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Abstract

Background: Colorectal cancer (CRC) progression is frequently driven by metabolic reprogramming and immune evasion. A crucial
metabolic enzyme, argininosuccinate synthetase 1 (ASS1), is dysregulated in a number of malignancies; however, its role in CRC and
its effects on the tumor immune microenvironment remain poorly understood. Carnitine palmitoyltransferase 1A (CPT1A)-mediated
fatty acid oxidation and post-translational modifications, including succinylation, are emerging as important regulators of tumor behav-
ior. Methods: ASS1 expression was analyzed using The Cancer Genome Atlas (TCGA) database and further validated in 40 paired
clinical CRC specimens and cell lines. Functional roles were assessed through knockdown and overexpression experiments in CRC
cells, evaluating proliferation, colony formation, migration, and invasion. Mechanisms were explored via co-immunoprecipitation, suc-
cinylation assays, protein stability measurements, and co-culture systems with CD8" T cells. Additionally, in vivo tumor growth and
changes in the immune milieu were evaluated using a mouse CT26 transplantation model. Results: ASS1 was markedly upregulation
in both cultured cell lines and CRC tissues. ASS1 knockdown decreased programmed cell death protein-1 (PD-1) expression and T cell
fatigue while enhancing interferon-v, tumor necrosis factor-c, perforin, and granzyme B secretion, which in turn increased CD8" T cell
cytotoxicity and inhibited malignant phenotypes in vitro. Mechanistically, ASS1 transcriptionally activated CPT1A, which promoted
S100 calcium-binding protein A10 (S100A10) succinylation at lysine 47, thereby stabilizing S100A10 protein. Overexpression of ei-
ther CPT1A or S100A10 reversed the tumor growth suppression and impaired immune activation resulting from ASS1 knockdown. In
vivo, ASS1 knockdown inhibited tumor growth, downregulated CPT1A and S100A 10 expression, and increased CD8™ T cell infiltration
while reducing PD-1 levels. Conclusions: ASS1 promotes CRC progression and immune escape by regulating the CPT1A-mediated
succinylation and stabilization of SI00A10. These findings highlight the ASS1/CPT1A/S100A10 axis as a potential therapeutic target
for CRC.
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1. Introduction

Because of its high incidence and mortality rates, col-
orectal cancer (CRC) continues to be a major global health
concern, placing a significant financial and health burden
on society [1,2]. The prognosis for advanced or metastatic
CRC is still poor despite tremendous advancements in treat-
ments such as surgery, chemotherapy, radiation, targeted
therapy, and immunotherapy [3,4]. Therefore, it is crucial
to clarify the molecular mechanisms driving CRC progres-
sion and to identify novel diagnostic and therapeutic targets
in order to improve clinical outcomes.

Argininosuccinate synthetase 1 (ASS1) is an essential
enzyme in the urea cycle that primarily catalyzes arginine
biosynthesis and maintains intracellular arginine homeosta-
sis [5,6]. Emerging evidence suggests that ASS1 is dys-
regulated in various malignancies and is vital for tumori-
genesis [7]. For example, in hepatocellular carcinoma, the
downregulation of ASS1 promotes tumor cell proliferation
and survival through metabolic reprogramming, contribut-

ing to malignant progression and a poorer prognosis [8—10].
Conversely, ASS1 overexpression in lung cancer is associ-
ated with chemoresistance in tumor cells [11,12]. However,
ASSI1 expression patterns, biological functions, and under-
lying mechanisms in CRC, particularly its involvement in
immune evasion, remain insufficiently studied and warrant
further investigation.

Lipid metabolic reprogramming is a key characteristic
of CRC [13]. Carnitine palmitoyltransferase 1A (CPT1A),
the rate-limiting enzyme in mitochondrial fatty acid (-
oxidation, is abundantly expressed in colorectal cancer
(CRC), where it facilitates the spread of the disease [14,
15]. Additionally, the calcium-binding protein S100 cal-
cium binding protein A10 (SI00A10) enhances tumor in-
vasion by mediating plasminogen activation, with its stabil-
ity influenced by post-translational modifications [16,17].
Succinylation is a newly identified metabolic modifica-
tion that can regulate protein stability through conforma-
tional changes [18]. However, whether CPT1A modulates
S100A10 via succinylation remains unclear. Therefore,
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we hypothesized that ASS1 facilitates metabolic-immune
crosstalk through the CPT1A-S100A10 axis.

Our findings established that ASS1, which is upreg-
ulated in CRC, drives malignant progression by activating
CPT1A transcription. Moreover, we revealed that ASS1
mediates immune evasion via the CPT1A/S100A10 axis,
which impairs CD8* T cell function and induces T cell ex-
haustion.

2. Materials and Methods
2.1 Bioinformatics Analysis

Transcriptome data from CRC and normal tissues
were acquired from The Cancer Genome Atlas (TCGA)
database via the GEPIA platform (http://gepia.cancer-pku
.cn/). Differential mRNA expression analysis of the 4SS/
gene was performed to characterize its expression profile in
CRC.

2.2 Clinical Samples and Immunohistochemistry (IHC)

Tumor and matched para-carcinoma samples were
collected from patients with colorectal cancer patients un-
dergoing surgical resection at the Central Hospital of Zibo.
All samples were promptly snap-frozen in liquid nitrogen
and maintained at —80 °C until analysis. The study protocol
was approved by the Ethics Committee of the Central Hos-
pital of Zibo (Approval No. IRB-ZBCH-2024-078A). Ev-
ery participant provided written informed consent in accor-
dance with the Declaration of Helsinki. For analysis, tissues
were cut into 4 pm slices after being paraffin-embedded.
For THC, the following primary antibodies were used: anti-
ASS1 (1:50, Cat. No. 16210-1-AP, Proteintech, Chicago,
IL, USA), anti-CPT1A (1:500, Cat. No. 15184-1-AP, Pro-
teintech, Chicago, IL, USA), and anti-S100A10 (1:100,
Cat. No. 11250-1-AP, Proteintech, Chicago, IL, USA).
Representative fields were captured using an Olympus BX-
51 TF microscope (Olympus Corporation, Tokyo, Japan).
IHC scoring was conducted according to the proportion of
positive cells and staining intensity. Protein expression was
assessed based on staining intensity (scored 0-3: negative,
weak, moderate, strong) and the proportion of positive cells
(scored 0—-4: 0%, 1-25%, 26-50%, 51-75%, 76-100%).
Multiplying the staining intensity by the proportion score
of positive cells yielded the final IHC score, which ranged
from 0 to 12. Two seasoned pathologists conducted the
assessments separately and blindly with regard to clinical
data.

2.3 Cell Culture

CRC cell lines SW480 (Cat. No. CBP60019),
HCT116 (Cat. No. CBP60028), HT29 (Cat. No.
CBP60011), and CT26 (Cat. No. CBP30258L) were all
bought from Nanjing Kebai Biotechnology Co., Ltd (Nan-
jing, Jiangsu, China). The NCM460 cell line, derived
from normal human colonic epithelium (Catalog Number
CD0408), was procured from Shanghai QiDa Biotechnol-

ogy Co., Ltd (Shanghai, China). All cell lines were cul-
tured at 37 °C in a humidified incubator. Specifically,
SW480 cells were maintained in Leibovitz’s L-15 medium
supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin-streptomycin, and incubated without COs sup-
plementation. The other cell lines were cultured in a 5%
CO; atmosphere: HCT116 and HT29 cell lines were prop-
agated in McCoy’s 5A medium supplemented with 10%
FBS and 1% penicillin-streptomycin. For the cultivation
of CT26 and NCM460 cells, RPMI-1640 medium was em-
ployed, also enriched with 10% FBS and 1% penicillin-
streptomycin. All reagents and materials for cell culture
were sourced from Procell System (Wuhan, Hubei, China).
Authentication of each cell line was performed using short
tandem repeat (STR) profiling, and all tested negative for
mycoplasma contamination.

2.4 Cell Model Construction

Short hairpin RNAs (shRNAs) that target human
ASS1 or a non-targeting control shRNA were cloned into
the pLKO.1 vector (Cat. No. 8453, Addgene, Watertown,
MA, USA) in order to reduce the expression of ASS1. The
following were the ASS1 targeting sequences: shASS1-#1:
5'-GAAAACAGATTCCAGACGCCG-3'; shASS1-#2: 5'-
TTGATTTTGCGCACTTCCCG-3’. For overexpression,
full-length coding sequences of human ASS1, CPT1A, and
S100A10 were individually ligated into the pLVX vector
(Cat. No. 631253, Takara Bio, Kusatsu, Shiga, Japan).
Lentiviruses were packaged and produced by GenePharma
(Shanghai, China). To create stable cell lines, CRC cells
were infected with the relevant lentiviruses and then se-
lected using puromycin (Cat. No. P8833, Sigma-Aldrich,
St.  Louis, MO, USA) at a concentration of 2 pg/mL.
Prior to conducting functional experiments, the efficiency
of gene knockdown and overexpression was confirmed
through quantitative reverse transcription polymerase chain
reaction (QRT-PCR) and Western blot analysis.

2.5 Cell Proliferation and Colony Formation

After seeding in 96-well plates, CRC cells were cul-
tured for specified durations. The plates were incubated
at 37 °C for three hours after 10 uL of CCK-8 solution
(Cat. No. C0037, Beyotime, Shanghai, China) was added
to each well. A microplate reader was used to measure ab-
sorbance at 490 nm in order to determine viability. To eval-
uate colony-forming ability, a clonogenic assay was per-
formed. Cells were seeded into 6-well plates, cultured for
one week, then fixed and stained with crystal violet (Cat.
No. C0775, Sigma-Aldrich, St. Louis, MO, USA). The re-
sulting colonies were manually counted for analysis.

2.6 Transwell Migration and Invasion Assays

Cell migration and invasion capabilities of CRC cells
were evaluated using Transwell chambers (8 um pore size;
Cat. No. PCEP06H48, MilliporeSigma, Burlington, MA,
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USA). For the invasion assay, the interior of the inserts was
pre-coated with a 0.2% Matrigel layer (Cat. No. 356234,
Corning, Corning, NY, USA). Subsequently, 2 x 10° cells
were plated in the upper compartment, while the lower
chamber was filled with 600 uL of medium containing 10%
fetal bovine serum (FBS) as a chemoattractant. Follow-
ing a 24-hour incubation period, cells were fixed with 4%
paraformaldehyde. Migrated or invaded cells on the mem-
brane were stained with 0.1% crystal violet for 30 minutes.
Finally, the number of cells was quantified by counting five
randomly selected visual fields per membrane under a mi-
croscope.

2.7 qRT-PCR

RNA was extracted from both cellular and tissue sam-
ples with TRIzol reagent (Cat. No. 15596026CN, Invit-
rogen, Waltham, MA, USA). Subsequent quantitative re-
verse transcription PCR (qQRT-PCR) was performed using
SYBR Green master mix (Cat. No. 4309155, Applied
Biosystems, Foster City, CA, USA). The relative expres-
sion levels of target genes were calculated via the 2~2ACT
method, with glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) serving as the internal reference. All primer se-
quences are listed in Table 1.

Table 1. Primers used for qRT-PCR.

Gene Primer

ASS] Forward: 5'-GCTTATAACCTGGGATGGGCA-3’
Reverse: 5'-ATGGGAATCCCGTGTTGCTT-3/

CPTIA Forward: 5’-CATACGAGGCCTCCATGACC-3’
Reverse: 5'-GCTTTTCTTTCCAGCCCAGC-3’

S100410 Forward: 5-GTGGGCTTCCAGAGCTTCTT-3’
Reverse: 5'-GGAGGAGCGAACTGCTCATT-3’
Forward: 5'-TGTGGGCATCAATGGATTTGG-3’

GAPDH

Reverse: 5'-ACACCATGTATTCCGGGTCAAT-3/

qRT-PCR, quantitative reverse transcription polymerase chain

reaction; ASS/, argininosuccinate synthetase 1; CPT14, Carni-
tine palmitoyltransferase 1A; S100410, S100 calcium binding
protein A10; GAPDH, glyceraldehyde-3-phosphate dehydroge-

nase.

2.8 Western Blotting

Protein samples were obtained from tissue specimens
or cultured cells using RIPA buffer (Cat. No. P0013B,
Beyotime, Shanghai, China). Subsequently, the proteins
were resolved by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and then electrophoret-
ically transferred onto PVDF membranes (Cat. No.
IPVHO00010, Millipore, Burlington, MA, USA). Follow-
ing a 2-hour blocking step with 5% skimmed milk at room
temperature, the membranes were incubated overnight at
4 °C with the specified primary antibodies. The spe-
cific primary antibodies utilized were: Anti-ASS1 (1:5000,
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16210-1-AP, Proteintech, Chicago, IL, USA), anti-CPT1A
(1:5000, 15184-1-AP, Proteintech, Chicago, IL, USA), anti-
S100A10 (1:5000, 81017-1-RR, Proteintech, Chicago, IL,
USA), anti-FLAG® M2 antibody (1:2000, F1804, Sigma-
Aldrich, St. Louis, MO, USA), anti-HA antibody (1:1000,
H6908, Sigma-Aldrich, St. Louis, MO, USA), anti-
succinyl lysine (1:1000, PTM-401, PTM Bio, Chicago, IL,
USA), and anti-GAPDH (1:20,000, 10494-1-AP, Protein-
tech, Chicago, IL, USA). After washing, the membranes
were subjected to a 2-hour incubation at room tempera-
ture with the appropriate HRP-linked secondary antibod-
ies. These included goat anti-rabbit immunoglobulin G
(IgG) (H+L) conjugated with HRP (1:1000, A0208, Bey-
otime, Shanghai, China) and goat anti-mouse 1gG (H+L)
conjugated with HRP (1:1000, A0216, Beyotime, Shang-
hai, China). An improved chemiluminescence detection
technique was used to observe protein bands.

2.9 CD8* T Cell Isolation

CD8™ T cells were isolated using an immunomagnetic
bead sorting kit (EasySep Human CD8+ T Cell Isolation
Kit, Cat. No. 17953, STEMCELL Technologies, Vancou-
ver, BC, Canada). Briefly, following the manufacturer’s
protocol, biotinylated anti-human CD8 antibody was added
to peripheral blood mononuclear cells (PBMCs, obtained
from Shanghai Jinyuan Biotechnology Co., Ltd., Shanghai,
China ) resuspended in sorting buffer, and the mixture was
incubated at room temperature for 15 minutes. After cen-
trifugation and supernatant removal, the cell pellet was re-
suspended in fresh sorting buffer. Streptavidin-conjugated
magnetic beads were then introduced, followed by another
15-minute incubation at room temperature. Subsequently,
the tube was placed on a magnetic stand for five minutes
to allow the bead-bound CD8" T cells to adhere to the
tube wall. The unbound cells in the supernatant were care-
fully aspirated and discarded. Finally, to obtain the purified
CD8™ T cells, 1 mL of complete medium was added to re-
suspend the isolated cells.

2.10 LDH Cytotoxicity Assay

A CD8™ T Cell Isolation Kit was used to separate hu-
man CDS8™ T cells from PBMCs. Before the test, the cells
were kept in RPMI-1640 medium supplemented with 10%
FBS and 100 U/mL IL-2 (Cat. No. 200-02, PeproTech,
Cranbury, NJ, USA) for 72 hours after being stimulated
with anti-CD3/CD28 beads (Cat. No. 11131D, Thermo
Fisher Scientific, Waltham, MA, USA). During the loga-
rithmic growth phase, HCT116 or HT-29 CRC cells were
collected. Then, 100 pL of CRC cells (target cells, T) were
co-cultured with 100 pL of activated CD8™ T cells (effec-
tor cells, E) at an E:T ratio of 5:1 in a 96-well round-bottom
cell culture plate. Wells containing target cells alone served
as a negative control. Maximum release wells were treated
with 100 pL of 1% NP-40. The following formula was used
to determine the percentage of LDH release following a 48-
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hour co-culture at 37 °C with 5% COs: LDH release =[(OD
experimental group — OD natural release) / (OD maximum
release group — OD natural release)] x 100%.

2.11 Enzyme-Linked Immunosorbent Assay (ELISA)

Commercial sandwich ELISA kits were used to mea-
sure the amounts of interferon (IFN)-~ (Cat. No. CB10293-
Hu, COIBO BIO, Shanghai, China), tumor necrosis factor
(TNF)-a (Cat. No. CB11762-Hu, COIBO BIO, Shanghai,
China), granzyme-B (Cat. No. ab235635, Abcam, Cam-
bridge, UK), and perforin (Cat. No. ab46068, Abcam,
Cambridge, UK) in the supernatants of co-culture systems
(centrifuged at 1000 x g for 10 minutes). The assays were
carried out in accordance with the manufacturer’s instruc-
tions. A BioTek Synergy H1 microplate reader was used to
detect absorbance at 450 nm with a correction at 570 nm.

2.12 Flow Cytometry

Following co-culture, cells were extracted and stained
for flow cytometry to assess the CD8™ T cell that expressed
Ki-67 and PD-1. An anti-CD8 antibody (Human: 1:50, Cat.
No. 557834; Mouse: 1:50, Cat. No. 553035; BD Bio-
sciences, San Jose, CA, USA) was used for surface stain-
ing following viability staining to rule out dead cells. A
fluorescently conjugated antibody was used to detect PD-1
(Human: 1:100, Cat. No. 561272; Mouse: 1:100, Cat. No.
570654; BD Biosciences, San Jose, CA, USA) or TIM-3
(Human: 1:100, Cat. No. 571403; Mouse: 1:100, Cat.
No. 569935; BD Biosciences, San Jose, CA, USA). Fol-
lowing fixation and permeabilization, the cells were intra-
cellularly labeled using an anti-Ki-67 antibody (1:50, Cat.
No. 556026, BD Biosciences, San Jose, CA, USA). Appro-
priate fluorescence-minus-one (FMO) controls and isotype
controls were included in each experiment to establish pos-
itive gates and confirm staining specificity. The percent-
ages of Ki-671 and PD-17 subsets were calculated by gat-
ing CD8™ T cells using data collected on a flow cytometer
and analyzed using FlowJo software (v10, BD Biosciences,
San Jose, CA, USA).

2.13 Co-Immunoprecipitation (Co-IP)

Protease inhibitor-supplemented RIPA buffer was
used to extract the total protein, which was then incubated
for 30 minutes and centrifuged for 15 min at 12,000 xg.
After adding 50 pL of Protein A/G agarose beads and 2 ug
of normal IgG to the resultant lysate, it was gently shaken at
4 °C for one hour. The anti-CPT1A antibody was added to
the supernatant and incubated at 4 °C for the entire night af-
ter centrifugation was completed to eliminate non-specific
binding. After that, 50 uL of Protein A/G agarose beads
(Cat. No. 20422, Thermo Fisher Scientific, Waltham, MA,
USA) were added, and they were given time to bind. SDS
loading buffer was added to the eluates following elution.
Western blotting was utilized to evaluate the immunopre-
cipitated products, and S100A10 was detected using an

anti-S100A 10 antibody. To guarantee result specificity, the
IgG group acted as a negative control and the input sample
as a positive control. Total protein extracts from the trans-
fected HEK293T, HT29, or HCT116 cells were prepared
using the method described above. Protein was used for im-
munoprecipitation with anti-S100A10 antibody, following
the same procedure as above. The total succinylation level
and the succinylation level at the K47 site in the eluted prod-
ucts were detected by Western blotting. Protein expression
was verified via the input sample.

2.14 In Vitro Succinylation Assay

Succinylation mutants of SI00A10, in which Lysine
47 was substituted with arginine (K47R), were generated
by Cenepharma (Shanghai, China). All mutant expres-
sion plasmids were generated by Sangon Biotech (Shang-
hai, China). For the overexpression of Flag-CPT1A, HA-
S100A10, and its mutant HA-S100A10-K47R, the respec-
tive constructs were transfected into HEK293T cells us-
ing Lipofectamine 3000 (Cat. No. L3000015, Invitro-
gen, Waltham, MA, USA), following the manufacturer’s
protocol. Anti-Flag M2 or anti-HA antibodies coupled to
magnetic beads were used to immunoprecipitate proteins,
which were then eluted with the appropriate Flag or HA
peptides. The immunoprecipitated samples (Flag-CPT1A,
HA-S100A10, and HA-S100A10-K47R) were incubated in
reaction buffer at 37 °C for 1 h, followed by protein im-
munoblotting analysis.

2.15 Protein Stability Detection

In accordance with the experimental groups, HCT116
or HT29 cells were plated in 6-well plates and transfected.
Fresh media containing 50 pg/mL cycloheximide (CHX,
Cat. No. C7698, Sigma-Aldrich, St. Louis, MO, USA) was
added after 48 hours of culture to allow target gene expres-
sion. At2,4, 6, and 8 hours after CHX treatment, cells were
taken. Then, protein lysates were prepared, quantified, and
subjected to Western blotting to evaluate S100A10 degra-
dation kinetics.

2.16 Animal Care and Ethics Statement

C57BL/6 mice (68 weeks, 20-22 g) were acquired
from Changzhou Cavins Laboratory Animal Co., Ltd
(Changzhou, Jiangsu, China). This research received eth-
ical approval from the Ethics Committee of the Central
Hospital of Zibo (Protocol No. IACUC-ZBCH-2024-
110B). Twelve C57BL/6 mice were randomly divided into
2 groups, with 6 mice per group. Then, 5 x 10° ASSI-
knockdown CT26 cells were subcutaneously injected to es-
tablish transplanted tumor models, designated as sh-NC and
sh-ASS1 groups, respectively. The mice were monitored
daily after inoculation. Tumor dimensions were measured
every third day using a digital caliper, recording the longest
(L) and shortest (W) diameters. Tumor volume (mm?) was
then calculated using the formula: Volume=L x W?/2. At
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Fig. 1. ASS1 is highly expressed in colorectal cancer (CRC) tissues and cell lines. (A) ASS1 mRNA expression levels in CRC and
normal tissues from the The Cancer Genome Atlas (TCGA) database (n = 349). (B) qRT-PCR analysis of ASS1 mRNA expression in 40
pairs of CRC tumors and matched paracancerous tissues (n =40). (C,D) Western blotting of ASS1 protein expression in five representative

pairs of CRC and adjacent non-tumor tissues. GAPDH was used as a loading control (n = 6). (E,F) Representative immunohistochemistry

(IHC) staining of ASS1 in CRC and paracancerous tissues (n = 40, normal, 200 um, enlarged, 100 pm). **p < 0.01, compared with
para-carcinoma. (G-I) ASS1 mRNA (n = 6) and protein (n = 3) expression levels in CRC cell lines (HCT116, SW480, HT29, and CT26)
and normal colonic epithelial cell line (NCM460). **p < 0.01, compared with NCM460.

the conclusion of the experiment, all mice were euthanized
by exposure to 40% CO- followed by cervical dislocation.
Tumor volume measurements and endpoint analyses were
performed by investigators blinded to group allocation. No
animals were excluded from this analysis.
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2.17 Flow Cytometric Analysis

Collagenase IV (1 mg/mL, Cat. No. 17104019,
Gibco, Waltham, MA, USA) and DNase I (0.1 mg/mL, Cat.
No. 18047019, Gibco, Waltham, MA, USA) were used to
mechanically and enzymatically break down tumor tissue
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Fig. 2. ASS1 promotes the malignant phenotypes of CRC cells in vitro. (A,B) Efficiency of ASS1 overexpression (ASS1-OE) and
knockdown (sh-ASS1 #1 and #2) in SW480, HCT116, and HT29 cells was confirmed by qRT-PCR (n = 6) and Western blotting (n = 3).
(C-F) Functional assays revealed that ASS1 knockdown significantly inhibited cell proliferation (C, n = 6), colony formation (D, n = 6,

scale bar: 10 mm), migration (E, n = 5, scale bar: 100 pm), and invasion (F, n = 5, scale bar: 100 um), whereas ASS1 overexpression

enhanced proliferative and colony-forming capabilities compared to the controls. **p < 0.01, compared with control.

in RPMI-1640 media for 30 minutes at 37 °C in order to
produce single-cell suspensions. After passing through a
70 um strainer, the cells were cleaned. Antibodies against
CD3 and CD8 were used to stain the cells in order to analyze
CD8 T cell invasion. The fraction of CD8 T/CD3V cells
in the live leukocytes was calculated after fixation. Using a
commercial isolation kit, isolated tumor-infiltrating leuko-
cytes were selected for CD8™ T cells for PD-1 expression.
Antibodies against PD-1 and CD8 were used to stain the
cells. There were also isotype controls. PD-1 expression
in gated CD8" T lymphocytes was measured, and samples
were examined using flow cytometry.

2.18 Statistical Analysis

All statistical analyses were conducted with Graph-
Pad Prism (v9.5, GraphPad Software, Inc., San Diego, CA,
USA). Results are expressed as mean =+ standard deviation.
For comparisons between two groups, unpaired Student’s
t-tests were applied, whereas comparisons across multiple

groups were performed using one-way analysis of variance.
A statistically significant p-value was defined as <0.05.

3. Results
3.1 ASS1 Was Highly Expressed in CRC

To assess ASS1 expression in CRC, we first per-
formed a bioinformatics analysis of TCGA data, which ex-
hibited significant ASS1 mRNA upregulation in tumor tis-
sues compared to normal samples (Fig. 1A). To validate
this finding, we collected 40 pairs of tumor and matched
para-carcinoma tissues from patients with CRC. qRT-PCR
results confirmed that ASS1 mRNA expression was signif-
icantly elevated in tumor tissues relative to matched para-
cancerous tissues (Fig. 1B). Similarly, Western blotting of
five representative paired samples revealed increased ASS1
protein expression in tumor tissues (Fig. 1C,D). IHC stain-
ing further supported these results, exhibiting weak ASS1
staining in para-carcinoma tissues but strong staining in
CRC specimens (Fig. 1E,F). Moreover, in cellular models,
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Fig. 3. ASS1 expression modulates CD8™ T cell function against CRC cells. (A) Purity analysis of isolated human CD8™ T cells.
(B-E) Secretion of cytotoxic mediators by CD8™ T cells after co-culture with sh-ASS1 or sh-NC CRC cells (n = 6). (F,G) Proliferation
(Ki67) and exhaustion markers (PD-1, TIM-3) on CD8" T cells were analyzed using flow cytometry (n = 5). (H) Functional assessment
of CD8™" T cell-mediated killing via LDH release assays (n = 6). **p < 0.01, compared with control or sh-NC.

CRC cell lines (HCT116, SW480, HT29, and CT26) exhib-
ited considerably higher levels of ASS1 mRNA and protein
expression than NCM460 (Fig. 1G-I). Collectively, these
data demonstrate elevated expression of ASS1 in both CRC
tissues and cellular models, suggesting its potential role as
an oncogenic driver in colorectal carcinogenesis.

3.2 ASS1 Knockdown Inhibited CRC Cell Proliferation
and Migration

To study the biological functions of ASS1 in CRC,
we generated stable overexpression (ASS1-OE) and knock-
down (sh-ASS1 #1 and sh-ASS1 #2) models in SW480,
HCT116, and HT29 cell lines. We utilized Western blot-
ting and qRT-PCR in parallel to verify ASS1 expression
(Fig. 2A,B). ASS1 knockdown reduced cell proliferation,
colony formation, migration, and invasion in comparison
to the control group, according to functional assays. Con-
versely, ASS1 overexpression notably enhanced cell prolif-
eration and clonogenicity (Fig. 2C—F). Together, these re-
sults show that ASS1 deletion reduces important malignant
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behaviors in CRC cells, such as invasion, migration, colony
formation, and proliferation, indicating that ASS1 functions
as an oncogenic driver supporting CRC progression.

3.3 Reducing ASS1 Expression Enhanced Anti-Tumor
Immunity and Mitigated CDS™ T Cell Exhaustion In Vitro

CD8™ T cells were purified to a purity exceeding
95%, as confirmed by flow cytometric analysis (Fig. 3A
and Supplementary Fig. 1A). In comparison to those co-
cultured with sh-NC control cells, CD8* T cells stimulated
with ASS1-knockdown HCT116 cells (sh-ASS1) showed
noticeably higher release of cytotoxic mediators, such as
IFN-vy, TNF-qa, perforin, and granzyme B (Fig. 3B-E).
We used flow cytometry to further assess PD-1 expres-
sion, which is higher in fatigued T cells [19]. The re-
sults revealed enhanced proliferation (indicated by Ki67+
frequency) and effector function, along with reduced PD-
1 and TIM-3 expression, in CD8' T cells cultured with
ASSI1-depleted cells (Fig. 3F,G and Supplementary Fig.
1B-D). Functional assessment revealed that ASS1 knock-
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Fig. 4. ASSI1 positively regulates CPT1A expression in CRC. (A,B) mRNA (n = 40) and protein (n = 5) levels of CPT1A were
significantly upregulated in tumor tissues compared to matched para-carcinoma tissues from 40 patients with CRC. (C) Representative

IHC images exhibited weak CPT1A staining in para-carcinoma tissues and strong staining in CRC tissues (n = 40, normal, 200 pum;

enlarged, 100 um). **p < 0.01, compared with para-carcinoma. (D) A positive correlation between ASS1 and CPT1A protein expressions
in clinical CRC samples. (E,F) Western blotting (n = 3) and qRT-PCR (n = 6) analyses confirmed that ASS1 knockdown downregulated
CPT1A protein and mRNA levels in HCT116 cells, whereas ASS1 overexpression upregulated CPT1A expression in SW480 cells. (G)
Intracellular arginine levels in CRC cell lines (HCT116 and HT29) were determined using a colorimetric assay. (H,I) CPT1A protein (n
=3) and mRNA (n = 6) expression levels in CRC cell lines (HCT116 and HT29). **p < 0.01, compared with sh-NC or NC-OE, #p <

0.01, compared with sh-ASS1; ns, not significant.

down significantly sensitized CRC cells to CD8™ T cell-
mediated killing, as evidenced by the increased LDH re-
lease (Fig. 3H). Conversely, ASS1 overexpression con-
ferred resistance to CD8™ T cell cytotoxicity (Fig. 3B—H).
All of these findings show that ASS1 depletion improves
CD8™ T cell anti-tumor activity and reduces T cell fatigue.

3.4 ASS1 Knockdown Reduced CPTIA Expression

Analysis of 40 clinical CRC samples revealed signif-
icantly elevated mRNA and protein levels of CPT1A in tu-
mor tissues compared to matched para-carcinoma tissues
(Fig. 4A,B). IHC analysis further supported these obser-
vations, exhibiting faint CPT1A immunoreactivity in para-
cancerous regions; however, strong positive staining was

observed in CRC tissues (Fig. 4C). Correlation analysis
revealed a significant positive association between ASS1
and CPT1A protein expression levels (Fig. 4D). We trans-
fected ASS1-targeting shRNA into HCT116 cells to exam-
ine the regulatory mechanisms underlying this relationship.
Downregulation of CPT1A expression was observed fol-
lowing ASS1 knockdown, with a notable decline at both
the protein and mRNA levels. Conversely, ASS1 over-
expression in SW480 cells substantially increased CPT1A
protein levels (Fig. 4E,F). To investigate how ASS1 regu-
lates CPT1A, we focused on its role in arginine synthesis.
First, we determined that ASS1 knockdown significantly
reduced intracellular arginine levels (Fig. 4G). We next
asked whether this arginine reduction mediated the down-
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Fig. 5. CPT1A overexpression rescues the tumor-suppressive and immunostimulatory effects of ASS1 knockdown in CRC cells.
(A) Establishment of CPT1A-overexpressing HCT116 and HT29 cell lines (n = 3). (B—E) Functional assays exhibited that ASS1 knock-
down inhibited proliferation (B, n = 6), colony formation (C, n = 5, Scale bar: 10 mm), migration (D, n = 5, Scale bar: 100 um),
and invasion (E, n = 5, Scale bar: 100 pum) in CRC cells, which were reversed by CPT1A overexpression. (F) Increased secretion of
CD8™ T cell effector molecules (interferon [IFN]-y, tumor necrosis factor [TNF]-a, perforin, and granzyme B) upon co-culture with
ASS1-knockdown tumor cells, attenuated by CPT1A overexpression (n = 6). (G) Reduced frequency of exhausted PD-17/CD8™ T cells
(or TIM-31/CD8™ T cells) after co-culture with ASS1-deficient cells, rescued by CPT1A expression (n = 5). (H) Enhanced CD8™ T
cell-mediated killing of ASS1-knockdown tumor cells, measured by LDH release, and counteracted by CPT1A overexpression (n = 6).
*¥p < 0.01, compared with sh-NC. *p < 0.01, compared with sh-ASS1.
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Fig. 6. CPT1A-mediated succinylation stabilizes SI00A10 and promotes its expression in CRC cells. (A) gRT-PCR analysis of
S100A10 mRNA expression in CRC tumors and matched paracancerous tissues (n = 40). (B) Western blotting of SI00A10 protein levels
in clinical CRC samples and paracancerous tissues (n = 5). (C) Representative IHC images exhibited S100A10 expression in CRC and
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or ASS1 levels in CRC samples. (E) Co-immunoprecipitation (Co-IP) assays confirmed the direct interaction between CPT1A and
S100A10 in HT29 and HCT116 cells. (F) Succinylation of SI00A10 in HEK293T cells co-expressing Flag-CPT1A and HA-S100A10
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regulation of CPT1A. Exogenous arginine supplementation
in ASS1-deficient cells completely rescued the downreg-
ulation of CPT1A mRNA and protein levels (Fig. 4H,I).
Conversely, supplementation with a control amino acid
(glycine) was ineffective. These results demonstrate that
ASS1 controls CPT1A transcription by maintaining intra-
cellular arginine levels through its enzymatic activity.
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3.5 CPT1A Rescued the Anti-Tumor Effects of ASS1
Knockdown in CRC

To evaluate functional rescue, we established CPT1A-
overexpressing HCT116 and HT29 cell lines (Fig. 5A).
ASS1 knockdown dramatically reduced cell proliferation,
clonogenicity, migration, and invasion in both cell lines,
according to functional experiments. These inhibitory ef-
fects were effectively reversed by CPT1A overexpression
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(Fig. 5B-E). In co-culture assays, ASS1 knockdown po-
tentiated the anti-tumor function of CD8" T cells in co-
culture, as demonstrated by two key findings: elevated se-
cretion of effector molecules (IFN-v, TNF-«, perforin, and
granzyme B) (Fig. 5F) and a decreased proportion of PD-
1T (or TIM-37) exhausted T cells (Fig. 5G and Supple-
mentary Fig. 2A,B). In line with this enhanced cytotox-
icity, ASS1-deficient tumor cells showed significantly in-
creased LDH release upon co-culture (Fig. SH). CPT1A
overexpression attenuated these immunostimulatory effects
(Fig. 5SF-H). All of these findings point to CPT1A as a cru-
cial downstream effector that ASS1 uses to encourage im-
mune evasion in CRC.

3.6 CPT1A Promoted S100A410 Succinylation to Enhance
Its Protein Stability

We further studied S100A10 expression in CRC clin-
ical samples. Elevated SI00A10 mRNA levels in tumors
versus paracancerous tissues were detected by qRT-PCR
(Fig. 6A). Consistent with the mRNA data, Western blot-
ting confirmed that SI00A10 protein was also markedly
upregulated in tumor samples (Fig. 6B, and Supplemen-
tary Fig. 3A). IHC analysis corroborated these results,
demonstrating weak S100A10 staining in paracancerous ar-
eas but intense positive staining in CRC tissues (Fig. 6C).
Strong significant correlations between S100A10 expres-
sion and CPT1A and ASS1 expression were found by cor-
relation analysis (Fig. 6D). Importantly, elevated expres-
sion of each gene (ASS1, CPTIA, or SI00A10) correlated
with advanced tumor stage (Stage I1I/IV) (Supplementary
Fig. 4A-F). Furthermore, Kaplan-Meier analysis re-
vealed that high expression of these genes was individu-
ally associated with significantly shorter overall survival in
CRC patients (Supplementary Fig. 4G-I). In HT29 and
HCTI116 cells, co-IP studies verified a direct connection
between CPT1A and S100A10 (Fig. 6E). Immunoprecip-
itation using an anti-CPT1A antibody efficiently enriched
the S100A10. When Flag-CPT1A and HA-S100A10 were
co-overexpressed in HEK293T cells, strong SI00A10 suc-
cinylation was observed. Conversely, the K47R mutant
exhibited a significantly reduced succinylation (Fig. 6F).
Similarly, CPT1A overexpression in CRC cell lines HT29
and HCT116 markedly enhanced S100A10 succinylation,
while the K47R mutant revealed substantially less succiny-
lation (Fig. 6G). CHX-chase assays indicated that CPT1A
overexpression delayed the SI00A10 protein degradation,
suggesting that CPT1A stabilizes S1I00A10 via promot-
ing its succinylation (Fig. 6H,I, and Supplementary Fig.
3B,C). Even under CPT1A overexpression, the K47R mu-
tant was rapidly degraded, implying that succinylation at
lysine 47 is essential for maintaining S100A 10 protein sta-
bility. Additional experiments suggested that ASSI reg-
ulates SI00A10 expression through CPT1A. Specifically,
ASS1 knockdown significantly reduced S100A10 protein
levels, and this reduction was reversed by CPT1A overex-
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pression (Fig. 6J,K, and Supplementary Fig. 3D,E). To-
gether, these findings demonstrate that CPT1A promotes
succinylation of SI00A10 at K47, thereby stabilizing the
protein and upregulating its expression in CRC cells.

3.7 8100410 Reversed the Effects of ASS1 Knockdown on
Tumor Growth and Immune Response

ASS1 knockdown dramatically reduced invasion, mi-
gration, colony formation, and cell proliferation. These in-
hibitory effects were markedly reversed by SI00A10 over-
expression (Fig. 7A-D). In a co-culture system with CD8™
T cells, ASS1 knockdown significantly enhanced CD8¥
T cell cytotoxicity against HCT116 cells. This enhanced
cytotoxicity was reversed by S100A10 overexpression, as
indicated by the restoration of cytotoxic factor secretion
to baseline levels and a significant increase in the PD-
17/CD8* and TIM-31/CD8™ T cell proportion (Fig. 7E,F).
Consistent with these findings, ASS1-knockdown tumor
cells revealed a significantly higher LDH release rate when
co-cultured with CD8™ T cells, which was attenuated after
S100A10 overexpression (Fig. 7G).

3.8 Suppressing ASS1 Inhibited the CRC Growth In Vivo

According to experimental results, the sh-ASS1 group
showed considerably lower tumor volume and weight than
the sh-NC group in a CT26 cell transplantation tumor model
created in C57BL/6 mice (Fig. 8A—C). IHC and Western
blotting revealed markedly decreased ASS1, CPT1A, and
S100A10 expression levels in tumor tissues from the sh-
ASS1 group (Fig. 8D,E). Flow cytometry results indicated
a significant increase in the CD8T T cell proportion and a
notable decrease in the PD-17 rate and TIM-37 rate among
tumor-infiltrating lymphocytes in the sh-ASS1 group com-
pared to the sh-NC group (Fig. 8F,G and Supplementary
Fig. SA-C). ELISA revealed that sh-ASS1 CT26 cell-
derived tumors contained significantly elevated levels of
the cytotoxic effector molecules IFN-y and granzyme B
compared to sh-NC controls (Fig. 8H). Consistent with
these findings, the LDH release rate in the sh-ASS1 group
was significantly increased (Fig. 81). These findings suggest
that ASS1 knockdown suppresses colorectal tumor growth
in vivo and promotes a more anti-tumor immune microen-
vironment.

4. Discussion

CRC remains the malignancy with the greatest global
incidence and mortality. Despite considerable advances
have been made in improving outcomes for patients with
metastatic CRC, many continue to encounter challenges,
including treatment resistance and immune evasion. The
acidic and hypoxic tumor microenvironment is thought to
contribute to these suboptimal therapeutic outcomes [20].
Consequently, elucidating CRC pathogenesis and identify-
ing the key factors driving its progression are essential for
developing more effective treatment strategies.
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Fig. 7. S100A10 overexpression rescues the tumor-promotive and immune-evasive functions impaired by ASS1 knockdown. (A)
Western blotting of SI00A10 in HCT116 cells (n = 3). (B) CCK-8 assay (n = 6). (C) Colony formation assay (n = 6, scale bar: 10
mm). (D) Transwell migration/invasion assay (n = 5). Scale bar: 100 um. (E) Enzyme-linked immunosorbent assay (ELISA) analysis
of cytotoxic factors (IFN-~y, TNF-q, perforin, and granzyme B in a co-culture system (n = 6). (F) PD-17" (or TIM-3") exhausted CD8"
T cells rate (n = 5). (G) LDH release rate (n = 6). **p < 0.01, compared with sh-NC. #p < 0.01, compared with sh-ASS]1.

Initially, through bioinformatics analysis, validation
in clinical tissue samples, and cell-based models, we con-
sistently observed high ASS1 expression in CRC tissues.
This expression pattern implicates ASS1 in the malignant
progression of CRC, offering a rationale for subsequent
functional studies [21]. Previous studies have revealed that
ASS]1, a crucial urea cycle enzyme, is critical for endoge-
nous arginine synthesis. It regulates cellular energy home-
ostasis and balances pyrimidine and purine metabolites. El-
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evated ASS1 expression promotes cell proliferation, mi-
gration, and metastasis in various cancers, including lung,
colon, gastric, and ovarian cancers [11,21-24]. The pro-
tumorigenic role of ASS1 is further supported by our exper-
imental findings, which showed that ASS1 overexpression
increased these malignant behaviors whereas ASS1 knock-
down dramatically reduced these behaviors. These findings
indicate that ASS1 promotes tumor progression by modu-
lating core cellular behaviors in CRC, consistent with its
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Fig. 8. ASS1 knockdown inhibits tumor growth and modulates the immune microenvironment in a CT26 murine CRC model. (A)

Tumor appearance in each group (n=6). (B,C) Tumor volume curve (B) and tumor weight (C) were significantly reduced in mice injected

with CT26 cells stably expressing sh-ASS1 compared to the sh-NC group (n = 6). (D) Representative IHC staining and quantitative
analysis exhibited decreased protein expression of ASS1, CPT1A, and S100A10 in the sh-ASS1 group tumor tissues (n = 6). Scale bar:
100 um. (E) Western blotting of ASS1, CPT1A, and S100A10 in tumor tissues (n = 3). (F,G) Flow cytometry analysis revealed an
increased CD8™" T cell proportion (F) and a decreased PD-17 rate (or TIM-3" rate) among tumor-infiltrating lymphocytes (G) in the
sh-ASS1 group compared to sh-NC (n = 6). (H) Enzyme-linked immunosorbent assay (ELISA) analysis of cytotoxic factors (IFN-~,
TNF-q, perforin, and granzyme B in tumor tissues (n = 6). (I) LDH release rate (n = 6). **p < 0.01, compared with sh-NC.

high expression and functional effects. Notably, ASSI is
vital for regulating the tumor immune microenvironment.
ASS1 knockdown significantly improved CD8' T cells’
cytotoxic activity, decreased signs of exhaustion, and in-
creased their capacity to secrete cytokines (IFN-+ and TNF-
«). This implies that by inhibiting anti-tumor immune re-
sponses, ASS1 may be involved in immune evasion in col-
orectal cancer.
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To clarify the molecular mechanisms underlying
ASS1’s role in CRC, this study systematically investigated
its downstream regulatory pathways. Located on the mito-
chondrial outer membrane, CPT1A is a key regulatory en-
zyme that controls the transport of long-chain fatty acids
into the mitochondria for $-oxidation [14]. Prior research
indicates that CPT1A suppresses anoikis by regulating fatty
acid oxidation, thus promoting CRC metastasis. Further-
more, this enzyme is implicated in protein succinylation due
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to its lysine succinyltransferase activity, which contributes
to its functional versatilit [25-27]. Our analysis of clini-
cal samples revealed a strong positive correlation between
ASS1 and CPT1A expressions. Experiments with cells re-
vealed that ASS1 boosts CPT1A expression at the levels of
transcription and translation. Furthermore, overexpressing
CPT1A rescued the suppression of malignant phenotypes
in CRC cells induced by ASS1 knockdown and reversed
the impairment of CD8™ T cell function. These results col-
lectively identify CPT1A as a crucial downstream effector
of ASS1 in driving CRC progression and enabling immune
evasion.

The role of SI00A10 as a plasminogen receptor is
vital for tumor invasiveness, angiogenesis, and metasta-
sis [17,28,29]. Its widespread upregulation in cancer is at-
tributed to transcriptional activation and post-translational
stabilization. Although S100A10 is inherently unstable, its
binding to annexin A2 protects it from ubiquitin-dependent
proteolysis [30,31]. Here, we further demonstrate that
CPT1A binds directly to SI00A10 and promotes its suc-
cinylation specifically at the K47 site. This modification
significantly delays S100A10 degradation and enhances its
protein stability. S100A10 overexpression reversed the
anti-tumor and immunomodulatory effects caused by ASS1
knockdown, indicating that the ASS1/CPT1A/S100A10
axis forms a key molecular pathway that mediates ma-
lignant behavior and immune evasion in CRC. Notably,
CPT1A-mediated succinylation of SI00A10 offers novel
understanding into the regulation of tumor progression in
CRC through post-translational modifications.

In vivo experiments further confirmed the physiolog-
ical relevance of this mechanism. Significant inhibition of
CRC cell growth in vivo was observed with ASS1 knock-
down, which also reduced the expression of ASS1, CPTI1A,
and S100A10 in tumor tissues and improved the tumor
immune microenvironment, as shown by increased CD8+
T cell infiltration and decreased PD-1 expression. These
findings align with the in vitro results, affirming the es-
sential regulatory function of ASS1 in CRC progression
and immune modulation in vivo. Despite the findings pre-
sented, this study is subject to several limitations. First,
the mechanisms through which ASS1 transcriptionally reg-
ulates CPT1A expression are unclear. Further studies using
chromatin immunoprecipitation or dual-luciferase reporter
assays are necessary to identify the potential transcription
factors involved. Furthermore, this research mainly de-
pended on xenograft mouse models, which might not com-
pletely capture the complexity and immune environment of
human tumors. Future research employing patient-derived
organoids or genetically engineered mouse models with in-
tact immune systems might offer insights that are more ap-
plicable to clinical settings. Finally, the clinical transla-
tional potential of targeting this axis, including the develop-
ment and specificity of inhibitors targeting ASS1 or CPT1A
enzymatic activity, requires thorough evaluation.
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5. Limitations

This study has several limitations. First, the mecha-
nisms by which ASS1 transcriptionally regulates CPT1A
expression remain to be elucidated. Further investigations
employing chromatin immunoprecipitation (ChIP) or dual-
luciferase reporter assays are required to identify the poten-
tial transcription factors involved in this regulation. Sec-
ond, this study predominantly relied on xenograft mouse
models, which may not fully recapitulate the complexity
and immune microenvironment of human colorectal cancer.
Future research utilizing patient-derived organoids or ge-
netically engineered mouse models with an intact immune
system could provide insights that are more directly trans-
latable to clinical settings. Finally, the clinical translational
potential of targeting the ASS1/CPT1A/S100A10 axis, in-
cluding the development and specificity of inhibitors di-
rected against the enzymatic activities of ASS1 or CPTIA,
warrants thorough evaluation.

6. Conclusion

Overall, the research explains the role of ASS1 in
CRC, including its expression, biological functions, and
the mechanisms that contribute to malignancy and immune
evasion. We demonstrate that ASS1 enhances the stability
of S100A10 protein by facilitating CPT1A-mediated suc-
cinylation at the K47 site, thereby driving malignant be-
haviors and immune escape in CRC cells. This research
offers a new mechanistic basis for comprehending CRC
pathogenesis and underscores the potential of targeting the
ASS1/CPT1A/S100A10 axis for CRC diagnosis and treat-
ment.
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