the
culture medium was replenished every 3 days for a suit-
able amount of time. Then, the cells were washed with
phosphate-buffered saline (PBS) three times, fixed
with 4% paraformaldehyde for 15 min, and stained with
0.4% crystal violet for 15min. Afterward, the stained
colonies were imaged and counted by Image] (NIH,
for Windows, USA) and averaged over duplicate wells.
Cell proliferation was evaluated by the Cell Counting
Kit-8 (CCK-8, Yeasen, Shanghai, China) and performed
as described previously.” Briefly, cells were seeded
in 96-well plates (1,000 cells per well) and incubated
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overnight. Then, 10pL of CCK-8 reagent was added
to each well for 2hours every day before detection for

5days. The absorbance was determined at a wavelength
of 450 nm.

In vivo tumor growth

Male BALB/c nude mice aged 4-5 weeks were
purchased from GemPharmatech (Jiangsu, China), and
male C57BL/6 mice aged 4-5 weeks were purchased
from Jiesijie (Shanghai, China). All mice were main-
tained in accordance with the established principles of
the three Rs (replacement, reduction, and refinement)
in the Center of Experimental Animals of Zhongshan
Hospital, Fudan University. The animal experiments
were approved by the Animal Experimentation Ethics
Committee of Zhongshan Hospital (approval No.
DSF-2021-072). For in vivo tumor growth, approxi-
mately 5x10° cells were resuspended in 100 ul. DMEM
complete medium and subcutaneously injected into
the right flanks of the nude mice. The tumor size was
assessed and recorded every 3 days, and when the tumor
size reached 1.5 c¢m, all mice were sacrificed. The entire
subcutaneous tumors were resected, some of which
were used for tumor immune microenvironment inves-
tigation via flow cytometry, while the others were fixed
with 4% paraformaldehyde and embedded in paraffin
for further IHC analysis.

Flow cytometry and immunofluorescence assays

Flow cytometry analysis was performed as described in a
previous study® to investigate the immune cell profiles
of subcutaneous tumors and to detect the apoptotic
ratio of cultured cells. Fresh tumor tissues were homog-
enized into single-cell suspensions, and immune cells
were isolated with Percoll. Then, they were washed
with PBS, vortexed and stained with antibodies (online
supplemental table 3) against cell-surface molecules for
30min at 4°C. Staining buffer (PBS with 1% FBS and
0.2% EDTA) was added to wash the samples by vortexing
and centrifugation (350g, 4°C, 6min) for further
analysis. A total of 10° cultured cells were suspended
in a 15mL tube, washed with PBS and stained with
annexin V and PI (Yeasen, Shanghai, China). All posi-
tively stained cells were counted by BD FACS Fortessa
(Beckman Coulter, Brea, California, USA), and the data
were analyzed using Flow]Jo software V.10 (Treestar, San
Carlos, California, USA). Immunofluorescence was
performed as previously described?’ to detect the loca-
tion and expression of target proteins. Briefly, prepared
cell slides were fixed with 4% paraformaldehyde, incu-
bated in 0.3% Triton X-100, blocked with 5% FBS,
washed with PBS and then stained with primary anti-
bodies (online supplemental table 3) at 4°C overnight.
Then, the cell slides were incubated with the appro-
priate secondary antibody, and the nuclei were coun-
terstained with 4',6-diamidino-2-phenylindole (DAPI,
Yeasen, Shanghai, China). The fluorescence intensity

was evaluated by confocal laser scanning microscopy
(LSM510, Zeiss, Germany).

Immunoprecipitation assay and Co-IP combined with mass
spectrometry

Cells were harvested in immunoprecipitation (IP) lysis
buffer with protease inhibitor and rocked for 30 min on
ice. Then, the insoluble material was removed by 12,000xg
centrifugation, and precleared cell lysates with total
protein were incubated with a primary antibody (online
supplemental table 3) on a rocker overnight at 4°C. Then,
protein A-Sepharose and G-Sepharose beads (MedChem-
Express, USA) were added to the IP mixture for 3hours.
The precipitates were washed with PBS three times, and
then the target protein was eluted from the magnetic
beads. Next, the immunoprecipitants were detected
by a silver staining kit (Solarbio, Beijing, China), and a
mass spectrometry (MS) assay was performed to detect
the potential candidates. IP and MS were performed in
H1299 and H460 cells, and subsequent western blotting
was performed with the target antibody as previously
described.”

Ubiquitination assay

H1299/H460-shASCC3/shNC cells were transiently
transfected with hemagglutinin (HA)-tagged Ub vectors
with or without administration of 10 pM MG-132 (Selleck,
Texas, USA). After a 48-hour incubation period, the cells
were rinsed with PBS and exposed to 10pM MG-132 for
8hours. Subsequently, cell lysis was performed, followed
by IP using anti-CANDI and anti-STAT3 antibodies. The
ubiquitination of target proteins was assessed via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) after immunoblotting with an anti-HA antibody.

Statistical analysis

The experiments were independently repeated two to five
times. All data were analyzed using SPSS V.23.0 (Chicago,
Ilinois, USA) and Prism V.9.0 software (GraphPad) and
are shown as the mean valuestSD. Unpaired Student’s
t-tests were employed to assess distinctions between two
groups, while y* tests were used for comparing cate-
gorical variables. Spearman correlation analysis was
conducted to explore correlations between the levels of
ASCC3, CANDI, STAT3, CD8, NKI.1 (CD161), CD11C,
Foxp3, STAT3, ISG15 and IRF7. The Kaplan-Meier and
log-rank tests were applied to assess prognostic variances
in patients with NSCLC, while Cox’s regression model was
employed to explore factors with independent prognostic
significance. All p values were two tailed, and statistical
significance was defined as p<0.05.

RESULTS

ASCC3 is upregulated in NSCLC and correlated with worse
clinicopathological characteristics and patient prognosis

To reveal the role of ASCC3 in NSCLC, we analyzed avail-
able single-cell sequencing data (accessed by GSE131907)
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and the TCGA database (https://xenabrowser.net/
datapages/). The results consistently demonstrated
upregulation of ASCC3 in NSCLC across both data sets
(figure 1A,B). Additionally, we compared ASCC3 expres-
sion levels in primary tumors and various metastatic sites,
revealing significantly higher expression in brain and
lymphoid metastases (figure 1C). To further validate this
finding, we conducted western blotting and qRT-PCR in
12 paired tumor and peritumor tissues. The results indi-
cated significantly higher levels of ASCC3 at both the
protein and messenger RNA (mRNA) levels in NSCLC
tissues than in peritumor tissues (figure 1D,E). In addi-
tion, IHC staining and quantification analysis of the TMA
showed that the expression of ASCC3 was upregulated in
NSCLC tissues compared with peritumor tissues, and the
ASCC3 protein was predominantly localized in the cyto-
plasm of cancer cells (figure 1F). Moreover, in patients
with lymph node metastasis, we observed an even higher
ASCC3 expression level in primary tumors than in those
without lymph node metastasis (figure 1G,H). The rela-
tionship between ASCC3 expression and clinicopatholog-
ical characteristics is summarized in table 1. These results
indicated thathigh expression of ACC3 was correlated with
larger tumor size, higher Programmed Death Ligand-1
(PD-L1) expression, advanced tumor stage and lymph
node metastasis (figure 1I-L). Univariate and multivar-
iate analyses demonstrated that, apart from tumor stage
and lymph node metastasis, the ASCC3 expression level
independently predicted the overall survival (OS) and
recurrence-free survival (RFS) of patients with NSCLC
(online additional file 1 and figure 1M,N). Additionally,
Kaplan-Meier analysis revealed that patients with high
ASCC3 expression had lower OS and RFS rates than those
with low ASCC3 expression (figure 10,P). These results
were further corroborated by a larger cohort analysis from
the TCGA database, showing that high ASCC3 expression
(using a cut-off of the median expression value of 2.62)
correlated with a worse probability of OS (online supple-
mental figure 1A).

High ASCC3 expression promotes the progression of NSCLC
both in vitro and in vivo

We also tested the expression of ASCC3 in some NSCLC
cell lines and confirmed higher expression in some cell
lines than in the normal cell line Human Bronchial
Epithelial cell (HBE) (figure 2A). HI1299 and H460 cells
with the highest expression level of ASCC3 were trans-
fected with an ASCC3-shRNA lentivirus. Following the
validation of transfection efficiency (figure 2B,C), two
stably transfected cell lines were generated with shRNA
selected for the subsequent experiments (referred to as
shASCC3 vs shNC). Colony formation and CCK8 assays
demonstrated that ASCC3 knockout inhibited the prolif-
eration of NSCLC cells (figure 2D-G). Wound healing
and Transwell assays exhibited significant inhibitory
effects on the migration of ASCC3 knockdown cells
(figure 2H-M). Similarly, the Matrigel Transwell assay
revealed that ASCC3 knockdown impaired the invasion

of both H1299 and H460 cells (figure 2N,O). Moreover,
in vivo assays of nude mice subcutaneously implanted
with H1299-shNC/shASCC3 cells (figure 2P) showed that
the expression of ASCC3 was significantly downregulated
in shASCC3 subcutaneous tumors compared with that in
shNC tumors (figure 2Q)), and ASCC3 knockdown inhib-
ited the growth of NSCLC (figure 2R). Overall, these
results revealed that ASCC3 promoted the progression
of NSCLC and that ASCC3 knockdown could inhibit this
process.

ASCC3 is involved in type I interferon signaling and reshapes
the tumor microenvironment

To investigate the potential mechanisms by which ASCC3
promotes NSCLC progression, we conducted RNA
sequencing using H1299-shASCC3/shNC cells. A total of
480 genes were identified as significantly upregulated or
downregulated, with 137 genes upregulated (log2-fold
change value >1), 278 genes downregulated (log2-fold
change value <1) and 65 genes stable (log2-fold change
value between -1 and 1) (figure 3A and online supple-
mental figure 1B). GO and KEGG analyses revealed that
ASCC3 was closely associated with immune response
regulation and involved in several important pathways,
including type I IFN signaling (figure 3B,C). Furthermore,
several type I IFN-stimulated genes, such as ISG15, IFIT1,
and CXCLI10, were upregulated in the ASCC3 knock-
down group (figure 3A). To further explore these find-
ings, we performed gene set enrichment analysis using
all detected upregulated or downregulated genes. The
results confirmed a positive correlation between ASCC3
knockdown and the immune response as well as type I IFN
signaling (figure 3D,E). Conversely, ASCC3 knockdown
showed a negative correlation with Janus Kinase (JAK)/
STAT?3 signaling (figure 3F). Based on current knowledge
of cancerrelated signaling pathways, it was hypothesized
that ASCC3 might play a role in reshaping the tumor
microenvironment (TME) of NSCLC through type I
IFN signaling. To verify this hypothesis, we conducted
IHC staining of immune cells on the TMA. The results
showed a significant decrease in the infiltration of CD8"
T cells, dendritic cells (DCs), and natural killer (NK)
cells, while Treg cells increased in the ASCC3"8" group
(figure 3G,H). In addition, we confirmed that ASCC3
was highly expressed in the mouse-derived cell line Lewis
lung carcinoma (LLC) compared with the mouse-derived
normal lung epithelial cell line MLE-12 (online supple-
mental figure 1C). Then, LLC-shAscc3/shNC cells were
constructed and subcutaneously implanted into C57BL/6
mice, demonstrating that Ascc3 knockdown inhibited
tumor growth (online supplemental figure 1D,E). Subcu-
taneous tumors were obtained for further flow cytometry
and IHC analysis. Immune profiles were detected via flow
cytometry, and the results revealed that, compared with
LLC-shNC cells, CD8" T cells, NK cells and DCs increased
but Treg cells decreased in tumors derived from LLC-
shAsce3 cells (figure 31]). IHC staining of CD8" T cells,
NK1.1" NK cells, CD11C" DCs and Foxp3™ Treg cells in the
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Figure 1 ASCC3 is upregulated in NSCLC and correlated with worse clinicopathological characteristics and patient prognosis.
(A—C) ASCCS3 was upregulated in NSCLC, especially in metastatic foci. (D-F) Expression of ASCC3 was higher in NSCLC
tissues than in peritumor tissues at both the protein and mRNA levels. (G,H) ASCC3 expression was higher in tumors with lymph
node metastasis (LNM) than in those with no lymph node metastasis (NLNM). (I-L) High expression of ACC3 was correlated
with larger tumor size, higher PD-L1 expression, advanced tumor stage and lymph node metastasis. (M,N) Tumor stage, lymph
node metastasis and ASCC3 expression level were independent risk factors for the overall survival (OS) and recurrence-free
survival (RFS) of patients with NSCLC. (O,P) Patients with high ASCC3 expression had lower OS and RFS than those with low
ASCC3 expression. *p<0.05, **p<0.01, **p<0.001, ***p<0.0001, ns: not significant. TCGA, The Cancer Genome Atlas; PD-L1,
Programmed Death Ligand-1; ASCC3, activating signal cointegrator 3; mRNA, messenger RNA; NSCLC, non-small cell lung
cancer.
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Table 1 Correlations between ASCC3 and
clinicopathological features in 173 patients with non-small
cell lung cancer

Number of patients

Characteristics ASCC3""  AsSCC3"9" P value
Age (years)
Mean+SD 57.7+8.8
<60 44 46 0.309
>60 47 36
Gender
Female 46 38 0.580
Male 45 44
Smoke
Yes 39 38 0.645
No 52 44
EGFR mutation
Yes 51 43 0.635
No 40 39
PD-L1
High 32 43 0.022 (*)
Low 59 39
Tumor size (cm)
Mean+SD 2.71+1.19
>2 39 55 0.001
(**)
<2 52 27
Pathological stage
-l 61 42 0.034 (*)
-1V 30 40
Lymph node metastasis
Yes 37 57 0.000
No 54 25 ***)
Histological type
Adeno- 53 40 0.213
Squamous- 38 42
Differentiation
Good 55 48 0.799
Poor 36 34

PD-L1: Programmed Death Ligand-1.
ASCCS3, activating signal cointegrator 3.

tumor tissues also exhibited a similar trend (figure 3K,L).
To further validate these results, we conducted an anal-
ysis of tumor immune infiltration (CIBERSORT) using
the TCGA database. NSCLC samples were divided into
ASCC3"8" and ASCC3'" groups (cut-off=median expres-
sion value of 2.62), and differences in immune cell
infiltration were analyzed. Compared with those of the
ASCC3'™ group, plasma cells, activated CD8'/CD4" T
cells, NK cells, type I macrophages and DCs significantly

decreased, while Treg cells increased in the ASCC3™¢"
group (online supplemental figure 1F), confirming the
obtained results. These findings led to the hypothesis that
ASCC3 is involved in type I IFN signaling and promotes
the progression of NSCLC to some degree by limiting
antitumor immunity.

ASCC3 interacts with STAT3 and modulates its protein level
We further investigated the molecular mechanisms
by which ASCC3 influenced the TME of NSCLC. IP
assays were performed in H1299 and H460 cells using
an ASCC3 antibody. MS analysis of IP protein suspen-
sion samples from both cell lines revealed 28 potential
proteins that could interact with ASCC3, and the top 10
were listed (figure 4A,B), including STAT3. Given that
STAT3 could influence IFN signaling and KEGG, Gene
Set Enrichment Analysis (GSEA) of our sequencing data
indicated that ASCC3 could also influence JAK/STAT3
signaling (figure 3C,F). We aimed to explore the connec-
tion between ASCC3 and STAT3. Moreover, IP assays
were conducted, followed by silver staining (figure 4C).
We found that ASCC3 could pull down STAT3, which
was further verified by a Co-Immunoprecipitation (Co-
IP) assay in both H1299 and H460 cells (figure 4D).
Additionally, Immunofluorescence (IF) analysis further
confirmed the colocalization of ASCC3 and STAT3 in the
cytoplasm of both H1299 and H460 cells (figure 4LE,F).
To explore the possibility of mutual regulation between
ASCC3 and STATS3, we detected the expression of STAT3
at both the transcriptional and translational levels in
H1299-shASCC3 cells. The results showed that knock-
down of ASCC3 decreased the protein level but not the
mRNA level of STAT3 (figure 4G,H). ASCC3 contains
six domains that are responsible for the interaction with
other molecules, such as ATP and ASCC1.*** To identify
the exact domain of ASCC3 that interacts with STATS3,
we constructed six flag-tagged vectors encoding these
fragments of ASCC3 (figure 41 and online supplemental
figure 2A-F). We transfected these vectors into H1299
cells, and a Co-IP assay showed that domain 3 (SEC63-1)
of ASCC3 was primarily responsible for the interaction
with STAT3 (figure 4]). To explore whether ASCC3
influenced the protein level of STAT3 by regulating its
ubiquitination level, we constructed a flag-tagged mutant
ASCC3 with deletion of SEC63-1 (online supplemental
figure 2G) and transfected it into H1299 cells. IP assays
confirmed that knockdown of ASCC3 and mutant ASCC3
increased the ubiquitination level of STAT3 (figure 4K),
which might be responsible for the decrease in STAT3
protein levels.

ASCC3 recruits CAND1 to stabilize STAT3 in NSCLC

Since no evidence indicated that ASCC3 could directly
regulate protein levels, previous studies have demon-
strated the role of ASCC3 in the process of functional
protein complex assembly.'’ ** *' We speculated that
ASCC3 regulated STAT3 protein levels by recruiting
other molecules. Of the top 10 proteins that could
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Figure 2 High ASCCS3 expression promotes NSCLC progression both in vitro and in vivo. (A) ASCC3 was also highly
expressed in some NSCLC cell lines compared with the normal cell line HBE.(B,C) ASCC3-shRNA lentivirus was transfected
into H1299 and H460 cells (with the highest expression level of ASCCS3), and the transfection efficiency was validated.

(D-0) The colony formation, Cell Counting Kit-8, wound healing and (non)Matrigel Transwell assays revealed that ASCC3
knockdown inhibited the proliferation, migration and invasion capability of NSCLC cells. (P) In vivo assays of nude mice
subcutaneously implanted with H1299-shNC/shASCCS cells. The expression of ASCCS3 significantly decreased in shASCC3
subcutaneous tumors compared with that in the shNC group (Q) and ASCC3 knockdown inhibited the growth of NSCLC
(R). *p<0.05, **p<0.01, **p<0.001, ***p<0.0001, ns: not significant. HBE, human bronchial epithelial cell; ASCC3, activating
signal cointegrator 3; mRNA, messenger RNA; NSCLC, non-small cell lung cancer.
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terferon signaling and reshapes the tumor microenvironment. RNA sequencing of

H1299-shASCC3/shNC cells detected 480 significantly downregulated or upregulated genes. (B,C) GO and KEGG analyses
revealed that ASCC3 was closely associated with immune response regulation and involved in several important pathways,
including type | interferon signaling. (D-F) Gene set enrichment analysis of all upregulated or downregulated genes confirmed
that knockdown of ASCC3 was positively correlated with the immune response and type | interferon signaling but negatively
correlated with JAK/STATS signaling. (G,H) IHC staining of immune cells on the tissue microarray showed a significant decrease
in the infiltration of CD8* T cells, dendritic cells (DCs), and natural killer (NK) cells, while Treg cells increased in the ASCC3""
group. (I,J) Immune profiles of subcutaneous tumors derived from LLC cells were detected via flow cytometry and revealed that,
compared with LLC-shNC cells, CD8" T cells, NK cells and DCs increased but Treg cells decreased in tumors derived from LLC-
shASCC3 cells. (K,L) IHC staining of CD8" T cells, NK1.1* NK cells, CD11C* DCs and Foxp3* Treg cells in the tumor tissues
also showed a similar trend. *p<0.05, **p<0.01, **p<0.001, ***p<0.0001, ns: not significant. GO, Gene Ontology; KEGG, Kyoto
Encyclopedia of Genes and Genomes; MAPK, mitogen-activatedproteinkinase; JAK, janus kinase; TNF, tumor necrosis factor;
ECM, extracellular matrix; ASCCS3, activating signal cointegrator 3; Treg, regulatory T cells; t-SNE, t-distributed Stochastic
Neighbor Embedding; IHC, immunohistochemistry; HPF, high power field; LLC, Lewis lung carcinoma; NSCLC, non-small cell
lung cancer; STAT3, signal transducer and activator of transcription.
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Figure 4 ASCC3 interacts with STAT3 and modulates its protein level. (A, B) Mass spectrometry analysis of IP protein (with
ASCC3 antibody) in H1299 and H460 cells revealed 28 potential proteins that could interact with ASCC3, and the top 10

are listed. (C,D) Polyacrylamide gel electrophoresis of IP samples was conducted, and silver staining of the gel showed that
ASCC3 could pull down STAT3, which was further verified by western blotting of IP samples from both H1299 and H460

cells. (E,F) IF analysis confirmed the colocalization of ASCC3 and STAT3 in both H1299 and H460 cells. (G,H) Knockdown of
ASCC3 decreased the protein level but not the mRNA level of STATS. (I) Vectors encoding six fragments of ASCC3 containing
six potential binding domains with other molecules were transfected into H1299 cells. (J) Co-IP assays confirmed that domain
3 (SEC63-1) of ASCC3 was mainly responsible for binding with STAT3. (K) IP combined with ubiquitination assay confirmed
that knockdown of ASCC3 and mutant ASCCS3 (deletion in SEC63-1) increased the ubiquitination level of STAT3. ***p<0.001,
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interact with ASCC3, CAND1, a molecule that regulates
Cullin-RING Ub ligases, might play a role in stabilizing
STAT3 by inhibiting its ubiquitination. We found that
CAND1 was also upregulated in NSCLC, especially in
the metastatic foci (online supplemental figure 3A-F),
and was correlated with immunosuppression and poor
prognosis of patients with NSCLC (online supplemental
figure 3L]). In addition, we conducted IP assays in H1299
cells with an anti-ASCC3 antibody, and silver staining on
PAGE gels showed that ASCC3 could pull down CANDI
and STAT3 (online supplemental figure 4A), supporting
our previous results (figure 4C). As a reverse verifica-
tion, we found that CANDI could also pull down ASCC3
and STAT3 (figure 5A). Co-IP assays confirmed that the
interaction of ASCC3 with CANDI and domain 5 of
ASCC3 (C-terminal 2) was responsible for their binding
(figure 4I and figure 5B,C). Then, we verified that both
STAT3 and CANDI were located in the cytoplasm of
H1299 and H460 cells. (figure 5D,E). Moreover, we
constructed a flag-tagged mutant ASCC3 with deletion
of C-terminal 2 (online supplemental figure 2H) and
transfected it into H1299 cells, and we found that ASCC3
mutation impaired the interaction of CANDI and STAT3
(figure 5F). In H1299-A5CC3 muant ¢l we also observed
that the expression of STAT3 was downregulated and
that the colocalization of CANDI and STAT3 decreased
(figure 5G). These findings suggested that ASCC3 might
act as a scaffold and interact with both CANDI and
STAT3. Then, we interfered with CANDI expression in
H1299 and H460 cells (siCANDI) to explore the mutual
regulation between CANDI and STAT3 (online supple-
mental figure 3G,H). The results showed that siCANDI
decreased the protein level but did not influence the
transcription of STAT3 (figure 5H,I). To further confirm
whether CANDI regulates the protein level of STAT3 by
inhibiting its ubiquitination, we conducted an IP assay.
H1299,/H460-5¢C muant /AQCCS cells (siCANDI or not)
were transiently transfected with HA-tagged Ub vectors,
and ubiquitination of targeted proteins was analyzed
after immunoblotting with an anti-HA antibody. The
results showed that mutation of ASCC3 or interference of
CANDI1 upregulated the ubiquitination level of STAT3.
Moreover, in ASCC3-CAND1 cells, the ubiquitination level
of STAT3 was similar to that in ASCC3-siCANDI cells that
were administered the ubiquitination inhibitor MG-132
(10pM, 48hours) (figure 5]). Collectively, these findings
indicated that ASCC3 recruited CANDI1 to STAT3 and
that CANDI1 upregulated the protein level of STAT3 by
inhibiting the Ub-mediated degradation of STAT3.

ASCC3 stabilizes STAT3 signaling to inhibit the type | IFN
response

We previously demonstrated that high expression of
ASCC3 decreased the infiltration of CD8" T, DC and NK
cells while increasing Treg cells. Based on the finding
that ASCC3 can stabilize STAT3 and influence its protein
level through CANDI, we hypothesized that ASCC3
was involved in shaping the TME via STAT3 signaling.

Accumulating evidence has revealed that STAT3 hyperac-
tivation mediates tumor-induced immunosuppression,”**
with one of the mechanisms being its negative regulatory
role in IFN-related signaling pathways. Through analysis
of sequencing data, we also found that ASCC3 was asso-
ciated with type I IFN secretion and type I IFN signaling
(figure 3B,C,E). Moreover, type I IFN-stimulated genes
were significantly upregulated in H1299-shASCC3 cells,
while genes that negatively regulate type I IFN signaling
were downregulated (figure 6A). Knockdown of ASCC3 or
CANDI1 impaired the activation of JAK/STAT3 signaling
by IFN-o and led to the upregulation of several important
type I IFN-stimulated genes, such as IRF7, IFIT1 and
ISG15, at both the transcriptional and translational
levels (figure 6B-F) (IFN-o used in this study is listed in
online supplemental table 5). The proliferation of the
H1299-shASCC3 cells was significantly impaired, while
apoptosis was markedly enhanced compared with that of
the shNC group after stimulation with IFN-o. (5ng/mL)
(figure 6G-I). To determine the role of ASCC3 in regu-
lating the type I IFN response, we explored the expression
correlation of ASCC3 with CAND1 and several IFN-o-stim-
ulated genes in the TCGA database. The results suggested
a positive correlation between the expression of STAT3
and ASCC3, while the expression of IFN-o-stimulated
genes such as IRF7 and ISG15 was negatively correlated
with ASCC3 expression (figure 6]). We also tested the
expression of ASCC3, STAT3 and these IFN-o-stimulated
genes via IHC staining in an NSCLC TMA to verify the
findings in TCGA data analysis, and the results showed
a similar trend (figure 6K,L). Overall, these results indi-
cated that ASCC3 impaired the type I IFN response of
tumor cells via CANDI and STATS3 signaling, which
induced a suppressive TME in NSCLC.

ASCC3 impairs the efficacy of PD-1 blockade, and knockdown
of ASCC3 sensitizes NSCLC to anti-PD-1 treatment

Considering that type I IFN can potentiate anti-PD-1
therapy in tumor treatment,g4 % we hypothesized that
ASCC3 might hinder the immune response and the
efficacy of anti-PD-1 therapy in NSCLC. To confirm this
in vivo, we first conducted IP assays, which showed that
ASCC3 could pull down both CANDI1 and STAT3 in
LLC cells (online supplemental figure 4B,C). Then, we
constructed LLC-siCandl cells (online supplemental
figure 4D,E). We found that IRF7, IFIT1 and ISG15 were
upregulated in LLC-shAscc3 cells and LLC-siCandl cells
compared with normal control cells at both the transla-
tional and transcriptional levels (online supplemental
figure 4F-I). In addition, IFN-o stimulation activated
JAK/STAT?3 signaling in LLC cells (online supplemental
figure 4]). This finding indicated that in vivo experi-
ments in mice could simulate molecular and cellular
changes in humans. Subsequently, we investigated the
potential effects of ASCC3 on the efficacy of anti-PD-1
therapy in C57BL/6 mice bearing LLC-shAscc3 and
LLC-shNC tumors. Anti-PD-1 or IgG was administered
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intraperitoneally (i.p.) ata dose of 100 pg/injection every
3 days when the tumor size reached

100 mm® (figure 7A). The results showed that knock-
down of ASCC3 significantly potentiated the efficacy of
anti-PD-1 treatment, as evidenced by the smaller tumor
volume and higher inhibition rate in the shASCC3 group
than in the shNC group (figure 7B-D). In addition,
knockdown of ASCC3 combined with anti-PD-1 therapy
substantially improved the survival of mice implanted with
subcutaneous tumors (figure 7E). Furthermore, the IHC
staining revealed increased proportions of CD8" T cells,
NK cells and DCs but a decreased proportion of Tregs
from the LLC-shNC+IgG group to the LLC-shASCC3+IgG
group and from the LLC-shNC+anti-PD-1 group to the
LLC-shASCC3+anti-PD-1 group (figure 7F and online
supplemental figure 5). To further explore the expres-
sion of ASCC3 and the efficacy of anti-PD-1 therapy, we
analyzed the expression pattern and immune profile of
NSCLC tissues from 17 patients who received anti-PD-1
therapy. According to the Response Evaluation Criteria
in Solid Tumors Version 1.1 (RECIST V.1.1) standard,
progressive disease (PD) was observed in eight patients, six
patients achieved stable disease (SD), and three patients
achieved partial remission (PR). IHC analysis showed that
the expression of ASCC3 was significantly higher in the
PD group than in the SD and PR groups (figure 7G,H).
In addition, the infiltration of CD8" T cells, NK cells and
DCs in the PR and SD groups was significantly higher
than that in the PD group, while the infiltration of Tregs
was higher in the PD group (figure 71J). Spearman’s
analysis demonstrated a positive correlation between the
expression of ASCC3 and the infiltration of Tregs but a
negative correlation with the infiltration of CDS8" T cells,
DCs and NK cells in 17 patients with NSCLC who received
anti-PD-1 therapy (figure 7K). In conclusion, these find-
ings indicated that inhibition of ASCC3 could improve
the efficacy of anti-PD-1 therapy in patients with NSCLC.

Figure 8 summarizes the main findings of this study.
ASCC3 overexpression in NSCLC contributes to the
immunosuppressive TME and confers resistance to immu-
notherapy. Mechanistically, ASCC3 recruits CANDI1 to
stabilize STAT3 signaling by inhibiting the Ub-mediated
degradation of STAT3, thereby impairing the type I IFN
response in tumor cells and promoting resistance to anti-
tumor immune cells. Furthermore, knockdown of ASCC3
combined with anti-PD-1 therapy significantly enhances
the susceptibility and efficacy of immunotherapy in
patients with NSCLC with high ASCC3 expression.

DISCUSSION

The prognosis of patients with advanced NSCLC remains
unsatisfactory. Tumor immune evasion was reported
to be associated with early NSCLC metastasis and poor
response to immunotherapy.”®*’ In this research, through
analysis of gene expression profiles and IHC staining,
we found that ASCC3 was significantly upregulated
in NSCLC tissues compared with matched peritumor

tissues, and an even higher expression level was observed
in metastatic foci than in primary tumors. High ASCC3
expression was strongly correlated with tumor immuno-
suppression and poor prognosis in patients with NSCLC.
In vitro and in vivo experiments showed that knockdown
of ASCCS3 resulted in impaired proliferation and invasion
of tumor cells and a better response to anti-PD-1 therapy.
Mechanistically, we demonstrated that ASCC3 stabilized
STAT3 signaling via CAND1 and impaired the type I IFN
response, which played an important role in reshaping
the TME and promoting the progression of NSCLC.

ASCC3 is primarily located in the cytoplasm, with a
smaller portion found in the nucleus, and is known for its
helicase activity,'” which has previously been reported to
be associated with DNA damage repair, translation regu-
lation and antiviral immune response.'**** For example,
ASCC3 was confirmed to promote DNA unwinding to
generate a single-stranded substrate, enabling AIkB
homolog 3-mediated DNA repair.'* In addition, ASCC3
is involved in activation of the ribosome quality control
pathway that degrades nascent peptide chains during
problematic translation.” * In addition to helicase
activity, ASCC3 was reported to play a role as a scaf-
fold to interact with other proteins'”* or recruit other
transcriptional or epigenetic regulators to functional
sites."**! Moreover, ASCC3 was reported to be involved in
the progression of several solid tumors, such as colorectal
cancer and thyroid cancer,”? affecting immune cell infil-
tration in the TME and patient prognosis. In a study by
LiJ et al,'” ASCC3 was identified as a negative regulator
of the host immune response. Knockdown of ASCC3 led
to the upregulation of multiple antiviral IFN-stimulated
genes, which was correlated with the inhibition of virus
infection.'” However, the mechanisms remain largely
underexplored, and there is currently no research on
the role and mechanisms of ASCC3 in tumors. In this
study, we elucidated the role of ASCC3 as a scaffold in
recruiting CANDI and mediating its interaction with
STAT3, thereby inhibiting the Ub-mediated degradation
of STAT3 and stabilizing JAK/STAT3 signaling, ultimately
promoting the progression of NSCLC.

CANDI1 is a HEAT repeat-containing protein that
inhibits the assembly of multisubunit E3 Ub ligase
complexes, generally suppressing Skpl-Cullins-F-box Ub
ligase activity and decreasing the Ub-mediated degrada-
tion of substrates.* ** CAND] is highly expressed in many
solid tumors and correlated with tumor aggressiveness
and progression.* ™ For example, CAND1 was reported
to bind to nuclear factor-erythroid factor 2-related factor
2 and prevent its ubiquitination and degradation to
promote gastric tumorigenesis.” Additionally, CAND1
was upregulated in NSCLC, and miR-33a could inhibit
cancer cell proliferation and invasion by targeting
CAND1.* In this research, we found that CAND1 had
similar biological characteristics to ASCC3 in NSCLC. For
instance, CAND1 was upregulated in NSCLC, especially in
metastatic foci, and was correlated with poor prognosis in
patients with NSCLC. In vitro experiments also revealed
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field; ASCCS, activating signal cointegrator 3; DCs, dendritic cells; Treg, regulatory T cells; IHC, immunohistochemistry; LLC,

Lewis lung carcinoma; NK, natural killer; NSCLC, non-small cell lung cancer.
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the role of CAND1 in tumor promotion. RNA sequencing
data analysis showed a potential relationship between
ASCC3 and STAT?3 signaling, and MS combined with a
Co-IP assay revealed the interactions among ASCC3,
STAT3 and CANDI. Further exploration confirmed that
ASCC3 stabilized STAT3 signaling via CAND1 to reshape
the TME of NSCLC.

STAT3 is hyperactivated in the majority of human
cancers and is involved in numerous cellular processes,
including cell proliferation, angiogenesis, tumor invasion
and metastasis, which are generally associated with poor
clinical prognosis.*” In addition, accumulating evidence
has revealed that hyperactivation of STAT3 can mediate
tumor-induced immunosuppression at many levels,* ** **
promoting the progression of cancer and mediating ther-
apeutic resistance, particularly cancer immunotherapy.
For example, STAT3 can suppress the expression of
immune-stimulating factors such as IFNs, proinflamma-
tory cytokines and chemokines.* Interestingly, IFNs can

activate STAT3 signaling; however, STAT3 inhibits the
secretion of type I IFNs (IFN-Is) and IFN-I-responsive
genes via multiple biological processes, including atten-
uating IFN-I signaling activation and impairing ISGF3
expression and transactivation.*’ *’ Previous studies have
shown the effects of IFN-Is on the host antiviral immune
response and their potential role in tumor immuno-
surveillance and antitumor therapy.”' *® Moreover, the
efficacy of comprehensive therapy, including immu-
notherapy, greatly relies on the activation of the IFN-I
response.”” ** In this investigation, ASCC3 overexpression
hindered the type I IFN response, resulting in a reduction
in the effectiveness of anti-PD-1 therapy in NSCLC. Thus,
we reported that ASCC3 induced immunosuppression
via the ASCC3-CAND1/STAT3 axis, which inhibited the
IFN-I response in tumor cells and enhanced resistance
to the cytotoxic effects of T cells. Interestingly, although
we observed that ASCC3 only regulates the expression
of STAT3 at the protein level in tumor cells, the bulk
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sequencing data from the TCGA database showed a posi-
tive correlation between the expression of STAT3 and
ASCC3. This might be due to the inclusion of non-tumor
cell information. ASCC3 is expressed not only in tumor
cells but also in non-tumor cells, particularly immune
cells."” Therefore, it might also be worthwhile to explore
the expression and function of ASCC3 in other cells.

The development of anti-PD-1 and anti-PD-L1 ther-
apies has led to unprecedented prolonged survival for
a proportion of patients with advanced tumors, espe-
cially metastatic NSCLC.” Inhibiting the PD-1/PD-L1
axis restores the functional state of cytotoxic T cells and
augments the immune response against tumors. However,
a considerable proportion of patients cannot benefit
from such immunotherapy, which is mainly attributed
to the complex immunologic regulatory network.” For
instance, some cytotoxic T cells enter an irreversible
dysfunctional state via other immunoregulatory path-
ways and cannot be rescued by PD-1/PD-L1 blockade.”
Therefore, other immune escape mechanisms within or
outside the PD-1/PD-L1 network need to be revealed and
targeted to increase the response rate.”® Defective gene
regulation or gene alteration often affects oncogenic
networks, tumor immunogenicity and immune cells
involved in antitumor responses.” Our research revealed
that high ASCC3 expression impaired the IFN-I response
and induced an immunosuppressive TME, which reduced
the effectiveness of anti-PD-1 therapy. We investigated the
potential of anti-PD-1 therapy combined with silencing
ASCC3, and the preclinical results indicated significantly
improved efficacy of anti-PD-1 therapy.

There are several limitations of this research. First, the
lack of immune cell expression profiles in the analyzed
single-cell sequencing data prevented us from investi-
gating the crosstalk and relationship between different
types of immune cells and tumor cells with high ASCC3
expression at the single-cell level. Second, additional
research is necessary to elucidate whether ASCC3, STATS3,
and CANDI operate as a functional complex, contrib-
uting to tumor progression and metastasis. Additionally,
whether the binding of ASCC3 with STAT3 influences
ASCC3’s binding activity with CANDI1 needs further
investigation. Third, the lack of small molecule inhibitors
targeting ASCC3 hinders the exploration of its combined
therapeutic efficacy in vivo.

In conclusion, this research revealed a critical role of
ASCC3 in reshaping the TME and promoting the progres-
sion of NSCLC, and we provided a new molecule that can
be targeted to improve the efficacy of anti-PD-1 therapy
and the prognosis of patients with NSCLC.
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