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Integrated multi-omics analysis reveals
that MARCKS reprograms the
Immunosuppressive microenvironment to
drive hepatocellular carcinoma
progression

M| Check for updates
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Hepatocellular carcinoma (HCC) is one of the most lethal malignancies worldwide, and its progression
is closely linked to the establishment of an immunosuppressive tumor microenvironment.
Myristoylated alanine-rich C kinase substrate (MARCKS) has been implicated in tumor biology;
however, its role in regulating immune interactions in HCC remains poorly defined. Here, we performed
an integrated multi-omics analysis combining bulk transcriptomics, single-cell RNA sequencing, and
spatial transcriptomics to systematically investigate the expression pattern and functional relevance
of MARCKS in HCC. We found that MARCKS was significantly upregulated in HCC tissues and that
high MARCKS expression was associated with aggressive clinicopathological features and
unfavorable prognosis. Single-cell and spatial analyses revealed that MARCKS expression was
enriched in myeloid cell populations within the tumor microenvironment. Functional annotation and
mIF(Multiple immunofluorescence) validation demonstrated that MARCKS expression was
associated with enhanced JAK/STAT3 signaling and M2-like macrophage polarization. Consistently,
MARCKS silencing in HCC cell lines reduced STAT3 phosphorylation, suppressed malignant
phenotypes in vitro, inhibited tumor growth in vivo, and diminished the capacity of tumor-derived
conditioned media to promote macrophage M2 polarization. Together, these findings identify
MARCKS as a key regulator of the immunosuppressive tumor microenvironment in HCC and highlight
its potential as a therapeutic target for overcoming immune evasion.

Hepatocellular carcinoma is the most common primary liver malignancy
and the third leading cause of cancer-related deaths worldwide'. Despite
recent advances in surgical resection, targeted therapies, and immune
checkpoint inhibitors, the prognosis of patients with advanced HCC
remains dismal, primarily due to late-stage diagnosis, high recurrence rates,

and therapeutic resistance’™. Increasing evidence highlights the pivotal role
of the tumor immune microenvironment (TIME) in shaping disease pro-
gression and determining therapeutic efficacy in HCC™™.

Among immune components, tumor-associated macrophages
(TAMs) constitute one of the most abundant stromal populations and
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exhibit remarkable functional plasticity”'’. Classically activated (M1) mac-
rophages exert antitumor effects by producing pro-inflammatory cytokines
and enhancing immune surveillance''. In contrast, alternatively activated
(M2) macrophages promote tumor progression by facilitating angiogenesis,
tissue remodeling, and immunosuppression'>"’. In HCC, the predominance
of M2-polarized TAMs is strongly associated with poor clinical outcomes
and resistance to immunotherapy'*"”. However, the molecular mechanisms
that drive TAM polarization and sustain the immunosuppressive niche
remain incompletely understood.

Myristoylated alanine-rich C kinase substrate (MARCKS) is a well-
established substrate of protein kinase C, involved in cytoskeletal dynamics,
membrane trafficking, and intracellular signal transduction'®"”. According
to recent reports, aberrant expression of MARCKS has been implicated in
peritoneal metastasis and tumor progression in gastric cancer, che-
motherapy resistance in lung cancer, microsatellite instability and increased
proliferation in colorectal cancer, as well as altered migration and motility in
chronic lymphocytic leukemia (CLL) cells'***. It is important to highlight
that MARCKS plays a critical role in the initiation and progression of renal
cancer. It not only promotes tumor growth and stimulates angiogenesis but
also enhances resistance to various tyrosine kinase inhibitors™.

Several lines of evidence further suggest that MARCKS may have
important, yet underexplored, functions in HCC. Proteomic profiling stu-
dies have reported MARCKS as one of the proteins markedly overexpressed
in HCC tissues compared with adjacent nontumorous liver, indicating its
potential involvement in early hepatocarcinogenesis™. Other investigations
examining pathological liver specimens revealed dynamic alterations in
MARCKS expression and subcellular localization during the progression
from chronic hepatitis to cirrhosis and finally to HCC, accompanied by
enhanced phosphorylation and redistribution from the membrane to the
cytosol, implying a role in hepatocyte transformation and malignant
progression”’. More recent genomic and transcriptomic analyses further
confirm that MARCKS is significantly up-regulated in HCC, associated with
higher tumor stage, vascular invasion, and unfavorable clinical outcomes.
Importantly, MARCKS expression in HCC has been linked to dysregulated
cell adhesion, ECM-receptor interaction, and proliferative signaling
pathways™. Emerging evidence also indicates that MARCKS expression in
tumor-associated macrophages correlates with immune cell infiltration
patterns and may contribute to M2-like polarization and immune evasion”.
Together, these findings suggest that MARCKS may participate not only in
tumor-intrinsic malignant phenotypes but also in shaping the immuno-
suppressive microenvironment of HCC, warranting further mechanistic
investigation.

In this study, we integrated bulk transcriptomic, single-cell, and spatial
transcriptomic analyses to comprehensively evaluate the function of
MARCKS in HCC. We show that MARCKS is significantly overexpressed
in tumor tissues and correlates with adverse clinical features. At the single-
cell level, MARCKS expression is enriched in myeloid populations, espe-
cially immunosuppressive TAMs. Spatial transcriptomic profiling and mIF
further validate its colocalization with immunosuppressive macrophages in
tumor regions. Functional assays demonstrate that MARCKS promotes
malignant phenotypes of HCC cells while activating the JAK/STAT3
pathway, thereby driving M2 macrophage polarization and fostering an
immunosuppressive TIME.

Collectively, our findings identify MARCKS as a critical regulator of
macrophage polarization and immunosuppressive reprogramming in
HCC, providing novel insights into its potential as both a prognostic bio-
marker and a therapeutic target.

Results

MARCKS is upregulated and clinically relevant in HCC
Pan-cancer analysis of TCGA and GTEx datasets revealed broad over-
expression of MARCKS in multiple malignancies, including liver hepato-
cellular carcinoma (LIHC) (Fig. 1A). Within the TCGA-LIHC cohort,
MARCKS was significantly higher in tumor tissues compared with normal
counterparts. Clinically, MARCKS expression was positively associated

with advanced pathological stage, higher histologic grade, elevated AFP, and
vascular invasion (Fig. 1B). Details of the clinical data of the patients are
listed in Table 1. Survival analyses demonstrated that high MARCKS pre-
dicted significantly worse overall survival (OS), disease-specific survival
(DSS), and progression-free interval (PFI) (Fig. 1C). ROC analysis further
supported its diagnostic potential (AUC = 0.785, Fig. 1D). Subgroup ana-
lyses confirmed increased MARCKS in aggressive subsets, including
advanced stage, higher grade, AFP > 400 ng/mL, and vascular invasion (Fig.
1E). Univariate and multivariate regression analyses confirmed that
MARCKS was an independent prognostic risk factor for HCC (Table 2).
The proportional hazards assumption for MARCKS was formally assessed
using Schoenfeld residuals and showed no evidence of violation (Supple-
mentary Table S1 and Supplementary Fig. S1A). In addition, a prognostic
nomogram was constructed based on the multivariable Cox model, and its
calibration for 1-, 3-, and 5-year survival probabilities was evaluated (Sup-
plementary Fig. S1B-C).

Together, these findings establish MARCKS as a clinically relevant
oncogene whose upregulation is associated with poor prognosis in HCC.

MARCKS correlates with immunosuppressive and pro-
tumorigenic programs
Functional gene set analyses revealed enrichment of stemness, M2 macro-
phage polarization, immunosuppression, checkpoint signaling, and
inflammation signatures in MARCKS-high tumors (Fig. 2A). Differential
expression analysis identified multiple MARCKS-associated genes linked to
tumor progression (Fig. 2B). Immune infiltration profiling demonstrated
that MARCKS expression positively correlated with macrophages, Th2 cells,
and NK subsets, while inversely correlating with Th17 cells (Fig. 2C).
MARCKS also showed strong correlations with immunosuppressive
checkpoint molecules (HAVCR2, CTLA4, PDCD1, LAG3) and cytokines
(TGFBI1,IL10, VEGFA, KLF4) (Fig. 2D, E). Co-expression networks further
positioned MARCKS at the center of immunosuppressive and EMT-related
hubs, including STAT6, CD274, MRC1, VIM, and ZEBI (Fig. 2F).

These results indicate that MARCKS is intricately linked to immu-
nosuppressive signaling and malignant phenotypes in HCC.

Distinct mutational landscapes stratified by MARCKS
expression
Analysis of TCGA-LIHC mutation data revealed that 83.6% of patients
harbored genetic alterations, with TP53, CTNNBI, and TTN being most
frequent (Fig. 3A). Stratification by MARCKS expression uncovered distinct
mutational landscapes: TP53 mutations were enriched in MARCKS-high
tumors, whereas CTNNB1 mutations predominated in MARCKS-low
tumors. Statistical analyses confirmed significant differences in mutation
frequencies across several genes, including TP53, FLG, and PCLO (Fig. 3B).
These findings suggest that MARCKS expression defines HCC sub-
groups with distinct genomic backgrounds that may influence tumor
biology and prognosis.

MARCKS is selectively enriched in myeloid populations in single-
cell HCC
Single-cell transcriptomic analysis identified 22 clusters grouped into six
major lineages: T/NK, B/Plasma, Myeloid, Endothelial, Hepatocyte, and
Fibro/Stellate (Fig. 4A-C)(Markers for cell annotation are placed in Sup-
plementary Table S2). MARCKS expression was selectively enriched in
myeloid cells, with minimal expression in other immune or stromal lineages.
UMAP feature plots and dot plots highlighted its lineage-specific localiza-
tion (Fig. 4D-E), while violin plots revealed heterogeneity, with MARCKS
concentrated in a subset of myeloid cells (Fig. 4F).

This myeloid-restricted expression pattern implicates MARCKS as a
potential driver of macrophage polarization in HCC.

MARCKS defines an immunosuppressive TAM phenotype
Reclustering of myeloid cells identified functional subsets, including
immunosuppressive TAMs, SPP1" TAMs, dendritic cells, and monocytes
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Fig. 1 | Expression and prognostic value of MARCKS in hepatocellular carci-
noma. A Pan-cancer expression of MARCKS across TCGA and GTEx datasets.
B Heatmap of clinicopathological characteristics stratified by MARCKS expression
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in TCGA-LIHC. C Kaplan-Meier curves for OS, DSS, and PFI. D ROC curve for
diagnostic value (AUC = 0.785). E Subgroup analysis of MARCKS expression
according to stage, grade, AFP, and vascular invasion.

(Fig. 5B, C). AUCell analysis demonstrated that MARCKS" myeloid cells
scored significantly higher for M2 polarization, TREM2/SPP1 TAM, Dif-
ferentiation and immunosuppression signatures compared with MARCKS
cells (Fig. 5A, G-H) (Gene sets used for this study are listed in

Supplementary Table S3). UMAP visualization confirmed immunosup-
pressive TAMs as the predominant MARCKS' subset (Fig. 5D-F). Extreme
subgroup analysis further emphasized distinct MARCKS/ImmHigh versus
MARCKS/ImmLow populations (Fig. 5E).
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Together, these results establish MARCKS as a molecular marker of
immunosuppressive TAMs in HCC.

MARCKS associates with progenitor-like myeloid trajectories
CytoTRACE analysis revealed that immunosuppressive TAMs exhibited
higher differentiation potential compared with other myeloid subsets, and
MARCKS expression correlated positively with CytoTRACE scores (Fig.
6A). Trajectory reconstruction by Slingshot and Monocle2 delineated a
progression from monocyte-like precursors toward immunosuppressive
TAMs, with MARCKS expression increasing along pseudotime (Fig. 6B, C).
Dynamic expression analyses demonstrated that MARCKS coincided with
the upregulation of M2-associated and exhaustion-related genes such as
CD163, MRC1, KLF4, and HAVCR2 (Fig. 6D, E).

These findings suggest that MARCKS is linked to progenitor-like
myeloid states and contributes to their reprogramming into immunosup-
pressive TAMs.

MARCKS' myeloid cells are enriched for JAK/STAT3-mediated
immunosuppressive signaling
Hallmark GSEA of MARCKS' myeloid cells demonstrated enrichment of
immunoregulatory pathways, including IL6/JAK/STAT3, TNFa/NF«B,
interferon responses, checkpoint pathways, and angiogenesis, whereas
MYC targets were downregulated (Fig. 7A). KEGG enrichment in TCGA-
LIHC tumors similarly confirmed activation of JAK-STAT signaling in
MARCKS-high tumors (Fig. 7B).

These results highlight JAK/STAT3 signaling as a key mediator of
MARCKS-driven immunosuppressive programming in HCC.

Cell-cell communication reinforces immunosuppression medi-
ated by MARCKS' myeloid cells
CellChat analysis revealed that MARCKS' myeloid cells actively transmitted
immunosuppressive signals such as VEGFA-VEGFR (angiogenesis),
TNF-TNFR  (inflammation), =~ LGALS9-HAVCR2 (TIM-3), and
MIF-(CD74 + CXCR4/CD44) (immune suppression) (Fig. 7C). As recipients,
MARCKS' cells engaged in reciprocal signaling with immune and stromal cells,
including MDK-SDC2 and MIF-(CD74 + CXCR4/CD44) (Fig. 7D).

These results suggest that MARCKS' myeloid cells function as central
hubs of immunosuppressive communication within the HCC
microenvironment.

Spatial colocalization of MARCKS" macrophages with
immunosuppressive niches
Spatial transcriptomics revealed that MARCKS' macrophages were enriched
in tumor regions compared with adjacent normal tissues (Fig. 8A). These
cells colocalized with M2-score-high macrophages and overlapped exten-
sively with immunosuppressive populations, including exhausted T cells,
CAFs, MDSCs, tolerogenic DCs, and Tregs in tumor regions (Fig. 8B).
This spatial colocalization highlights a coordinated immunosuppres-
sive niche centered on MARCKS' macrophages in HCC.

Experimental validation confirms MARCKS-STATS3 axis in HCC
progression

Immunohistochemistry in the Guangxi cohort (n = 34) confirmed elevated
MARCKS protein levels in tumors compared with adjacent tissues (Fig. 9A, B)
(The clinical parameters of 34 patients are listed in Supplementary Table S4),
consistent with HPA database validation (Fig. 9C). Multiplex immuno-
fluorescence further showed colocalization of MARCKS with CD206" mac-
rophages and PD-L1 (Fig. 9D), supporting its link to immunosuppressive
macrophages.

In vitro, MARCKS knockdown or STAT3 inhibition by Stattic sup-
pressed clonogenic growth, proliferation, migration, and invasion in HepG2
and Huh?7 cells (Fig. 10A-C) (siRNA sequences used in this study are listed
in Supplementary Table S5). Wound-healing assays demonstrated delayed
closure in MARCKS-silenced or Stattic-treated cells (Fig. 11A). Western
blotting confirmed efficient MARCKS knockdown and showed reduced

Table 1 | Baseline clinical characteristics of TCGA-LIHC
patients stratified by MARCKS expression

Characteristics Low expression of  High expression of P value
MARCKS MARCKS
n 187 187
Pathologic T stage, 0.013
n (%)
T1&T2 149 (40.2%) 129 (34.8%)
T3&T4 36 (9.7%) 57 (15.4%)
Pathologic N stage, 0.670
n (%)
NO 123 (47.7%) 131 (50.8%)
N1 1(0.4%) 3(1.2%)
Pathologic M stage, 1.000
n (%)
MO 134 (49.3%) 134 (49.3%)
M1 2(0.7%) 2(0.7%)
Pathologic stage, 0.007
n (%)
Stage | & Stage Il 141 (40.3%) 119 (34%)
Stage Ill & Stage IV 34 (9.7%) 56 (16%)
Tumor status, n (%) 0.030
Tumor free 112 (31.5%) 90 (25.4%)
With tumor 67 (18.9%) 86 (24.2%)
Gender, n (%) 0.320
Female 56 (15%) 65 (17.4%)
Male 131 (35%) 122 (32.6%)
Age, n (%) 0.004
<=60 75 (20.1%) 102 (27.3%)
>60 112 (30%) 84 (22.5%)
BMI, n (%) 0.031
<=25 81 (24%) 96 (28.5%)
>25 92 (27.3%) 68 (20.2%)
Histologic grade, n (%) <0.001
G1&G2 137 (37.1%) 96 (26%)
G3&G4 48 (13%) 88 (23.8%)
Residual tumor, n (%) 0.123
RO 170 (49.3%) 157 (45.5%)
R1&R2 6(1.7%) 12 (3.5%)
AFP(ng/ml), n (%) <0.001
<=400 137 (48.9%) 78 (27.9%)
>400 14 (5%) 51 (18.2%)
Child-Pugh grade, 0.980
n (%)
A 130 (53.9%) 89 (36.9%)
B&C 13 (5.4%) 9 (3.7%)
Vascular invasion, 0.374
n (%)
No 113 (35.5%) 95 (29.9%)
Yes 54 (17%) 56 (17.6%)

STATS3 phosphorylation without affecting total STAT3 (Fig. 11B, C) (The
original, uncropped western blot images corresponding to Fig. 11B, C are
provided in Supplementary Fig. S2). Immunofluorescence further con-
firmed nuclear accumulation of p-STAT3 in MARCKS-expressing tumor
tissues (Fig. 11D).
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Table 2 | Univariate and multivariate Cox regression analyses of overall survival in TCGA-LIHC

Characteristics Total(N) Univariate analysis Multivariate analysis
Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

MARCKS 373

Low 187 Reference Reference

High 186 1.714 (1.206-2.436) 0.003 1.626 (1.032-2.561) 0.036
Pathologic T stage 370

T1&T2 277 Reference Reference

T3&T4 93 2.598 (1.826-3.697) <0.001 2.456 (1.559-3.871) <0.001
Pathologic N stage 258

NO 254 Reference

N1 4 2.029 (0.497-8.281) 0.324
Pathologic M stage 272

MO 268 Reference Reference

M1 4 4.077 (1.281-12.973) 0.017 1.244 (0.296-5.229) 0.766
Gender 373

Female 121 Reference

Male 252 0.793 (0.557-1.130) 0.200
Child-Pugh grade 240

A 218 Reference

B&C 22 1.643 (0.811-3.330) 0.168
Age 373

<=60 177 Reference

>60 196 1.205 (0.850-1.708) 0.295
Vascular invasion 317

No 208 Reference

Yes 109 1.344 (0.887-2.035) 0.163
AFP(ng/ml) 279

<=400 215 Reference

>400 64 1.075 (0.658-1.759) 0.772
Tumor status 354

Tumor free 202 Reference Reference

With tumor 152 2.317 (1.590-3.376) <0.001 1.908 (1.195-3.047) 0.007
Histologic grade 368

G1&G2 233 Reference

G3&G4 135 1.091 (0.761-1.564) 0.636
BMI 336

<=25 177 Reference

>25 159 0.798 (0.550-1.158) 0.235
Residual tumor 344

RO 326 Reference

R1&R2 18 1.604 (0.812-3.169) 0.174

Together, these findings validate that MARCKS promotes STAT3
activation and malignant phenotypes of HCC cells, thereby driving M2
macrophage polarization and shaping an immunosuppressive tumor
microenvironment.

MARCKS knockdown suppresses tumor growth in vivo

To further evaluate the role of MARCKS in hepatocellular carcinoma
progression in vivo, a subcutaneous xenograft tumor model was established
using Huh?7 cells. As shown in Fig. 12A, tumors derived from MARCKS-
silenced cells exhibited significantly reduced growth compared with the
control group. Consistently, longitudinal measurements revealed a sig-
nificant reduction in tumor volume in the MARCKS knockdown group

throughout the observation period (Fig. 12B). At the experimental endpoint,
excised tumors from the MARCKS knockdown group were visibly smaller
and displayed a significantly lower tumor weight than those from the
control group (Fig. 12C). These results demonstrate that suppression of
MARCKS inhibits tumor growth in vivo, supporting a pro-tumorigenic role
of MARCKS in HCC.

MARCKS knockdown in HCC cells attenuates macrophage M2-
like polarization via conditioned medium

To determine whether MARCKS expression in HCC cells influences
macrophage polarization through tumor-derived soluble factors, a condi-
tioned medium-based co-culture system using THP-1-derived
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Gene Expression Patterns by MARCKS Expression Groups
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Fig. 3 | Somatic mutation landscape of MARCKS subgroups in TCGA-LIHC.
A Mutation oncoplot showing the top 20 most frequently mutated genes in HCC,
stratified by MARCKS-high and MARCKS-low expression groups. B Forest plot
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illustrating differentially mutated genes between MARCKS-high and MARCKS-low
groups, with odds ratios (OR) and p-values indicated.

macrophages was established (Fig. 12D). Morphological observation
showed that macrophages treated with conditioned medium from
MARCKS-silenced HCC cells displayed altered morphology compared with
those exposed to control conditioned medium (Fig. 12E).

Consistently, Western blot analysis revealed that conditioned media
derived from MARCKS-knockdown Huh7 and HepG2 cells markedly
reduced the expression of M2-associated markers, including CD163 and
ARG], in THP-1-derived macrophages, whereas the pan-macrophage
marker CD68 remained relatively unchanged (Fig. 12F) (The original,
uncropped Western blot images corresponding to Fig. 12F are provided in
Supplementary Fig. S3).

Moreover, macrophages stimulated with conditioned medium from
MARCKS-silenced HCC cells exhibited a pronounced decrease in STAT3
phosphorylation, while total STAT3 levels were largely unaffected (Fig.
12G)(The original, uncropped western blot images corresponding to Fig.
12G are provided in Supplementary Fig. S4). These findings indicate that
suppression of MARCKS in tumor cells attenuates STAT3 activation in
macrophages and impairs M2-like polarization.

Collectively, these results suggest that MARCKS expression in HCC
cells promotes macrophage M2-like polarization, at least in part, through
tumor-derived soluble factors, potentially via activation of STAT3 signaling.

Discussion

HCC remains a major health burden with high morbidity and mortality
worldwide™. Despite recent advances in immune checkpoint inhibitors
(ICIs), only a minority of patients derive durable benefit, and resistance
remains a critical challenge” ™. TIME plays a decisive role in shaping
response to immunotherapy’*™, yet the molecular determinants that drive
immunosuppression in HCC remain incompletely understood™”.

In this study, we identified MARCKS as a novel regulator of the
immunosuppressive microenvironment in HCC. Comprehensive analyses
integrating bulk, single-cell, and spatial transcriptomics demonstrated that
MARCKS is highly expressed in HCC and preferentially enriched in myeloid
subsets, particularly TAMs. MARCKS expression was strongly associated
with signatures of M2 polarization and immune checkpoint activation.
Spatial validation and mIF further confirmed colocalization of MARCKS
with CD206 and PD-L1, providing direct evidence that MARCKS-
expressing TAMs are embedded within immunosuppressive niches.

Our functional experiments revealed that siRNA-mediated knockdown
of MARCKS in HCC cells significantly impaired proliferation, migration,
and invasion, supporting its association with oncogenic phenotypes. Con-
sistently, MARCKS silencing suppressed tumor growth in a subcutaneous
xenograft model and attenuated STAT3 activation as well as M2-like mac-
rophage polarization in macrophages exposed to tumor-derived conditioned

media, providing functional evidence for a tumor cell-mediated immunor-
egulatory effect. Mechanistically, MARCKS suppression was accompanied
by decreased phosphorylation of STAT3, a signaling event closely linked to
macrophage polarization and immunoregulatory programs.

Immunofluorescence further demonstrated nuclear accumulation of
p-STAT3 in MARCKS-expressing HCC tissues, supporting its role as a
transcriptional driver of immune evasion programs. Together with enrich-
ment analyses highlighting the JAK-STAT3 axis, these findings delineate a
mechanistic pathway in which MARCKS promotes STAT3 activation, M2
macrophage polarization, and immune checkpoint upregulation, thereby
contributing to the establishment of an immunosuppressive TIME.

These findings expand the functional spectrum of MARCKS beyond its
canonical roles in cytoskeletal remodeling, motility, and metastasis. Pre-
vious studies have linked MARCKS overexpression to therapy resistance
and poor outcomes in Lung cancer, multiple myeloma, hematological
malignancies, glioma™*"~*, but its immunological functions have remained
largely unexplored. Our work is, to our knowledge, the first to implicate
MARCKS in immune modulation in HCC. By linking MARCKS to STAT3
activation, we provide a novel mechanistic explanation for the enrichment
of immunosuppressive TAMs and the limited efficacy of ICIs in HCC.

The clinical implications of our study are twofold. First, MARCKS may
serve as a prognostic biomarker, as its high expression was associated with
adverse pathological features and poor survival in TCGA-LIHC. Second,
targeting MARCKS may represent a promising therapeutic strategy. Inhi-
bition of MARCKS could remodel the immune landscape, reduce TAM-
driven immunosuppression, and potentially sensitize tumors to ICIs.
Moreover, the convergence of MARCKS signaling on STAT3 suggests that
combinatorial strategies targeting the MARCKS-STATS3 axis could yield
synergistic effects in overcoming ICI resistance.

Nonetheless, several limitations should be acknowledged. Our current
data support a correlation and preliminary functional link between
MARCKS expression and STAT3 activation, but do not establish a direct
upstream regulatory mechanism, and macrophage-intrinsic roles of
MARCKS were not directly interrogated. In vivo validation was limited to a
subcutaneous xenograft model in nude mice, which does not allow assess-
ment of immunotherapy synergy in an intact immune context; moreover,
the single-cell and spatial analyses relied on public datasets without an
independent in-house scRNA-seq/ST cohort. Future studies using
macrophage-specific perturbation, orthotopic/immunocompetent models
(including ICI-based evaluation), and in-house multi-omics cohorts will be
important to strengthen mechanistic and translational conclusions.

In conclusion, our study uncovers a previously unappreciated role of
MARCKS in shaping the immunosuppressive landscape of hepatocellular
carcinoma. Beyond its established functions in tumor cell motility and
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Fig. 4 | Cell clustering and annotation in single-cell transcriptome of HCC
(GSE149614). A UMAP plots showing unsupervised clustering (left) and annota-
tion of six major lineages: T/NK, B/Plasma, Myeloid, Endothelial, Hepatocyte, and
Fibro/Stellate. B Dot plots of canonical lineage markers confirming annotation.

C Feature plots of canonical lineage markers used for annotation. D UMAP feature
plot showing MARCKS expression. E Dot plot of MARCKS expression across six
major cell types. F Violin plots illustrating distribution and heterogeneity of
MARCKS expression among lineages.

progression, MARCKS is closely associated with STAT3-centered immu-
noregulatory programs and M2-like macrophage polarization, linking
tumor-intrinsic signaling states to the establishment of an immunosup-
pressive tumor immune microenvironment. Through these associations,
MARCKS contributes to tumor progression and immune evasion in HCC.

Collectively, our findings position MARCKS as a potential biomarker
of immunosuppressive tumor states and a candidate target for therapeutic
intervention. While the precise hierarchical relationship between MARCKS
and STAT3 signaling warrants further investigation, modulation of
MARCKS-associated pathways may represent a rational strategy to remodel

the tumor immune microenvironment and improve immunotherapeutic
responsiveness in HCC.

Methods

Data acquisition

RNA-seq raw count data, clinical information, and somatic mutation (MAF)
files for HCC were downloaded from the TCGA-LIHC cohort via the
Genomic Data Commons (GDGC; https://portal.gdc.cancer.gov/projects/
TCGA-LIHC; dbGaP accession: phs000178). Pan-cancer RNA-seq data
integrating TCGA and GTEx samples were obtained from the UCSC Xena
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Toil recompute dataset (dataset ID: tcga_ RSEM_gene_tpm; release date:
2016-09-01;  https://xenabrowser.net/). ~ Single-cell RNA-seq dataset
GSE149614 was retrieved from the Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149614). Spatial transcriptomics
dataset HRA000437 was acquired from the National Genomics Data Center
(NGDG; https://ngdc.cncb.ac.cn/gsa-human/browse/HRA000437).

All datasets were publicly available, and no additional ethical approval
was required.

Bulk RNA-seq analyses

TCGA-LIHC RNA-seq data were downloaded as raw count matrices from
the Genomic Data Commons. For downstream analyses, raw counts were
normalized to TPM values and subsequently transformed using
log2(TPM + 1). Only primary tumor samples with complete clinical and
mutation information were retained. Genes with undetectable expression
(TPM = 0) in more than 50% of tumor samples were filtered out to ensure
statistical robustness.

Patients were dichotomized into MARCKS-high and MARCKS-low
groups using the median MARCKS expression level as the cutoff. Differ-
entially expressed genes (DEGs) between the two groups were identified
using limma (v3.58.1), with |log2FC|>1 and FDR<0.05. Functional
enrichment of Hallmark and KEGG pathways was performed using clus-
terProfiler (v4.10.0).

Immune infiltration was estimated using xCell implemented in
immunedeconv (v3.0.0).

Associations between MARCKS expression and immune cell scores,
immune checkpoint molecules, immunosuppressive mediators, and mac-
rophage polarization markers were assessed using Spearman correlation,
consistent with the non-normal distribution of TPM expression values.
Correlation networks were visualized using igraph and corrplot.

For survival analyses, overall survival (OS)/disease-specific Survi-
val(DSS)/progression-free  Interval(PFI) were compared between
MARCKS-high and MARCKS-low groups using Kaplan-Meier curves and
the log-rank test. Hazard ratios (HRs) and 95% confidence intervals (Cls)
were estimated using univariable and multivariable Cox proportional
hazards models (survival v3.5). The proportional hazards assumption was
tested using Schoenfeld residuals (cox.zph()).

Somatic mutation profiles were processed with maftools (v2.18.0).
Differential mutation frequencies were evaluated using Fisher’s exact test.
Tumor mutation burden (TMB) was calculated as the total number of
nonsynonymous mutations per megabase.

Single-cell RNA-seq analyses (GSE149614)

Single-cell transcriptomic data from GSE149614 were processed using
Seurat. Raw count matrices were imported to create a Seurat object, and
standard quality-control metrics were computed, including the number
of detected genes (nFeature_RNA), UMI counts (nCount_RNA), and
the percentage of mitochondrial transcripts (percent.mt; defined using
genes starting with “MT-"). Cells were retained if they expressed
200-6000 genes, had nCount_RNA <40,000, and exhibited <20%
mitochondrial reads.

Normalization and variance stabilization were performed using
SCTransform (vst.flavor = “v2”). Principal component analysis (PCA) was
conducted to obtain 50 principal components, and batch effects across
samples (orig.ident) were corrected using Harmony based on the first 30
PCs. The Harmony-corrected embeddings were used for constructing the
shared nearest-neighbor graph, followed by Louvain clustering at a reso-
lution of 0.5. Two-dimensional embeddings were generated using UMAP
and t-SNE, also based on the Harmony reduction (dims 1-30).

Major cell lineages were annotated using canonical markers, including
T/NK (CD3D, NKG?7), B/Plasma (MS4A1, MZB1), Myeloid (LYZ, CD68),
Endothelial (PECAM1, VWEF), Hepatocytes (ALB, TTR), and Fibro/Stellate
cells (COL1A1, ACTA2). (The markers for cell annotation are listed in
Supplementary Table 2).

For myeloid-focused analyses, myeloid cells were extracted and
reclustered to identify functional subsets, such as immunosuppressive
TAMs, SPP1" TAMs, dendritic cells, and monocytes. Gene set activity
related to M2 polarization, differentiation, and immunosuppression was
quantified using AUCell. Differentiation potential was inferred using
CytoTRACE, and developmental trajectories were reconstructed using
Slingshot and Monocle2 (DDRTree), including branched expression ana-
lysis (BEAM) for dynamic gene programs. Hallmark pathway enrichment
in MARCKS' versus MARCKS' myeloid subsets was assessed using fgsea.

Myeloid subset analysis

The myeloid compartment was extracted and reclustered using Seurat.
Subclusters were annotated into functional states, including immunosup-
pressive TAMs, SPP1" TAMs, stress-response myeloid cells, dendritic cells,
and monocytes. Gene set activity was quantified with AUCell (v1.22.0) using
curated signatures related to differentiation, M2 polarization, and immu-
nosuppression (full gene lists provided in Supplementary Table S3). Dif-
ferentiation potential was inferred using CytoTRACE (v0.3.3). Pseudotime
trajectories were reconstructed with Slingshot (v2.10.0) and Monocle2
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branched gene expression analysis. Gene set enrichment analysis (GSEA)  Cell-cell communication networks were inferred using CellChat (v1.5.0). A
was performed with fgsea (v1.26.0) using MSigDB Hallmark pathways. maximum of 3000 cells per lineage was sampled to reduce computational
Pathways with adjusted p < 0.20 were considered significant. burden. MARCKS' myeloid cell interactions were evaluated using the
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CellChatDB.human database. For spatial transcriptomics, data from NGDC
were processed with Seurat and customized pipelines. MARCKS' macro-
phages were identified and colocalized with M2 and immunosuppressive
signatures in tumor regions.

In vitro assays

Human HCC cell lines HepG2 and Huh7 (ATCC) were cultured in DMEM
(Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1%
penicillin/streptomycin (Gibco) at 37 °C in a humidified atmosphere with
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showing reduced STAT3 phosphorylation with MARCKS knockdown or inhibition.
D Immunofluorescence staining confirming co-localization of MARCKS, CD206,
and STAT3 in HCC tissues.

5% CO,. MARCKS knockdown was performed using siRNAs (Gene-
Pharma, Shanghai; sequences listed in Supplementary Table S5) transfected
with Lipofectamine 3000 (Thermo Fisher). Stattic (MCE,CAS 19983-44-9)
was used as a STAT3 inhibitor at 5 uM for 24-48 h.

Functional assays

For colony formation assays, 500 cells were seeded per well in 6-well
plates, cultured for 10-14 days, fixed with 4% paraformaldehyde
(Beyotime), and stained with 0.1% crystal violet (Beyotime). Colonies
containing more than 50 cells were counted. Cell proliferation was
assessed using the CCK-8 kit (Dojindo) with absorbance measured at

450 nm. Migration and invasion assays were performed with 8-pm
pore size transwell chambers (Corning) with or without Matrigel (BD
Biosciences). Cells (3 x 10*) were seeded in serum-free medium in the
upper chamber; after 24-48 h, migrated or invaded cells were fixed,
stained, and counted. Wound-healing assays were performed by
scratching confluent monolayers with sterile 200-uL pipette tips, and
images were captured at 0, 24, and 48 h.

Protein and tissue analyses
Whole-cell lysates were prepared with RIPA buffer(Beyotime) contain-
ing protease/phosphatase inhibitors (Roche). Proteins were separated by
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Fig. 12 | MARCKS knockdown suppresses tumor growth in vivo and attenuates
macrophage M2-like polarization. A Representative images of subcutaneous
xenograft tumors derived from Huh7 cells transfected with control or MARCKS-
targeting siRNA. B Tumor growth curves showing tumor volume measured at
indicated time points. Tumor volume was calculated as (length x width?) /2.

C Tumor weights at the experimental endpoint (n = 5 mice per group). D Schematic
illustration of the conditioned medium (CM)-based co-culture system.

tically significant.

E Representative phase-contrast images of THP-1-derived macrophages treated
with conditioned media from control or MARCKS-silenced HCC cells (scale bar =
50 um). F Western blot analysis of M2-associated markers (CD163 and ARG1) and
CD68 in THP-1-derived macrophages. G Western blot analysis of phosphorylated
STAT3 (p-STAT3) and total STAT3 following CM stimulation. Data are repre-
sentative of at least three independent experiments. P < 0.05 was considered statis-
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SDS-PAGE and transferred to PVDF membranes. The following anti-
bodies were used: MARCKS (Proteintech, Cat No. 10004-2-Ig,1:1000),
STAT3 (Proteintech, Cat No. 10253-2-AP,1:1000), p-STAT3 (Pro-
teintech, Cat No. 60199-1-Ig, 1:1000), and GAPDH (Proteintech, Cat No.
60004-1-1g,1:5000). For immunohistochemistry (IHC), paraffin-
embedded tumor and adjacent tissues from the Guangxi cohort (The
Ethics Committee of the First Affiliated Hospital of Guangxi Medical
University has approved this study, and specimen collection was con-
ducted according to the principles outlined in the Declaration of Hel-
sinki. Certificate Number: 2024-E144-01,2025-E0874. Each patient
provided written informed consent.) were stained with anti-MARCKS
and quantified by Image]. For immunofluorescence (IF), tissues were
stained with antibodies against CD206 (Proteintech, Cat No. 18704-1-
AP,1:200), and STAT3 (CST, 1:200). Secondary antibodies included
Alexa Fluor 488/594 conjugates (Invitrogen). Nuclei were counterstained
with DAPI (Sigma), and images were acquired on a Leica SP8 confocal
microscope.

Subcutaneous xenograft assay

Male BALB/c nude mice were maintained under specific pathogen-free
conditions. Huh7 hepatocellular carcinoma cells were transfected with
control siRNA or MARCKS-targeting siRNA, harvested, washed with PBS,
and subcutaneously injected into the flanks of nude mice. Tumor length and
width were measured at regular intervals using calipers, and tumor volume
was calculated according to the formula volume = (length x width?)/2. At
the experimental endpoint, mice were sacrificed, and tumors were excised
intact, photographed, and weighed for subsequent analyses. All animal
procedures were conducted in accordance with institutional guidelines and
were approved by the Ethics Committee of the First Affiliated Hospital of
Guangxi Medical University (Approval No. 2025-D0499).

Conditioned medium-based macrophage co-culture assay
Huh7 and HepG2 hepatocellular carcinoma cells were transiently trans-
fected with control siRNA or MARCKS-targeting siRNA according to the
manufacturer’s instructions. Twenty-four hours after transfection, the cul-
ture medium was replaced with fresh complete medium, and cells were
incubated for an additional 24 h. Conditioned media were then collected,
centrifuged at 1000 x g for 5min to remove cellular debris, and used
immediately for subsequent experiments.

THP-1 monocytes were differentiated into MO macrophages by
treatment with phorbol 12-myristate 13-acetate (PMA, 100 ng/ml) for 48 h.
After differentiation, macrophages were washed with PBS and incubated
with conditioned media derived from HCC cells for 48 h. RPMI 1640
medium served as a negative control, and M2-polarizing medium was used
as a positive control where indicated.

Following co-culture, macrophages were harvested for protein
extraction and Western blot analysis. Representative morphological chan-
ges were documented using microscopy. All experiments were indepen-
dently repeated at least three times.

Statistical analyses
All analyses were performed in R (v4.5.0). Comparisons between two
groups were conducted using Student’s ¢ test or Mann-Whitney U test,
while multiple groups were compared by ANOVA or Kruskal-Wallis
test. Correlations were analyzed with Pearson’s or Spearman’s method.
Survival analyses were performed using Kaplan-Meier with log-rank
test and Cox regression. p-values < 0.05 were considered statistically
significant (ns, p>0.055 *p<0.055 **p<0.01; ***p<0.001;
FRRXD < 0.0001).

All abbreviations used in this study are listed in Supplementary
Table S6.

Data availability
RNA-seq raw count data, clinical information, and somatic mutation
(MAF) files for HCC were obtained from the TCGA-LIHC cohort via the

Genomic Data Commons (https://portal.gdc.cancer.gov/projects/ TCGA-
LIHG; dbGaP: phs000178). Pan-cancer RNA-seq data integrating TCGA
and GTEx were retrieved from the UCSC Xena Toil recompute dataset
(https://xenabrowser.net/). The single-cell RNA-seq dataset GSE149614
was downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgitacc=GSE149614), and the spatial transcriptomics dataset HRA000437
was obtained from NGDC (https://ngdc.cncb.ac.cn/gsa-human/browse/
HRA000437).

Code availability
The custom scripts and codes used for data processing and analysis are
available from the corresponding author upon reasonable request.
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