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ABSTRACT

Background Immune checkpoint blockade (ICB)
therapies, particularly anti-PD-1, benefit only a limited
subset of colorectal cancer (CRC) patients. G-protein
signaling modulator 1 (GPSM1) is implicated in immunity
and oncology, yet its role in regulating the CRC tumor
microenvironment (TME) and contributing to anti-PD-1
resistance remains poorly understood.

Methods We employed single-cell RNA sequencing and
multiplex immunofluorescence on tumor samples from
anti-PD-1-resistant CRC patients to evaluate GPSM1
expression and its impact on macrophage polarization.
An orthotopic CRC xenograft model in C57BL/6 mice

was used to assess the role of GPSM1 in vivo. An in vitro
co-culture system, alongside mass cytometry and flow
cytometry, explored GPSM1’s biological functions within
the TME. We further used ChIP-PCR, mass spectrometry,
and co-immunoprecipitation to elucidate the mechanisms
regulating GPSM1 activity.

Results GPSM1 expression was significantly elevated in
anti-PD-1-resistant CRC tissues. Enhanced GPSM1 levels
promoted anti-PD-1 resistance by driving macrophage
polarization toward an immunosuppressive M2 phenotype,
facilitating their infiltration into the TME. We identified

the deubiquitinase USP9X as a key factor preventing
GPSM1 degradation through K63-polyubiquitination. This
stabilization of GPSM1 led to MEIS3 nuclear translocation,
activating macrophage colony-stimulating factor
expression. Importantly, ruxolitinib emerged as a promising
GPSM1-targeting candidate, demonstrating improved
efficacy in combination with anti-PD-1 therapy in both
microsatellite instability-high and microsatellite stable CRC
models.

Conclusions Our findings highlight the pivotal role of
GPSM1-driven M2 macrophage infiltration in mediating
anti-PD-1 resistance in CRC. Targeting GPSM1 offers

a novel therapeutic strategy to enhance ICB efficacy,
potentially broadening the patient population that may
benefit from these therapies.

INTRODUCTION

Colorectal cancer (CRC) ranks among the
most prevalent cancers globally.! Despite
advancements in chemotherapy and immu-
notherapy, the mortality rate remains high,
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= In colorectal cancer (CRC), immune checkpoint
blockade (ICB) therapies, particularly anti-PD-1,
have shown limited success, with only a subset
of patients responding. Tumor-associated macro-
phages (TAMs) are known to contribute to an immu-
nosuppressive tumor microenvironment (TME) that
supports immune evasion and therapy resistance.
G-protein signaling modulator 1 (GPSM1) has been
implicated in various immune functions, but its role
in regulating macrophage polarization and its con-
tribution to anti-PD-1 resistance in CRC have not
been well defined. Understanding the mechanisms
by which GPSM1 influences TAM activity and ICB
resistance is crucial for developing more effective
therapies for CRC.

primarily due to tumor metastasis and recur-
rence.?? Immune checkpoint blockade (ICB)
therapies, such as anti-PD-1 reagents, have
revolutionized cancer treatment.” However,
in CRC, the response is largely limited to
a small subset of patients with microsatel-
lite instability-high (MSI-H) or deficient
mismatch repair (MMR), due to low tumor
mutational burden (TMB) and a scarcity of
tumor-infiltrating lymphocytes.” ® Therefore,
it is essential to understand the molecular
mechanisms underlying immune evasion in
CRC and develop novel therapeutic strategies
to enhance the effectiveness of immunother-
apies for patients with proficient MMR, MSI-
low, or microsatellite stable (MSS) CRC.
G-protein-signaling modulator 1 (GPSM1),
a member of the G-protein signaling regula-
tory family, interacts with the G-protein alpha
subunit, altering its conformation and either
activating or inhibiting G-protein signaling.”
The role of GPSMI in tumors is still under
debate, as it has been reported to act as either
an oncogene®? or a tumor suppressor.'’ Our
previous study identified GPSM1 as a key
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WHAT THIS STUDY ADDS

= Our results showed that elevated GPSM1 expression in CRC pro-
moted anti-PD-1 resistance by driving macrophage polarization
toward the immunosuppressive M2 phenotype. This polarization
facilitated macrophage infiltration into the TME, contributing to
immune evasion. We identified USP9X as a key factor preventing
GPSM1 degradation via K63-polyubiquitination, which stabilized
GPSM1 and triggered MEIS3 nuclear translocation, subsequently
activating colony-stimulating factor expression. Targeting GPSM1
with ruxolitinib, in combination with anti-PD-1 therapy, significantly
improved antitumor efficacy in both microsatellite instability-high
and microsatellite stable CRC models. This highlights GPSM1 as a
potential therapeutic target to overcome resistance to ICB in CRC.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

= Based on this study, we explored the regulatory role of GPSM1 in
the tumor immune microenvironment of CRC, particularly focusing
on its contribution to anti-PD-1 resistance through macrophage po-
larization. These findings deepen our understanding of the mech-
anisms underlying immune evasion in CRC, specifically the role
of TAMs in promoting immunosuppressive environments. This re-
search provides a novel perspective for enhancing immunotherapy
efficacy. Targeting GPSM1, especially in combination with anti-PD-1
therapies, could be a promising strategy to overcome resistance
and broaden the range of patients benefiting from ICB.

gene promoting CRC metastasis through the inhibi-
tion of autophagy and the activation of the PI3K/AKT/
mTOR signaling pathway.'' Studies have shown that the
activation of G-protein alpha subunit signaling is a crucial
factor leading to the dysfunction of immune effector T
cells and the failure of immunotherapy in cancers such
as breast cancer, liver cancer, and melanoma.'? Further-
more, recent investigations show that targeting the homol-
ogous protein of GPSM1 and RGSI, in combination
with CAR-T therapy and anti-PD-L1 drugs, significantly
enhances effector T cell infiltration and decreases tumor
volume in breast cancer xenograft models."”” However,
few researchers explored the potential role of GPSMI in
modulating the tumor microenvironment (TME). It is
still unclear whether GPSM1 can influence immune cell
functions and thus affect the efficacy of immune check-
point inhibitors in CRC patients.

Tumor-associated macrophages (TAMs), a key compo-
nent of immune cells within the TME,14 constitute up to
half of the cells in TME and are generally linked to poorer
prognosis in CRC patients.'” TAMs often exhibit M2-like
macrophage characteristics and participate directly or
indirectly in tumor progression. Given that TAMs are
a dynamic cell population,16 redirecting them toward
an antitumor phenotype may offer an opportunity to
reconfigure the immunosuppressive TME and enhance
the efficacy of ICB therapy.” Although recent advances
have been made in preclinical and clinical studies,'® some
questions remain unanswered. Therefore, elucidating the
precise mechanisms of M2-like macrophage polarization

could aid in the discovery of effective and promising
immunotherapies for tumors.

In this study, we revealed that GPSM1-driven M2 macro-
phage infiltration played a pivotal role in mediating resis-
tance to anti-PD-1 therapy in CRC. We identified GPSM1
as a significant predictor of anti-PD-1 therapy response.
Moreover, our findings demonstrated that the deubiq-
uitinase USP9X safeguarded GPSMI from degradation
in CRC by removing its K63-linked polyubiquitin chains.
This stabilization of GPSM1 enhanced the nuclear translo-
cation of MESI3 through clathrin-mediated endocytosis,
which in turn facilitated the transcriptional activation of
colony-stimulating factor (CSF1), leading to increased
macrophage recruitment and the M2-like polarization of
macrophages in CRC. Furthermore, our results indicated
that targeting the GPSM1 pathway might amplify the ther-
apeutic effects of anti-PD1 therapy, offering a potential
combination therapy strategy based on GPSMI expres-
sion in CRC.

MATERIALS AND METHODS

Animal experiments

Female C57BL/6], nude, and BALB/C mice, aged
6-8 weeks, were procured from the Vital River Labora-
tory Animal Technology (Beijing, China) and housed
in a barrier facility under strictly controlled environ-
mental conditions, including temperature (18°C-22°C),
humidity (50%—-60%), and light/dark cycle (12hours).

Human samples and cell culture
This study included two cohorts of CRC patients:

Cohort 1: From 2016 to 2018, 126 paraffin-embedded
CRC specimens were collected from patients who under-
went radical resection without preoperative therapy at the
Affiliated Hospital of Qingdao University. Tissue microar-
rays (TMAs) were constructed, and immunohistochem-
ical (IHC) staining was performed to assess GPSM1, CD8,
CD68, and CD163 expression. Patients ranged in age from
23 to 84 years (median: 64 years) and included 81 males
and 45 females. Tumors were primarily located in the
rectum (123 cases). Tumor differentiation, staging, MSI
status, and neural invasion data are summarized in online
supplemental table 7. Median disease-free survival (DFS)
was not determined due to limited progression events,
and 67.5% of patients were alive at the last follow-up.

Cohort 2: We collected surgical samples from six CRC
patients who received anti-PD-1 therapy at our hospital
between 2021 and 2023. Based on the iRECIST criteria,
clinical experts, pathologists, and radiologists compre-
hensively evaluated these samples and classified them
into a disease response group and a disease progres-
sion group. Details of the patients’ treatment regimens,
pathological information, and progression timelines
are provided in online supplemental table 8. Multiplex
immunofluorescence staining was performed to analyze
GPSM1 expression and its relationship with immune cell
infiltration.
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Human CRC cell lines (RKO, SW480) and murine
CRC cell lines (MC38, CT26) were sourced from the
Committee of Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). Additionally,
human monocytic leukemia THP-1 cells and human
embryonic kidney 293T (HEK293T) cells were purchased
from the Shanghai Cancer Institute (Shanghai, China).
RKO and SW480 cell lines were maintained in DMEM
with 10% fetal bovine serum, 100 units/mL penicillin,
and 100 pg/mL streptomycin. MC38 and CT26 cell lines
were cultured in RPMI-1640 medium supplemented with
10% fetal bovine serum, 100 units/mL penicillin, and
100 pg/mL streptomycin.

Macrophage preparation and polarization

THP-1 cells were cultured in RPMI 1640 medium with
50ng/mL PMA (Sigma, USA) for 48 hours to generate
MO macrophages. After a 24-hour rest period, MO cells
were treated with 100ng/mL LPS (Sigma, USA) and
20ng/mL IFN-y (PeproTech, USA) to induce Ml-like
macrophages, or with 20ng/mL IL-4 (PeproTech, USA)
to induce M2-like macrophages.

RNA extraction and quantitative PCR

Total RNA was isolated using the RNAiso Plus kit
(Cat#9109, Takara, Japan). cDNA was synthesized using a
reverse transcription kit (Cat#R232-01, Vazyme, Nanjing,
China). Quantitative PCR (qPCR) was performed using
a LightCycler 480 system (Roche, USA) and SYBR qPCR
Master Mix (Cat#MQ101-01, Vazyme, Nanjing, China).
Gene expression was normalized to GAPDH using the
AACt method. Primer sequences are detailed in online
supplemental table 5.

Immunohistochemistry
IHC was conducted on formalin-fixed, paraffin-embedded
CRC tissue sections. Sections were deparaffinized, rehy-
drated, and subjected to heat-induced epitope retrieval
using citrate buffer (pH 6.0). Endogenous peroxidase
activity was blocked with 3% hydrogen peroxide. The
sections were incubated overnight at 4°C with primary
antibodies (details are provided in online supplemental
table 6) diluted as per the manufacturer’s instructions.
Staining was visualized using a DAB kit (Gene Tech,
Shanghai, China) and counterstained with hematoxylin.
Staining evaluation was performed by two independent
pathologists who were blinded to the clinical data.
Cytoplasmic GPSM1 expression was evaluated and
scored by two pathologists independently, both blinded
to the clinical diagnosis. The scoring system calculated
the score using both the percentage of positive tumor
cells and the staining intensity. The percentage of posi-
tive cells was scored as follows: 0 for negative staining, 1
for 1%-25%, 2 for 26%-50%, 3 for 51%-75%, and 4 for
>75%. Staining intensity was scored on a scale of 0-3 (0:
none, 1: weak, 2: moderate, 3: strong). The final GPSM1
expression score was determined by multiplying the two
values, resulting in a total score ranging from 0 to 12. A

total score >7 was classified as high GPSM1 expression.
For immune cell quantification, CD8+T cells, CD68+mac-
rophages, and CD163+macrophages were counted in five
representative high-power fields (400xmagnification) per
slide. The number of positive cells per field of vision was
used to calculate the average.

Immunofluorescence

Cells (5x10* per well) were seeded onto sterilized glass
coverslips in 24-well plates and allowed to adhere over-
night. Cells were fixed with 4% paraformaldehyde for
15 min, permeabilized with 0.1% Triton X-100 for 10 min,
and blocked with 5% bovine serum albumin for 30 min.
Primary antibodies (see online supplemental table 6)
were applied and incubated overnight at 4°C. Fluores-
cently labeled secondary antibodies were applied for
lhour at room temperature, and nuclei were coun-
terstained with DAPI for 10 min. Images were acquired
using a fluorescence microscope (Olympus, Japan). Fluo-
rescence cut-off values for GPSM1, MEIS3, CD45, CDS,
and CD206 were determined using negative controls
(unstained samples and isotype controls) to establish
background fluorescence levels. A threshold was set at the
mean fluorescence intensity of the negative controls plus
2 SD. Positive staining was defined as fluorescence signals
above this threshold.

Western blot

CRC cell lines were seeded at 2x10° cells per well in 6-well
plates and cultured to 70%-80% confluency. Cells were
lysed in RIPA buffer (Solarbio, China) supplemented
with protease and phosphatase inhibitors (MedChemEx-
press, USA). Protein concentration was measured using a
BCA protein assay kit (Beyotime, China). Equal amounts
of protein (30pg per sample) were separated by SDS-
PAGE, transferred onto PVDF membranes, and blocked
with 5% skim milk for 1 hour. Membranes were incubated
overnight at 4°C with primary antibodies (online supple-
mental table 2), followed by HRP-conjugated secondary
antibodies for 1 hour at room temperature. Protein bands
were visualized using an ECL substrate and quantified
using Image]. Experiments were repeated three times
independently.

Immunoprecipitation assays

Cell lysates were prepared from 1x107 cells per sample
using 500pL of immunoprecipitation (IP) lysis buffer
(Solarbio, China) supplemented with protease and phos-
phatase inhibitors (MedChemExpress, USA). Protein
concentration was quantified using a BCA assay (Beyo-
time, China). For each IP, 500 pg of total protein was
incubated with 2 pg of either anti-Flag or anti-GPSM1 anti-
bodies at 4°C overnight with gentle rotation. Prewashed
A/G magnetic beads (40pL per sample) were then
added to the antibody-protein complex and incubated
for 6hours at 4°C. The beads were washed three times
with lysis buffer, resuspended in 40 pL of 1xSDS-loading
buffer (Beyotime, China), and heated at 95°C for 5min.
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The resulting samples were analyzed by Western blotting
as described above. Experiments were performed in trip-
licate for each condition.

Virtual drug screening

The 3D protein structure of GPSM1 was modeled using
Schrodinger software, with hydrogen atoms added and
water molecules removed using the Prep Wiz module.
The FDA-approved drug library, containing 10,000 small
molecules, was screened for drug-likeness based on
Lipinski’s and Veber rules. LigPrep was used for molec-
ular preparation, setting the protonation state to pH 7.4.
Active sites were identified using SiteMap, and potential
false positives with PAINS characteristics were filtered out
using Canvas V.1.1. ADME properties of the compounds
were predicted using QikProp V.3.2 to ensure compli-
ance with Lipinski’s and Jorgensen’s rules. Redundant
compounds were removed through FCFP_6 fingerprint
clustering analysis.

Compound library screening

A focused FDA small-molecule inhibitor library
containing 87 compounds was purchased from MedChe-
mExpress. CRC cell lines (RKO and SW480) were seeded
into 96-well plates at a density of 5000 cells per well in
100 pL of complete medium. After 24 hours, cells were
treated with 2pM of each inhibitor for 12 hours. Cell
viability was assessed using a CCK-8 assay (Dojindo, Japan)
in triplicate for each compound. Results were analyzed to
identify compounds that reduced cell viability by more
than 50%. Detailed compound information is provided
in online supplemental table 9.

ChIP-PCR assay

Cells (1x107 per sample) were crosslinked with 1% form-
aldehyde for 10 min at room temperature, then quenched
with 0.125 M glycine for bmin. After washing with ice-
cold PBS, cell pellets were stored at —80°C. Chromatin
was prepared by lysing cells in 500 pL lysis buffer on ice
for 10 min, centrifuging at 12,000xg for 5min at 4°C, and
sonicating (20 cycles, 30s on/off) to produce 200-500 bp
fragments, confirmed by agarose gel electrophoresis. For
IP, 5pg of specific antibody (eg, anti-Flag) or IgG control
was conjugated to Protein A/G magnetic beads overnight
at 4°C. Sheared chromatin (50 pL, ~2x10° cells) was incu-
bated with antibody-bound beads at 4°C overnight. Beads
were washed with sequential low-salt, high-salt, and LiCl
buffers, and protein-DNA complexes were eluted. Cross-
links were reversed at 65°C for 6 hours, followed by RNase
A and proteinase K treatments. DNA was purified using
phenol-chloroform extraction or a column-based Kkit.
qPCR was performed in triplicate with primers targeting
specific regions, using 1% input DNA as a normalization
control.

Tissue dissociation and single-cell suspension preparation

Tumor tissues from NC (normal control) and GPSM1-
overexpressing orthotopic CRC mouse models were
collected, washed with ice-cold PBS, and minced into

1-2mm? pieces. These were incubated in GEXSCOPE
tissue dissociation solution (Singleron) for 15 min at 37°C
to generate single-cell suspensions. The digested mixture
was filtered through a 70 pm strainer, centrifuged, and
resuspended in PBS. Red blood cells were removed
using GEXSCOPE erythrocyte lysis buffer. The final cell
suspension was assessed for viability using trypan blue and
adjusted to a concentration of 1x10° cells/mL. Single-
cell RNA libraries were prepared using the GEXSCOPE
Single-Cell RNA Library Kit (Singleron) and sequenced
on the Illumina HiSeq X platform.

Single-cell transcriptional program feature gene analysis and
signature quantification

All additional analyses were conducted using R V.4.3.0.
Unsupervised clustering and integration were performed
with Seurat and Harmony. Highly variable genes were
used for PCA, and the top 30 principal components were
used for UMAP and t-SNE visualization. Differentially
expressed genes for each subcluster were identified with
Seurat’s “FindAllMarkers,” and cell types were anno-
tated based on canonical marker genes. Transcription
factor activity was analyzed with the R package DoRo-
thEA. To study GPSM1high tumor cell interactions with
CCL8+macrophage cells, we used ALRA for imputation,
and CellPhoneDB for interaction inference.

Database analysis

The single-cell RNA sequencing data are available from
the CNGB database (accession number CNP0006600)."
The immune infiltration data of COAD and READ were
obtained from TIMER 2.0.%

Statistical analysis

Statistical analyses were performed using SPSS (V.26)
and GraphPad Prism V.9. Data are presented as the
mean+SD. Differences between two independent groups
were assessed using an unpaired Student’s t-test. For
comparisons involving three or more groups, a one-way
analysis of variance was used. Correlation analyses were
conducted using Pearson’s correlation test. Survival anal-
ysis was performed using Kaplan-Meier curves with log-
rank testing.

RESULT

GPSM1 mediates immune suppression in CRC mice models
We performed a detailed analysis of the pathological char-
acteristics of CRC tissues with elevated GPSM1 expression
in cohort 1. We found that tissues with high GPSM1 levels
exhibited limited immune cell infiltration and predom-
inantly displayed the MSS phenotype (online supple-
mental table 1), which is typically the phenotype resistant
to ICB. To examine the role of GPSMI1 in antitumor
immunity, we established two distinct mouse models
using MC38 cells: immune-competent C57BL/6 mice
and immune-deficient BALB/c nude mice, both with
lentivirus-mediated GPSM1 overexpression. The results
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Figure 1 GPSM1 overexpression promotes colorectal tumor growth, metastasis, and response to anti-PD-1 therapy in murine
models (A) Immunocompetent C57BL/6 mice and immune nude mice were subcutaneously inoculated with MC38-NC or
MC38-GPSM1. Mice were sacrificed when tumor volumes reached a threshold of 1500 mm?®. (B-D) Tumor volume and weight in
MC38 xenografts with GPSM1 overexpression showed significantly increased growth compared with their respective controls.
(E-G) Establishment of an orthotopic colorectal cancer model in C57BL/6 mice using MC38 cells overexpressing GPSM1.

(E) Comparison of tumor size differences between the GPSM1-overexpressing group and the control group in the intestine.

(F) Differences in liver metastasis between the GPSM1-overexpressing group and the control group (metastatic nodules
indicated by white arrows). (G) HE staining images of liver tissue from the NC group and the GPSM1 group (metastatic nodules
indicated by red arrows). Scale bar: 50 ym. (H-J) Establishment of an orthotopic colorectal cancer model in BALB/c using CT26
cells overexpressing GPSM1. (H) Comparison of tumor size differences between the GPSM1-overexpressing group and the
control group in the intestine. (l) Differences in liver metastasis between the GPSM1-overexpressing group and the control group
(metastatic nodules indicated by white arrows). (J) HE staining images of liver tissue from the NC group. (L) HE staining images
of liver tissue from the GPSM1 group (metastatic nodules indicated by red arrows). Scale bar: 50 um. (K) Isotype control (IgG)

or anti-mouse PD-1 antibody were given at 200 ug/mouse on days 4, 7, and 9 post cell injection, and representative images of
tumors from each group were shown. (L, M) The weight of the orthotopic colorectal tumors and the body weight of the mice

in different groups. p < 0.05; ** p < 0.01; ™ p < 0.001; *** p < 0.0001. Statistical significance was determined using [insert
method, e.g., Student’s t-test, ANOVA.

demonstrated that GPSMI1 overexpression significantly
accelerated tumor growth in C57BL/6 mice compared
with BALB/c nude mice (figure 1A-D). Orthotopic
xenograft models in C57BL/6 and BALB/c mice further
indicated that GPSM1 overexpression led to faster tumor

growth and a higher incidence of distant liver metastasis
compared with the control group (figure 1E-]). We, there-
fore, hypothesized that GPSM1’s tumor-promoting effects
are at least partially dependent on a functional immune
system. Further, we examined the potential role of GPSM1
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in ICB resistance in CRC by administering anti-PD1 treat-
ment to mice overexpressing GPSM1 (figure 1K). The
GPSM1-control group exhibited a significant reduction
in tumor burden compared with the vehicle group.
However, in the GPSM1-overexpressing groups, no signif-
icant difference was observed (figure 1L,M). These find-
ings suggested that GPSM1 might be a key gene driving
resistance to anti-PD1 therapy by modulating the TME in
CRC.

GPSM1 overexpression promoted an immunosuppressive TME
and contributed to resistance to anti-PD-1 therapy in CRC

To investigate the impact of GPSM1 overexpression on
the TME, we performed single-cell sequencing on 62,795
cells from tumor tissues of the orthotopic CRC mouse
model (NC*3: 29415 vs GPSM1#3: 33,380) (figure 2A),
identified seven major cell types: epithelial cells, endo-
thelial cells, fibroblasts, T and NK cells, neutrophils,
mononuclear phagocytes, and red blood cells through
unsupervised clustering and manual annotation (online
supplemental figure 1A). Further, we conducted an
in-depth UMAP dimensionality reduction analysis on the
abundant T and NK cells, from which we identified two
NK cell populations (NK, NK_T), four CD8+T cell popu-
lations (CD8_Proliferating T, CD8_Naive T, CD8_Teff
(effector), CD8_Tex (exhausted)), and two CD4+T cell
populations (CD4_Naive T, CD4_Treg) (figure 2B,C).
After clustering annotation, we detected the difference
between the control group and the GPSMI overexpres-
sion group. In tumors with GPSM1 overexpression, the
proportion of immunosuppressive cells, such as CD8+ex-
haustedT cells (11.42%) and CD4+regulatoryT cells
(12.48%), was higher compared with the control group
(6.14% and 10.93%, respectively). Meanwhile, antitumor
effector cells, including NK cells (10.19%) and CD8+ef-
fectorT cells (10.54%), were significantly reduced
compared with the control group (17.22% and 26.50%,
respectively) (figure 2D, online supplemental table 2).
These findings suggest that GPSM1 overexpression alters
the tumor immune microenvironment, reducing effector
cell infiltration and enriching immunosuppressive popu-
lations, thereby promoting immune evasion and resis-
tance to ICIs. Further analysis of TIMER 2.0 data also
showed that GPSMI1 expression in CRC was negatively
correlated with immune effector cells CD4, while posi-
tively correlated with immune suppressor cells Treg and
exhausted CD8 cells in CRC (figure 2G).

In the single-cell sequencing data, we identified six
distinctmacrophage clusters (Mac_H2afz, Mac_Ifit2, Mac_
Ccl8, Mac_Mmp12, Mac_Rps27, Mac_Mki67) (figure 2E,
online supplemental figure B, C), with Mac_Ccl8 notably
emerging as the predominant population among tumor-
infiltrating myeloid cells, exhibiting a significantly
higher presence in the GPSMI overexpression group
(51.44%) compared with the control group (18.99%)
(online supplemental tables 3 and 4). It also exhibited
the highest M2-like macrophage signature score among
all TAM populations based on M1/M2 macrophage gene

signatures. (figure 2F). More importantly, GPSM1 expres-
sion levels were positively correlated with CD163 (M2
macrophage markers) and negatively correlated with CD8
(T cell markers). In addition, the number of CD68+ (M1
macrophages markers) cells in the high GPSM1 expres-
sion group was comparable to that in the low GPSMI1
expression group (figure 2ILK,L.,M, online supplemental
figure 1A-E). These findings indicated that high expres-
sion of GPSM1 in CRC might promote the development
of an immunosuppressive TME, primarily due to the
infiltration of M2-like macrophages. Indeed, we collected
samples from patients with disease progression or partial
response following anti-PD-1 therapy (cohort 2). Our
findings revealed that GPSM1, predominantly localized in
the cytoplasm, is more highly expressed in patients with a
disease progression to anti-PD-1 treatment compared with
those with partial response, while CD45-positive immune
cells were decreased in the patients with disease progres-
sion (figure 2H,J). Importantly, survival analysis in cohort
1 indicated that high GPSM1 expression was associated
with poor DFS. Notably, GPSM1™¢" /CD8"", GPSM1"¢"/
CD68"" and GPSM1"¢"/CD163"¢" patients experienced
poorer DFS than GPSM1'*/CD8"¢" GPSM1""/CD68™¢"
and GPSM1"/CD163"" patients (online supplemental
figure 1D-G). Consequently, GPSM1 plays a pivotal role
in contributing to unfavorable prognoses and resistance
to anti-PD1 therapy in CRC.

GPSM1 overexpression in GRC cells promoted M2-like
macrophage polarization and enhanced PD-L1 expression

To further validate the impact of GPSM1 on macrophages,
an in vitro co-culture system was established to facilitate
the interaction between CRC cells with varying levels
of GPSM1 expression and THP-1 cells (figure 3A,B).
Following co-culture with GPSMIl-overexpressing CRC
cells, macrophages exhibited significantly increased
the mRNA and protein levels of M2-like macrophages
markers, CD206, ARG-1, IL-10, and TGF-§ (figure 3C-H).
Flow cytometry revealed that THP-1-differentiated macro-
phages co-cultured with GPSM1-overexpressing CRC cells
displayed a CD206 positive phenotype, which is similar to
the phenotype of M2-like macrophages, comparing with
those cocultured with the control groups (figure 31]). To
explore whether GPSMI1 affects chemotactic migration
of macrophages, we conducted a migration assay using
phorbol-12-myrisistate-13-acetate  (PMA)-treated THP-1
cells. As shown in figure 3KL, the supernatants from
the coculture system containing GPSM1 overexpressing
CRC cells enhanced the chemotactic migration of macro-
phages. These findings implied that CRC cells with
GPSM1 overexpression enhanced macrophage recruit-
ment and induced M2-like polarization of macrophages
in vitro.

In addition, the expression of PD-L1 and the activity
of PD-1 checkpoint signaling pathway were involved in
biological processes and molecular function of Gene
Ontology (GO) analysis, according to the single-cell
sequence data analysis of the GPSMI overexpression

6

Chen'Y, et al. J Immunother Cancer 2025;13:e010826. doi:10.1136/jitc-2024-010826


https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826
https://dx.doi.org/10.1136/jitc-2024-010826

A

Orthotopic Mouse Modal of CRC

-High expression
163 cpss

T

GPsML

GPSM1-High expression

[

D68

GPSMI-Low exp!

o

,_
<

Number-of Patients
= High . .
=Low IHC: GPSMI™™.  GPSM1'fieh 5 P r P

Highexpression.  16:(34.8%).  23:(28.7%). -
CDG68(M0).  Lowexpression.  28(60.9%).  46:57.5%). 0.137. 0711 0.033. 0.711
Highexpression.  18:39.1%).  34:42.5%). . E
o CDI63(M2). Lowexpression.  31167.4%).  25(31.2%). 15450 <0.001. 0350. <0.001
GPSM1 CD8 CD163 CD68 High-expression.  15:(32.6%).  55:(68.8%).

Figure 2 Single-cell profiling of immune cells in GPSM1 high CRC microenvironment. (A) Overview of the experimental design
for single-cell RNA sequencing. (B) Uniform manifold approximation (UMAP) plot showing the unsupervised clusters of single
cells and annotated cell types. (C) Single-cell transcriptomic landscape of the alteration of cancer cells and main immune
lineages in TME of GPSM1-overexpression CRC characterized. (D) Single-cell transcriptomic landscape of the alteration of T
and NK cells in TME of GPSM1-overexpression CRC characterized. (E) Single-cell transcriptomic landscape of the alteration of
macrophages in TME of GPSM1-overexpression CRC characterized. (F) Characterization of CCL8-macrophage subtypes using
macrophage molecular markers: CD68 (M0 macrophage marker), CD86 and CD80 (M1 macrophage markers), and AGR1 (M2
macrophage marker). (G) TIMER2.0 database validation of the correlation between GPSM1 expression and the expression of
immune effector cells (CD4) and immunosuppressive cells (Treg and exhausted T cells) in CRC. (H) Representative pictures of
immunofluorescence analysis for CD45 (green arrows), CK20 (gray arrows) and GPSM1 (red arrows) in patients with disease
progression after anti-PD-1 therapy. Scale bar: 50 um. (I) Representative IHC staining images of GPSM1, CD8 CD163, and CD68
in GPSM1high CRC tissues. Scale bar: 50 um (above) and 25 um (bottom). (J) Presentative pictures of immunofluorescence
analysis for CD45 (green arrows), CK20 (gray arrows) and GPSM1 (red arrows) in patients with a partial response to anti-

PD-1 treatment. Scale bar: 50 um. (K) Representative IHC staining images of GPSM1, CD8 CD163, and CD68 in GPSM1 low
CRC tissues. Scale bar: 50um (above) and 25 um (bottom). (L) Bar chart showing the number of cases with high and low
expression of GPSM1, CD8, CD163, and CD68 in 126 colorectal cancer tissue samples. (M) Correlation analysis between
GPSM1 expression levels and immune cell infiltration, including CD8+, CD163+, and CD68+ cells. CRC, colorectal cancer; IHC,

immunohistochemical.

staining
CD8 Lowexpression.  30(652%). 57-(71.3%)  0.406. 0.524.  -0.063. 0481

The Score of the IHC Staining

Chen'Y, et al. J Immunother Cancer 2025;13:¢010826. doi:10.1136/jitc-2024-010826 7



Culture medium
1640& (PMA100ug/ml)

Rolative mRNA level

RKO&THP-1
GPSM1

RKO
S
2
E g @

Q.
%,

shGPSM1

SWAS0&THP-1 SW480&THP-1
NC GPSM1 NC GPSM1
. .

ARG1
shGPSM1

Tubulin H =0.005¢ Nl B

[e) SW480
Co-culture
NC__GPSM1

[~
-]
-

Co-culture

NC  shGPSM1 NC GPSM1 -i

RKO No Co-culture SW480 No Co-culture

RKO No Co-culture

3
&

P0.1750

P=0.0225

Relative expression of PDL1

OIGPM1  Reive expressionof GPSM1

ssion of PD-L1

ssion of GPSM1  Relative expressi

.m
H
|
E 1
A
:

oltive exprossion of GPSM1

Relative expression

g 0o
Ne shoPsMT e GPSM e shoPSMT

Figure 3 GPSM1 promotes tumor infiliration and M2-like polarization of macrophages in CRC. (A) Western blot validation
of GPSM1 knockdown efficiency in colorectal cancer cell lines. GPSM1 overexpression in RKO and SW480 cells (top), and
GPSM1 knockdown in RKO and SW480 cells (bottom). (B) 6x10* human monocytic leukemia cells (THP-1) were cocultured
with 2x10* GPSM1-overexpressing CRC cells in vitro co-culture system or treated with 200 nmol/L PMA for 72 hours. The
scale bar represents 10um. (C) PCR analysis of the M2 markers (CD206, ARG1, IL-10, and TGF-) mRNA levels in THP-1-
differentiated macrophages co-cultured with the indicated RKO cells. (D) PCR analysis of the M2 markers mRNA levels in
THP-1-differentiated macrophages co-cultured with the indicated SW480 cells. (E) Western blot analysis of ARG1 expression
in RKO cells following GPSM1 overexpression and knockdown. (F) Western blot analysis of ARG1 expression in SW480 cells
following GPSM1 overexpression and knockdown. (G) ELISA analysis of TGF-f and IL-10 expression in RKO cells following
GPSM1 overexpression and knockdown. (H) ELISA analysis of TGF-f and IL-10 expression in SW480 cells following GPSM1
overexpression and knockdown. (I, J) Flow cytometry analysis of the cell surface levels of CD206 on co-cultured M2-like
macrophages in RKO cells (On). Flow cytometry analysis of the cell surface levels of and CD206 on co-cultured M2-like
macrophages in SW480 cells (Down). (K) Chemotaxis assays analyzing the migration capacity of RKO cells with GPSM1
overexpression and knockdown toward the THP-1 differentiated macrophages derived from the above co-culture systems.
Scale bar: 100 um (Left); Chemotaxis assays analyzing the migration ability of THP-1 differentiated macrophages toward

the RKO cells with GPSM1 overexpression and knockdown derived from the above co-culture systems. Scale bar: 100 um
(Right). (L) SW480 cells Chemotaxis assays analyzing the migration capacity of SW480 cells with GPSM1 overexpression and
knockdown toward the THP-1 differentiated macrophages derived from the above co-culture systems. Scale bar: 100 pym (Left);
Chemotaxis assays analyzing the migration ability of THP-1 differentiated macrophages toward the SW480 cells with GPSM1
overexpression and knockdown derived from the above co-culture systems. Scale bar: 100 um (Right). (M) Pathway enrichment
analysis in the single-cell CCL8+ macrophage dataset. (N, O) Western blot analysis of PD-L1 expression levels in RKO cells
(N) and SW480 cells (O) with different GPSM1 expression and with or without cocultured macrophages. CRC, colorectal
cancer.p < 0.05; ™ p < 0.01; ™ p < 0.001. Statistical significance was determined using [insert method, e.g., Student’s t-test,
ANOVA.

8 Chen'Y, et al. J Immunother Cancer 2025;13:e010826. doi:10.1136/jitc-2024-010826



cancer cell (figure 3M). Based on the effects of GPSM1
on macrophages, we speculated that GPSM1 might influ-
ence PD-L1 expression via macrophages in the CRC
microenvironment. Therefore, we evaluated the poten-
tial effect of macrophages on the expression of PD-L1 in
the coculture system. The result indicated that the PD-L1
expression was significantly higher in GPSM1 expression
CRC cells than that in the control group. However, we
did not observe significant changes in PD-L1 expression
in GPSMI-overexpressing or silencing CRC cells in the
non-coculture system (figure 3N,0). Collectively, these
findings suggested GPSM1 from CRC cells could induce
the formation of the phenotype of M2-like macrophage,
which in return promoted the PD-LI expression in CRC.

GPSM1 promoted macrophage polarization and recruitment
via CSF1

To elucidate the cytokines secreted by macrophages that
are activated by GPSMI1 overexpressing CRC cells, we
conducted a ligand-receptor analysis based on single-cell
sequence data. The cell-cell communication network
identified seven signaling pathways through comparing
between tumor cells and Mac_Ccl8, including CD248,
VEGFB, VEGFA, LGALS3, IL34, CSF1, and CCL7
(figure 4A). qPCR analysis of these pathways in co-culture
systems revealed that the levels of macrophage CSF1 were
significantly higher in GPSM1-overexpressing cells with
the comparison to control groups (figure 4B,C). Western
blot and ELISA further confirmed that CSF1 levels were
markedly elevated in the supernatants of RKO-GPSM1
and SW480-GPSM1 CRC cells compared with their coun-
terparts (figure 4D-G).

To investigate the role of CSFI in the polarization of
GPSM1-induced macrophage, we performed a CSFl
rescue experiment using an in vitro co-culture assay.
The results demonstrated that knocking down CSF1
expression in GPSM1-overexpressing CRC cells reversed
the high expression pattern of M2-like macrophage
markers induced by the overexpression of GPSMI
(figure 4H,I,LL,M). In contrast, M2-like polarization and
macrophage migration were enhanced when cocultured
with GPSM1-knockdown CRC cells treated with recom-
binant CSF1 (rhCSF1) (figure 4],K,N,O). These find-
ings suggested that CSF1 was likely a critical mediator in
GPSM1-induced M2-like macrophage polarization.

GPSM1 enhanced CSF1 expression by promoting the nuclear
translocation of MEIS3

To take a deeper look into how GPSM1 regulates CSF1
expression, IP-Mass Spectrometry (IP-MS) was used
to identify potential proteins interacting with GPSMI.
The silver staining results are displayed in (figure 5A).
By cross-referencing the GPSM1-binding proteins iden-
tified through MS with the GSEA transcription factor
databases, MEIS3 emerged as a crucial transcription
factor (figure 5C). The interaction between GPSM1 and
MEIS3 was further validated through Co-IP (Co-IP) assays
(figure 5D). Previous research has revealed that MEIS3

functions as a transcription factor capable of activating
genes including AcH4,”" PDX1,% and Cyclin D1.** Next,
we knocked down MEIS3 in GPSM1-overexpressing CRC
cell lines and observed a corresponding decrease in CSF1
expression (figure 5E). Therefore, we hypothesized that
MEIS1 was the key transcription factor regulating CSF1
expression under the control of GPSMI1. The MEIS3
motif sequence was identified through a search in the
JASPAR database (figure 5F). Consequently, chromatin IP
qPCR assays further validated that MEIS3 directly bound
to these specific sites on the CSF1 promoter (figure 5F).

Based on the above results, we verified that GPSM1
influenced CSF1 expression through MEIS3. However,
it was also very important to investigate the mechanism
of GPSM1 affecting MEIS3. As a homeobox transcription
factor, MEIS3 must be transported from the cytoplasm
to the nucleus to exert its function.”* We further demon-
strated that GPSM1 facilitated the translocation of MEIS3
from the plasma membrane to the nucleus (figure 5G,H).
GO analysis of the MS results revealed that these mole-
cules were involved in endocytosis, nuclear transport,
and export pathways (figure 5I). We further investigated
the molecular mechanisms underlying GPSM1-mediated
nuclear trafficking. Our result showed that Pitstop, an
inhibitor of clathrin-dependent endocytosis, rather than
Filipin III, an inhibitor of caveolae-mediated endocytosis,
blocked the nuclear localization of MEIS3(figure 5],K).
This indicated that GPSMI1-induced clathrin-dependent
endocytosis might facilitate the nuclear translocation of
MEIS3.

The deubiquitinase USP9X prevented the degradation of
GPSM1 in CRC by deubiquitinating its K63-polyubiquitin chain
Co-IP assays and MS proteomic analysis were conducted
to identify proteins interacting with GPSM1 (figure 6A).
Notably, USP9X, a well-known deubiquitinase, was iden-
tified as a potential binding partner. Previous studies
demonstrated that USP9X interacted with the GPR
domain of GPSM1 and regulated its expression in specific
regions of the rat brain.” We found that GPSM1 formed a
complex with USP9X. In addition, we performed molec-
ular docking analysis, revealing that USP9X has a high
affinity to GPSM1. Key binding sites on USP9X, including
the amino acid residues Ser1657, Gly1555, and Tyr1968,
were identified as potential binding sites for the Tyr305,
GIn303, and Leu222 residues on GPSM1 (figure 6B,C).
Subsequently, we treated 293 T cells with cycloheximide
(CHX) to inhibit protein synthesis and observed that the
siRNA-mediated knockdown of USP9X enhanced the
degradation of endogenous GPSM1 (figure 6D,E). This
led us to hypothesize that USP9X might play a role in
regulating the ubiquitin/proteasome pathway. Further-
more, the knockdown of USP9X resulted in a reduction
of GPSM1 levels (figure 6F). Notably, treatment with the
proteasome inhibitor MGI132 significantly rescued the
decrease in GPSM1 protein induced by USP9X depletion
(figure 6G). Next, to identify the domain of GPSM1 that
interacts with USP9X, we designed truncations of various
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Figure 4 GPSM1 promotes macrophage polarization and recruitment via CSF1. (A) Cell communication analysis of receptor-
ligand interactions between CRC cells and CCL8+macrophage populations. (B) gPCR validation of ligand cytokine expression
(CD248, VEGFB, VEGFA, LGALSS, IL34, CSF1, and CCLY7) in RKO cells within the co-culture system. (C) gPCR validation of
ligand cytokine expression (CD248, VEGFB, VEGFA, LGALSS, IL34, CSF1, and CCL7) in SW480 cells within the co-culture
system. (D) Western blot analysis of CSF1 expression in RKO cells with GPSM1 overexpression and knockdown in the
co-culture system. (E) ELISA measurement of CSF1 concentration secreted by RKO cells after GPSM1 overexpression or
knockdown in the co-culture system. (F) Western blot analysis of CSF1 expression in RKO cells with GPSM1 overexpression
and knockdown in the co-culture. (G) ELISA measurement of CSF1 concentration secreted by RKO cells after GPSM1
overexpression or knockdown in the co-culture system. (H) gPCR analysis of M2 macrophage markers (CD206, ARG1, IL-

10 and TGF-p) in the co-culture system following CSF1 knockdown in GPSM1-overexpressing RKO cells. (H) gPCR analysis
of M2 macrophage markers (CD206, ARG1, IL-10 and TGF-B) in the co-culture system following CSF1 knockdown in
GPSM1-overexpressing SW480 cells. (J) Western blot analysis of PD-L1 expression following CSF1 knockdown in GPSM1-
overexpressing RKO cells. (K) Western blot analysis of PD-L1 expression following CSF1 knockdown in GPSM1-overexpressing
SW480 cells. CRC, colorectal cancer; CSF, colony-stimulating factor.p < 0.05; ** p < 0.01; ** p < 0.001. Statistical significance
was determined using [insert method, e.g., Student’s t-test, ANOVA.

GPSM1 domains based on literature review (figure 6H).
The results indicated that the GPR domain of GPSM1 was
responsible for its interaction with USP9X (figure 6I).
Indeed, our additional findings revealed that knockdown
of USP9X increased the K63-linked ubiquitination of
endogenous GPSM1 (figure 6]).

GPSM1 was a potential therapeutic target for CRC
immunotherapy

Given that reduced infiltration of M2-like macro-
phages has been correlated with the efficacy of
immunotherapy in various cancers,?” ** we aimed to
investigate whether targeting GPSM1 enhances anti-
PD1 therapy in CRC. Thus, we screened a library
of 87 small-molecule inhibitors that target GPSM1
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was precipitated with anti-GPSM1 antibody and separated by SDS-PAGE, followed by silver staining. (B) Schematic diagram
of the IP-MS. (C) Venn diagram of overlapping genes between the GPSM1 binding proteins detected by mass spectrometry
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Spectrometry.

(figure 7A,online supplemental table S9). The results
showed that cell viability in two GPSM1 overexpressing
cell lines, RKO and SW480, was reduced by over 50%
at a concentration of 2pM for rolipram and ruxoli-
tinib (figure 7B,C). Live/dead cell assays further
validated an increased number of dead RKO and
SW480 cells after ruxolitinib treatment (figure 7E,F).
Furthermore, we found that ruxolitinib inhibited the
expression of GPSM1 in a dose-dependent and time-
dependentmanner (figure 7G,H). Using subcutaneous
tumor models, we demonstrated that tumor weights
in the ruxolitinib-treated group were significantly
lower than those in the vehicle group (figure 71-K).
Decreased CD206+cells and increased CD8+cells were
shown in the ruxolitinib-treated group compared with

those in the control group (figure 7L-0O). We hypoth-
esized that inhibiting GPSMI1 by ruxolitinib might
enhance the efficacy of anti-PD1 therapy. As expected,
we observed that the combination of ruxolitinib and
anti-CSF1 with anti-PD1 significantly suppressed the
growth of MC38 (MSI-H) syngeneic tumors compared
with monotherapies with anti-PD1, ruxolitinib, or
anti-CSF1 alone (figure 7P-R). To investigate if
targeting the GPSMI axis could overcome anti-PDI1
resistance in MSS CRC, we used a syngeneic CT26
(MSS CRC) tumor model. CT26 cells overexpressing
GPSM1 were injected into BALB/C mice, which were
then treated with anti-PD1 reagent, ruxolitinib, or
BLZ945 (CSF1R inhibitor) (figure 7S-U). Consistent
with our previous findings, this combination therapy
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effectively suppressed tumor growth in otherwise non-
responsive anti-PD1 treated mice. Thus, targeting the
GPSM1 pathway not only enhanced the therapeutic
efficacy of ICB in MSI-H CRC but also overcame resis-
tance in MSS CRC.

DISCUSSION

Despite the clinical success of ICB, only a small propor-
tion of CRC patients have benefited from anti-PDI
therapy.® * In the current study, we identified GPSMI1,
a member of the G-protein signaling regulatory family.
Several studies have discovered that GPSMI1 can activate
inflammatory mediators such as IL-8, which in turn regu-
lates the migration and differentiation of neutrophils

and macrophages.sl_% However, the function of GPSM1
in modulating the antitumor immune response remains
unclear. Our previous study identified that GPSM1 can
inhibit autophagy by activation of the PI3K/AKT/mTOR
signaling pathway to promote CRC metastasis."' In this
study, we present novel evidence that deubiquitinase
USP9X prevents the degradation of GPSMI in CRC by
deubiquitinating its K63-polyubiquitin chain. This stabi-
lization of GPSMI1 leads to the promotion of MEIS3
nuclear translocation, which in turn activates the expres-
sion of CSF1. This process induces anti-PD-1 resistance by
promoting macrophage polarization towards an immu-
nosuppressive M2 phenotype and enhancing their infil-
tration into the TME.
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Figure 7 GPSM1 is a potential therapeutic target for CRC immunotherapy. (A) The protein’s active sites were determined
using the SiteMap module from the Schrodinger software suite, which defines these active sites as docking pockets. (B) A
CCKB8 assay was performed to evaluate the impact of drugs from the FDA small molecule library on the proliferation of GPSM1-
overexpressing RKO cells. (C) A CCK8 assay was performed to evaluate the impact of drugs from the FDA small molecule
library on the proliferation of GPSM1-overexpressing SW480 cells. (D) Molecular docking studies were conducted to pinpoint
the specific binding sites of ruxolitinib with GPSM1. (E) Live/dead cell staining was performed to evaluate the cytotoxic effects
of rolipram and ruxolitinib on GPSM1-overexpressing CRC RKO cells. (F) Live/dead cell staining was performed to evaluate
the cytotoxic effects of rolipram and ruxolitinib on GPSM1-overexpressing CRC SW480 cells. (G) Western blot analysis

was conducted to investigate the influence of various concentrations of rolipram and ruxolitinib on the expression levels in
GPSM1-overexpressing RKO cells alongside their control groups. (H) Western blot analysis was conducted to investigate the
influence of various concentrations of rolipram and ruxolitinib on the expression levels in GPSM1-overexpressing SW480 cells
alongside their control groups. (I) An in vivo subcutaneous tumorigenesis study in BALB/C Mice was performed to analyze the
effects of Rolipram and Ruxolitinib on tumor size and volume. (J, K) Tumor volume and weight were measured at indicated
times. (L) Representative IF images of tumor sections in the control group. Green arrows (CD206+cells), red arrows (GPSM1
expression cancer cells). Sarbar: 20 um (M) Representative IF images of tumor sections in control group. Green arrows
(CD8+cells), red arrows (GPSM1 expression cancer cells). Sarbar: 20 um (N) Representative IF images of tumor sections in the
ruxolitinib group. Green arrows (CD206+cells), red arrows (GPSM1 expression cancer cells). Sarbar: 20 um. (O) Representative
IF images of tumor sections in the ruxolitinib group. Green arrows (CD8+cells), red arrows (GPSM1 expression cancer cells).
Sarbar: 20 um. (P-U) GPSM1 overexpression cells (MC38 and CT26) were subcutaneously injected into C57BL/6 mice and
BALB/C mice. When tumors reached 80-130 mm?, mice were treated with anti-PD1, ruxolitinib, BLZ945, or a combination.
Tumor volumes and weights were measured at indicated times. (V) Schematic diagram of the article. CRC, colorectal cancer.p
< 0.05; ™ p <0.01; ™ p <0.001; ** p < 0.0001. Statistical significance was determined using [insert method, e.g., Student’s

t-test, ANOVA.
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As the predominant immune cells in the TME,
TAMs play a crucial role in enabling cancers to evade
immune surveillance.”® Elucidating the mechanisms
underlying macrophage recruitment and M2-like polar-
ization may provide valuable insights into potential
drug combination strategies to enhance the efficacy of
anti-PD-1 therapy in CRC. It is well known that CSF1
interacts with its receptor, CSFIR, to control macro-
phage migration, proliferation, and polarization.”
Wei et al demonstrated that macrophage-secreted CSF1
drives anti-PD1 tolerance in hepatocellular carcinoma
(HCC) by ZFP64.” Similarly, Ying et al found that OPN
promotes PD-L1 expression in HCC via activation of the
CSF1-CSF1R pathway in macrophages.” In this study, we
found that high GPSM1 expression in CRC was associ-
ated with reduced immune cell infiltration within the
tumor and an increased likelihood of treatment resis-
tance. However, due to challenges in obtaining biopsy
samples and the limited sample size, the conclusions
of this experiment require further validation through
additional studies with larger cohorts. Additionally,
we demonstrated that GPSMI1 promotes the transcrip-
tional upregulation of CSF1 by facilitating the nuclear
translocation of MEIS3. Following this, in vitro co-cul-
ture experiments with GPSMI overexpression CRC
cells and macrophages demonstrated that the secreted
CSF1 significantly encouraged M2 polarization of the
recruited macrophages. This process subsequently estab-
lished an immunosuppressive TME and played a role in
the resistance to anti-PD-1 therapy in CRC.

The ubiquitin-proteasome system primarily governs
intracellular protein degradation and turnover.*” When
this system becomes dysregulated, it can lead to the over-
expression of oncoproteins or the downregulation of
tumor suppressors, ultimately causing tumorigenesis.41
Our current evidence indicates that GPSM1 may act as
an oncoprotein, though the upstream regulatory mech-
anisms remain unclear. Previous studies have shown that
the deubiquitinase USP9X regulates GPSMI1 expres-
sion.”” In our research, we identified that USP9X is highly
expressed and positively correlated with GPSM1 expres-
sion. Additionally, we uncovered that USP9X stabilizes
GPSM1 by regulating K63-linked polyubiquitin chains,
thus increasing GPSM1 expression in CRC.

Given the lack of commercially available drugs that
target GPSM1, we employed a small-molecule compound
library to discover and evaluate inhibitors of GPSMI
expression. Ruxolitinib emerged as one of these identi-
fied inhibitors, and it has previously demonstrated the
ability to attenuate the progression of various tumors.****
Jashodeep et al show that ruxolitinib could reprogram
the cancer-associated fibroblast to overcome resistance
to immune checkpoint inhibition in pancreatic ductal
adenocarcinoma.”” Our study found that ruxolitinib
significantly inhibited the growth of subcutaneous tumors
in mice with high GPSM1 expression. More importantly,
we discovered that the combination therapy of ruxolitinib
with anti-PD1 and CSF1 inhibitors reduced tumor size

and reversed anti-PD1 resistance in both MSI and MSS
mice tumor models.

In conclusion, our study revealed that the USP9X/
GPSM1/CSF1 axis induces an immunosuppressive
microenvironment enriched with M2 macrophages,
which is a key reason for the resistance of CRC patients
to anti-PD-1 therapy. Moreover, we found that the
combination therapy of ruxolitinib and anti-PD1 can
overcome this immunosuppressive microenvironment,
enhancing the efficacy of anti-PDI treatment in both
MSI and MSS types of CRC. This provides a potential
therapeutic strategy for precision medicine based on
GPSM1 expression levels to develop combined anti-PD1
treatments.
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