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Therapeutic options for hepatocellular carcinoma (HCC)
remain scarce and limited by resistance, underscoring the
need for novel approaches. The lysine methyltransferase
SMYD?2 is overexpressed in several cancers and regulates
oncogenic signaling through histone and non-histone sub-
strates. However, its role in HCC is incompletely defined.
We integrated transcriptomic analyses of patient samples
with in vitro assays and orthotopic murine models to eval-
uate the therapeutic potential of SMYD2 inhibition in
HCC. SMYD2 was enriched in intratumoral regions and
associated with immunosuppressive and Wnt/f-catenin-
driven programs. In vivo, SMYD2 pharmacological inhibi-
tion with AZ-505 reduced tumor burden and induced
pro-inflammatory transcriptional changes. The antitumor
activity of AZ-505 was also evident in Wnt/p-catenin-active
tumors, which further displayed reduced expression of
proliferative and immunosuppressive signatures. In vitro,
SMYD?2 inhibition decreased tumor-cell Wnt ligand tran-
scription and shifted macrophage responses toward reduced
TGF-f3 expression, in a pattern consistent with reduced
Wnt/B-catenin-associated signaling. Finally, AZ-505 syner-
gized with anti-PD-1 in Wnt/p-catenin-active tumors, ex-
panding cytotoxic T cell and antigen-presenting popula-
tions. Transcriptomic analyses of combination-treated
tumors showed suppression of Wnt/f-catenin- and TGF-
B-pathway-associated signatures alongside activation of im-
mune-stimulatory responses. These results position SMYD2
as a dual regulator of tumor growth and immune suppres-

sion, and as a promising target to overcome ICI resistance
in HCC.

INTRODUCTION

Hepatocellular carcinoma (HCC) ranks as the third leading cause
of cancer-related mortality worldwide." Although prevention stra-
tegies have improved, HCC incidence continues to rise globally,
with approximately 866,000 new cases reported in 2022."> Cura-
tive therapies such as surgical resection and liver transplantation
offer favorable long-term outcomes but are restricted to early-
stage disease.” In contrast, systemic therapies for advanced HCC
provide modest survival benefits, with median overall survival
ranging from approximately 12 to 24 months.” Immune check-
point inhibitors (ICIs) have emerged as a breakthrough in
oncology, yet their efficacy in HCC remains modest, with objec-
tive response rates typically below 30%.” One of the challenges
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in improving immunotherapy outcomes is the lack of clinically
validated biomarkers to predict treatment response.”'*'' Howev-
er, increasing evidence suggests that the activation of certain
signaling pathways, including Wnt/f-catenin, TGF-f, and PI3K/
Akt/mTOR, is associated with immune-suppressive microenvi-
ronments that contribute to resistance to ICIs.'”'*"' Accord-
ingly, while several first-line therapies already combine ICIs
with other agents, including anti-VEGF and tyrosine kinase in-
hibitors, ongoing research is exploring novel strategies to modu-
late these pathways alongside immunotherapy, aiming to improve
%17 However, responses
modest, underscoring the urgent need for novel therapeutic ap-
proaches for advanced HCC.

clinical outcomes. clinical remain

SMYD2 (SET and MYND domain-containing protein 2), a lysine
methyltransferase overexpressed in several cancers, including
HCC,”** has gained interest as a potential therapeutic target. It
was initially characterized as an epigenetic modulator that methylates
histone H3 at lysines 4 and 36 (H3K4 and H3K36). However, SMYD2
is now recognized to localize predominantly in the cytoplasm, where it
methylates a broad range of non-histone proteins, including p53,
PTEN, STAT3, RB1, and HSP90.”"»** Many of these non-histone tar-
gets are frequently altered in HCC, yet they remain challenging to
exploit therapeutically,** underscoring the relevance of enzymes that
regulate their activity. As a central upstream regulator of multiple
signaling pathways, SMYD2 modulates key oncogenic processes
such as cell proliferation, apoptosis, DNA damage response, and stress
signaling.”>**~* For example, SMYD2-mediated methylation of p53
at K370 and pRb at K860 impairs their tumor-suppressive activities,
reinforcing oncogenic proliferation and survival.”' This broad array
of substrates suggests that targeting SMYD2 may influence multiple
oncogenic pathways simultaneously, an attractive strategy in a highly
heterogeneous disease such as HCC.”> Moreover, the development of
selective small-molecule inhibitors of SMYD2 has further enabled
mechanistic studies and opened avenues for exploring its potential
as a therapeutic target.”’ However, the precise role of SMYD2 in
HCC remains insufficiently understood, with prior research primarily
focusing on its intrinsic functions within tumor cells. Epigenetic reg-
ulators are increasingly recognized as relevant modulators of the
tumor microenvironment (TME).’”*! In HCC, histone-modifying en-
zymes have been shown to influence hepatic stellate cell activation, the
polarization of tumor-associated macrophages (TAMs), angiogenesis,
and extracellular matrix (ECM) remodeling,” thereby contributing to
tumor progression and therapeutic resistance. Notably, SMYD2 has
been reported to promote hepatic stellate cell activation in liver
fibrosis through the upregulation of Tlr4 expression,” directly linking
this enzyme to hepatic stromal remodeling. In line with this, compu-
tational analyses have associated SMYD2 expression with immune-
and stromal-related gene signatures across several cancer types,”>*
supporting a potential role in shaping the hepatic TME.

This study aims to evaluate the therapeutic potential of SMYD2 in-

hibition in experimental HCC, assessing both its direct antitumor ef-
fects and its potential impact on the TME.
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RESULTS

SMYD2 is upregulated in HCC and associates with tumor-
specific transcriptional programs

To gain insight into SMYD?2 potential as a therapeutic target, we first
analyzed publicly available transcriptomic datasets to assess its
expression across tumor and non-tumor tissues. We found that
SMYD2is consistently upregulated in HCC tumors compared to adja-
cent non-tumoral tissue across 15 independent datasets (Figure 1A),
supporting its widespread overexpression in HCC. To further charac-
terize its spatial distribution within tumor-bearing livers, we analyzed
spatial transcriptomic datasets from HCC patients available in the
HCCDB v2 repository. SMYD?2 is predominantly expressed in tumor
regions across 5 patients (Figures 1B and S1A), with lower expression
in normal, immune, and stromal areas. Quantification across tissue
compartments further confirmed this pattern (Figure SIB), high-
lighting the tumor-associated localization of SMYD2 in the HCC
microenvironment. To provide histological context and support tu-
mor identity, corresponding H&E staining and Mki67 expression
derived from the same datasets are shown in Figure S2.

To assess the tissue specificity of SMYD?2 expression beyond the liver,
we analyzed its levels in HCC tumors versus a panel of adjacent non-
tumoral tissues from multiple organs within the TCGA cohort,
including both digestive and non-digestive tissues (Figure 1C).
SMYD?2 expression was consistently lower in all histologically
normal tissues compared with HCC tumors (Figure 1B). This tu-
mor-enriched expression pattern suggests a degree of cancer speci-
ficity that may reduce the risk of off-target toxicity when therapeuti-
cally targeted.

To complement these analyses, we examined whether SMYD2
expression was associated with broader transcriptional changes in
HCC. We intersected DEGs between tumors and adjacent tissue
with those whose expression correlates with SMYD2 across multiple
datasets (Figure 1D). We found a strong overlap between tumor-up-
regulated genes and those positively correlated with SMYD2, while
negatively correlated genes largely matched those downregulated
in tumors. These results indicate that SMYD2 expression is closely
associated with the transcriptional landscape of HCC, reinforcing
its relevance as a potential therapeutic target.

SMYD2 inhibition in HCC cells reverses oncogenic expression
programs dysregulated in patients with HCC

To characterize the biological pathways associated with SMYD2
expression in HCC, we performed GO analysis on genes correlated
with SMYD2 across patient datasets. Genes positively correlated
with SMYD2 are enriched in pathways characteristic of highly pro-
liferative cells such as biosynthetic and nuclear processes, including
translation, ribonucleoprotein complex biogenesis, RNA metabolic
activity and histone lysine methylation (Figure 2A).7
contrast, negatively correlated genes are enriched in pathways
related to programmed cell death, antitumor immune responses
involving leukocyte-mediated immunity, cytokine signaling and
macrophage activation, and hepatic metabolic functions such as
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Figure 1. SMYD2 is overexpressed in HCC, enriched in tumor regions, and correlates with dysregulated transcriptional programs
(A) Violin plots of SMYD2 expression in tumor relative to adjacent tissue (log, fold change) across HCC datasets.

(B) Representative spatial transcriptomic maps from publicly available data of two patients illustrating SMYD2 expression and cell type distribution. Samples labeled as HCC
Patient 1 and HCC Patient 2 correspond to HCCDB v2 samples HCC-2 and HCC-4, respectively.
(C) Boxplots of SMYD2 expression (loge-normalized) in HCC compared to non-tumor tissues from digestive and non-digestive organs from TCGA; dashed line indicates

median expression in HCC.

(D) Venn diagrams showing overlap between DEGs in HCC vs. adjacent liver and genes correlated with SMYD2 across TCGA, ICGC, and GSE14520.
Box plots show the median (center line), interquartile range (box), and minimum-to-maximum values (whiskers). Statistical analyses were performed using Wilcoxon signed-
rank (vs. adjacent tissue, A) and Mann-Whitney or unpaired t test (vs. normal tissues, C). Exact p-values are shown in the graphs.
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Figure 2. In vitro SMYD2 inhibition partially reverses oncogenic transcriptional programs in human HCC cells
(A) GO analysis of genes positively and negatively correlated with SMYD2 expression in HCC datasets (TCGA, ICGC, and GSE14520).

(B) Volcano plot of DEGs in HuH7 cells treated with LLY-507 (10 pM, 24 h, logoFC >
and non-significant genes in gray.

10.378l, FDR <0.05). Upregulated genes are shown in yellow, downregulated in purple,

(C) Venn diagram displaying overlap between genes modulated by LLY-507 and those dysregulated in HCC. The lower panel shows functional enrichment analysis of genes
upregulated in HCC and downregulated by LLY-507 (left) or downregulated in HCC and upregulated by LLY-507 (right).

lipid metabolism and chemical homeostasis.”® These findings sug-
gest that elevated SMYD2 expression may contribute to the repres-
sion of immune surveillance, apoptosis, and normal hepatocyte dif-
ferentiation programs in HCC.

To further explore SMYD2-associated transcriptional programs in
experimental models, we performed RNA-seq analysis on HuH7
cells treated with the SMYD?2 inhibitor LLY-507. After 24 h of treat-

4 Molecular Therapy: Oncology Vol. 34 June 2026

ment, a broad transcriptional reprogramming was evident, with
2,282 genes significantly upregulated and 2,518 downregulated
(Figure 2B). GO analysis of upregulated genes revealed enrichment
in pro-apoptotic pathways and in metabolic processes associated
with differentiated liver function, including lipid and nutrient meta-
bolism, vesicle transport, and cell differentiation (Figure S3A).
Conversely, downregulated genes were enriched in oncogenic bio-
logical processes, such as cell cycle progression, DNA replication
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and repair, chromatin remodeling, and RNA processing. These
changes were accompanied by the suppression of major tumor-pro-
moting signaling cascades, including the MAPK, FOXM1, E2F, and
MYC pathways (Figure S3B), and by the enrichment of genes con-
taining binding motifs for E2F and MYC, among others
(Figure S3C). Moreover, GO molecular function analysis identified
significant enrichment in terms related to chromatin binding and
histone methyltransferase activity (Figure S3D).

To investigate whether these transcriptional changes reflect clinically
relevant programs, we intersected genes modulated by LLY-507 with
those differentially expressed between tumoral and matched non-tu-
moral liver tissue in HCC cohorts. Notably, 719 genes overexpressed
in human HCC were downregulated by LLY-507 in HuH7 cells and
are associated with cell cycle control and DNA metabolism
(Figure 2C). In contrast, 271 genes with reduced expression in tu-
mors were upregulated upon SMYD?2 inhibition, recapitulating the
metabolic and immunological programs previously found to be
negatively associated with SMYD?2 expression.

Collectively, these results indicate that SMYD2 is associated with
oncogenic, immunosuppressive, and dedifferentiated transcriptional
states in HCC. Its pharmacological inhibition disrupts these malig-
nant programs and partially restores expression patterns associated
with immune competence and functional hepatocytes.

SMYD2 targeting exerts tumor-selective antitumor activity

in vitro, suppresses tumor growth, and induces
immunomodulatory transcriptional changes in HCC

To translate the transcriptomic insights obtained with LLY-507 into
in vivo studies, we employed AZ-505, a structurally distinct, well-
characterized, and highly selective SMYD?2 inhibitor with validated
in vivo activity and pharmacokinetic properties suitable for systemic
administration.”>**"*' In vitro, AZ-505 markedly reduced the
viability of human (HuH7, Hep3B) and murine (Hepal29) HCC
cell lines while sparing primary hepatocytes (Figure 3A). Consistent
results were obtained with LLY-507, further supporting a tumor-se-
lective effect (Figure S4).

Based on this selective impact on tumor cell viability, we assessed the
therapeutic potential of SMYD2 inhibition in an immunocompetent
orthotopic HCC model with underlying fibrosis, generated by inject-
ing Hepal29 cells. In this model, Smyd2 expression was significantly
higher in tumors than in adjacent non-tumoral liver (Figure 3B), in
line with patient data (Figure 1A), providing a biologically relevant
platform for therapeutic testing. Treatment with AZ-505 resulted
in a robust reduction in tumor growth (Figure 3C) and a significant
decrease in ascitic fluid (Figure S5B). LLY-507 exerted comparable
effects (Figure S5), further supporting that SMYD2 inhibition con-
fers both antitumor efficacy and beneficial impact on tumor-associ-
ated complications in vivo.

Next, the inverse correlation between SMYD2 and immune-
related gene programs in patient datasets (Figure 2A) prompted

us to examine whether its inhibition could affect the tumor im-
mune microenvironment. Tumors from AZ-505-treated mice
showed increased mRNA expression of the pro-inflammatory cy-
tokines IFNy, IL1f, and CCLS5, together with reduced levels of the
immunosuppressive cytokine TGF-f (Figure 3D). Moreover,
mRNA levels of CD1lc and CD8 were elevated (Figure 3D),
changes suggestive of a more inflammatory and potentially im-
mune-permissive TME.

Considering the central role of TAMs in the immune landscape of
HCC, where they frequently display immunosuppressive features
that limit effective T cell responses,’w’“’44
SMYD?2 inhibition could affect macrophage polarization. Notably,
treatment of J774 macrophages with AZ-505 induced transcriptional
changes consistent with a pro-inflammatory shift, including upregu-
lation of ILIf, CCL5, and iNOS, together with downregulation of
ARGI and TGF-f, canonical markers of alternatively activated
(M2-like) macrophages (Figure 3E).

we wondered whether

To assess whether these associations were reflected in patient tumors,
we examined the relationship between SMYD2 expression and im-
mune-cell composition through immune deconvolution of three in-
dependent HCC transcriptomic datasets. In line with our experi-
mental data, SMYD2 expression negatively correlated with the
estimated abundance of several key immune effector populations,
including CD8" T cells, M1-like macrophages, y8 T cells, and
CD4" memory T cells (Figure 3F). In contrast, positive correlations
were observed with monocytes, M0-like macrophages, resting NK
cells, resting dendritic cells (DCs), naive CD4" T cells, and resting
mast cells, cell types typically associated with immature or non-
effector immune states. The consistency of this pattern across co-
horts supports a model in which high SMYD2 expression aligns
with immune states characterized by reduced effector activity.
Together, these results support a potential dual role for SMYD2 in
sustaining tumor growth and fostering immunosuppressive features
within the TME in HCC.

AZ-505 reduces tumor burden and modulates Wnt/f-catenin

and immunoregulatory transcriptional programs in HCC

To investigate the mechanisms underlying the immune effects of
SMYD?2 inhibition, we first analyzed our HuH7 RNA-seq dataset
to identify immune-related pathways potentially regulated by
SMYD2. Functional enrichment analyses revealed multiple Wnt/
p-catenin-related terms and LEF/TCF binding motifs among the
most significantly downregulated categories (Figures S3B and
S3C). This is consistent with previous reports implicating SMYD2
in the regulation of Wnt/B-catenin components, including APC2
silencing and B-catenin methylation.*™*” Given the association be-
tween Wnt/B-catenin activation and immunosuppression in
HCG,'*">** we first assessed whether this pathway is affected by
SMYD?2 inhibition in vivo. In the Hepal29 model, AZ-505 reduced
the expression of canonical p-catenin targets in tumors but not in
adjacent tissue (Figures 4A and S6), indicating a tumor-restricted
repression of P-catenin-associated transcription. p-catenin target
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Figure 3. AZ-505 reduces HCC cell viability, decreases tumor burden, and modulates immune-related gene expression in vitro and in vivo

(A) Dose-response curves of human (HuH7, Hep3B) and murine (Hepa129) HCC cell lines, and primary hepatocytes treated with AZ-505 for 72 h. Viability was assessed by
MTT. Curves were fitted by non-linear regression and are representative of 2-3 independent experiments (4 replicates each, shown as mean + SEM).

(B,C) An orthotopic Hepa129 HCC model was established in fibrotic livers. One week after tumor implantation, mice were treated with AZ-505 (n = 11) or vehicle (n = 11) for six
doses over 10 days. b Smyd2 mRNA levels in paired tumor versus adjacent liver (n = 6), measured by gRT-PCR.

(C) Tumor volume at endpoint.

(D,E) gRT-PCR of (D) immune modulators and immune cell markers in Hepa129 tumors and (E) M1/M2 polarization markers in J774 macrophages treated with AZ-505 (5 uM,
24 h).

(F) Heatmap showing correlations between SMYD2 expression and immune cell fractions inferred by the MIXTURE algorithm in HCC datasets.

Bars represent mean + SEM. Statistical analyses were performed using Wilcoxon matched-pairs signed rank (vs. adjacent tissue, B), Mann-Whitney (vs. vehicle, C), unpaired
t test (vs. vehicle, D, E), and Spearman’s rank correlation (F). Exact p values are shown in the graphs.
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Figure 4. SMYD2 inhibition reduces tumor growth and f-catenin target gene expression in a Wnt/f-catenin-active HCC model, with associated changes in
proliferative and immunosuppressive transcriptional signatures

(A-C) gRT-PCR of p-catenin target genes in (A) Hepa129 tumors from mice treated with AZ-505 or vehicle (n = 3 per group), (B) J774 macrophages, and (C) PM299L and
NM53 GO3 HCC cells treated with AZ-505 (5 pM, 24 h). In vitro experiments are representative of two independent assays.

(D) Dose-response viability curves in PM299L and NM53 GO3 cells after AZ-505 treatment (72 h), assessed by MTT.

(legend continued on next page)
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gene repression was also observed in J774 macrophages treated with
AZ-505 (Figure 4B), suggesting that SMYD?2 inhibition affects both
tumor and immune compartments.

To further explore the link between SMYD2 and Wnt/p-catenin, we
employed two murine HCC cell lines generated in immunocompe-
tent C57BL/6 mice via hydrodynamic tail vein injection of oncogenic
plasmids, as previously described.'>** In murine models, a single
oncogenic event is typically insufficient to induce hepatocarcinogen-
esis, requiring synergism with additional driver alterations.'>*%"'
Accordingly, PM299L cells combine a constitutively active
B-catenin mutant, modeling Wnt/p-catenin-active HCC, with c-
MYC overexpression, a combination that frequently co-occurs in
human tumors.!” Meanwhile, NM53 GO03 cells, which retain wild-
type P-catenin, also overexpress c-MYC but additionally lack func-
tional p53, one of the most prevalent genetic alterations in
HCC.>"” These two models thus represent distinct, clinically rele-
vant contexts with differential Wnt/B-catenin activity, providing a
suitable framework to assess the pathway-specific effects of
SMYD?2 inhibition.

Consistent with their genomic background, PM299L cells displayed
markedly higher basal expression of fB-catenin target genes than
NM53 GO3 cells (Figure S7A), confirming differential pathway acti-
vation. Upon AZ-505 treatment, PM299L cells showed strong down-
regulation of Axin2, Sp5, Ccndl, and Lefl, while no significant
changes were observed in NM53 GO3 cells (Figure 4C). Furthermore,
PM299L cells were more sensitive to AZ-505 in viability assays, with
markedly lower ICs, values (Figures 4D and S7B).

To evaluate the in vivo therapeutic potential of SMYD2 inhibition in
a Wnt/B-catenin-active context, we employed an orthotopic HCC
model generated by intrahepatic injection of PM299L cells. This
aggressive model exhibited rapid tumor progression, with untreated
mice reaching endpoint within 2 weeks. Treatment with AZ-505
significantly reduced tumor weight (Figure 4E), demonstrating
robust antitumor activity in tumors bearing Wnt/f-catenin signaling
hyperactivation. To gain mechanistic insights, we performed RNA-
seq on tumor samples followed by differential expression analysis
(Figure S8A). Pathway analysis of DEGs using IPA predicted inhibi-
tion of multiple oncogenic and immunosuppressive programs,
including STAT3 signaling, IL-4/IL-13 signaling, and ECM remodel-
ing pathways, such as collagen fibril assembly and hepatic fibrosis
signaling (Figure S8B). Upstream regulator analysis further identi-
fied suppression of key drivers of proliferation and survival, such
as CDK6, NOTCH]1, YAP1, and members of the MAPK and PI3K
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families (Figure 4F). Notably, Wnt/p-catenin-related regulators
(CTNNBI, TCF1/3/4, TCF7L2) were also among the most inhibited,
consistent with the transcriptional effects observed in vitro. In addi-
tion, immunosuppressive regulators such as TGFp, IL10, and STAT3
were predicted to be suppressed. Given their established roles in sus-
taining TAM-mediated immunosuppression in HCC,***** we as-
sessed TAM infiltration by flow cytometry. AZ-505 treatment mark-
edly reduced TAM frequency (Figure S9), consistent with a less

TAM-permissive microenvironment upon SMYD?2 inhibition.

To assess the clinical relevance of these findings, we performed func-
tional enrichment analysis on SMYD2-correlated genes identified in
HCC patient transcriptomes. Notably, genes positively correlated
with SMYD2 expression were significantly enriched in molecular
subtypes associated with Wnt/p-catenin activation and immunosup-
pression, including the Boyault G5/G6, Chiang CTNNBI and perive-
nous Desert subclasses (Figure 4G). Consistently, these genes were
also enriched in the p-catenin (CTNNBI) 100 signature and in genes
containing LEF1 binding sites, a canonical effector of p-catenin-
mediated transcription. In contrast, genes inversely correlated with
SMYD?2 were enriched in interferon-related subclasses and inflam-
matory pathways, as well as in gene sets downregulated in G5/G6
and Desert tumors. This inverse enrichment pattern supports a
model in which high SMYD2 expression delineates a transcriptional
program linked to Wnt/B-catenin activation and immunosuppres-
sion, whereas low SMYD?2 levels are associated with transcriptional
features of immune-active tumors. Notably, these associations
were largely preserved across major HCC etiologies (Figure S10),
suggesting that the SMYD2-linked transcriptional programs are
not restricted to a specific etiological context.

Together, these findings point to SMYD?2 as a contributor to prolif-
erative and immunosuppressive programs in HCC, with a potential
mechanistic link to Wnt/p-catenin signaling and a particular rele-
vance in molecular subtypes characterized by Wnt/p-catenin hyper-
activation and intact p53 function.

SMYD2 inhibition in Wnt-active tumor cells limits paracrine cues
and attenuates the induction of TGF-f expression in
macrophages

We next investigated how the downregulation of Wnt/f-catenin
signaling in tumor cells upon SMYD2 inhibition might influence
the immune microenvironment (Figure 5A). In multiple cancer
types, Wnt/p-catenin activation reinforces itself through the
pB-catenin/TCF-dependent induction of Wnt ligands such as
WNT3A and WNT5A, which can act in an autocrine and paracrine

(E) Tumor weight at endpoint in PM299L-bearing mice treated with vehicle (n = 7) or AZ-505 (n = 8). Representative gross liver images (ventral view) are shown; dashed lines

outline tumor regions.

(F) Upstream regulators inferred by IPA of DEGs in AZ-505-treated tumors vs. vehicle.

(G) Functional enrichment analysis of SMYD2-correlated genes across TCGA, ICGC, and GSE14520 datasets, with arrows denoting regulation trends. Terms in italics
indicate “Transcription Factor Binding Site” annotations; others belong to “Coexpression” category.
Bars represent mean + SEM. Statistical analyses were performed using unpaired t test (vs. vehicle, A-C) and Mann-Whitney (vs. vehicle, E). Exact p values are shown in the

graphs.
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Figure 5. SMYD2 inhibition in Wnt/$-catenin-hyperactive PM299L cells attenuates tumor-driven immunosuppressive macrophage responses

(A) Schematic representation of the experimental design.

(B-E) mRNA expression of (B) Wnt ligands in PM299L cells and of (C) -catenin targets and (D, E) TGF-$ in J774 macrophages exposed to CM from PM299L or NM53 GO3
cells pretreated with AZ-505 or vehicle, with or without CHIR (Wnt/B-catenin activator) or DKK1 (Wnt/p-catenin inhibitor).
Graphs represent mean + SEM of one representative of two independent experiments. Statistical analyses were performed using unpaired t test (vs. vehicle). Exact p values

are shown in the graphs.

manner.”*’ Several of these ligands have been implicated in main-
taining an immune-excluded TME, including the induction of
immunoregulatory signaling pathways in stromal and immune
cells.’®®° Based on this, we wondered whether SMYD?2 inhibition
in HCC cells could alter Wnt ligand transcription. In PM299L cells,
AZ-505 treatment significantly reduced Wnt3a and Wnt5a expres-
sion (Figure 5B). In line with this, conditioned medium (CM)

from untreated PM299L cells increased the expression of Wnt/
f-catenin target genes in ]J774 macrophages (Figure 5C), indicating
that soluble tumor-derived factors can activate this pathway in recip-
ient macrophages. This effect was abolished when tumor cells were
pretreated with AZ-505, suggesting that SMYD2 activity in tumor
cells contributes to the production of such factors. In contrast, CM
from NM53 GO3 cells, which lack Wnt/B-catenin hyperactivation,
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failed to elicit such effects, further linking this response to tumor-
intrinsic Wnt/p-catenin activity. Given prior evidence that tumor-
derived Wnt ligands can reprogram macrophages toward an immu-
nosuppressive M2-like state in HCC,”® *° we next wondered whether
these CM could influence macrophage phenotype. Remarkably,
exposure to CM from PM299L cells led to a pronounced upregula-
tion of TGF-f expression in J774 macrophages, a hallmark of immu-
nosuppressive reprogramming (Figure 5D). This effect was impaired
when tumor cells were pretreated with AZ-505, whereas CM from
NM53 GO3 cells had no impact on TGF-f expression. These results
suggest that the ability of tumor-derived factors to trigger immuno-
suppressive changes in macrophages is linked to tumor-intrinsic
Wnt/B-catenin and SMYD?2 activity.

Finally, to assess whether Wnt/p-catenin signaling in macrophages
contributes to the observed TGF-f upregulation, we modulated
this pathway during CM stimulation. Co-incubation of ]J774 cells
with DKKI1, a specific Wnt ligand antagonist, attenuated TGF-§
expression in response to PM299L-derived CM (Figure 5E, left).
Conversely, adding the Wnt/p-catenin activator CHIR-99021
(CHIR) to J774 cells exposed to CM from AZ-505-treated PM299L
cells partially restored TGF-p levels (Figure 5E, right). These results
support a role for macrophage Wnt/p-catenin signaling activation in
the TGF-f induction elicited by tumor-secreted factors.

Together, these findings support a model in which SMYD?2 contrib-
utes to a tumor-macrophage signaling axis involving Wnt ligand
production and macrophage Wnt/f-catenin activation, ultimately
associated with higher TGF-f expression. Disrupting this circuit
through SMYD2 inhibition may redirect macrophage responses
away from immunosuppression, potentially fostering a more im-
mune-permissive microenvironment.

SMYD2 inhibition synergizes with anti-PD-1 to enhance
antitumor response in Wnt/g-catenin-active HCC

Aberrant activation of Wnt/-catenin signaling has been associated
with reduced response to immune checkpoint blockade in
HCC,'>16e1? raising the question of whether SMYD?2 inhibition
could improve responsiveness to anti-PD-1 in this context. In mice
bearing orthotopic PM299L tumors, combining AZ-505 with anti-
PD-1 led to the greatest reduction in tumor weight compared to
either monotherapy or vehicle (Figure 6A). A synergy index of
1.73, calculated using the fractional product (FTV) method,®! indi-
cated a synergistic interaction.

To understand the basis of this enhanced response, we analyzed tu-
mors and spleens from treated animals by flow cytometry
(Figure S11). Given the observed effects of SMYD2 inhibition on
macrophage-associated programs, we hypothesized that these alter-
ations could influence antigen-presenting and T cell-mediated im-
munity in vivo. Interestingly, intratumoral analysis revealed that
both anti-PD-1 and combination treatment increased the frequency
of CD8" T cells to a similar extent (Figure 6B), indicating that
improved efficacy in the combination group cannot be explained
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by additional CD8" T cell accumulation in the tumor. However,
only the combination induced systemic immune activation, evi-
denced by increased frequencies of splenic CD8" T cells and
MHCII"CD80" antigen-presenting cells, with a trend toward higher
levels of MHCII'CD80"CD11c* DCs (Figure S12). These findings
aligned with enhanced cytotoxic potential, as splenocytes from com-
bination-treated mice displayed enhanced CD8" T cell degranulation
upon ex vivo stimulation with PM299L cells, as reflected by increased
CD8"CD107" frequencies (Figure 6B). On the other hand, such
functional improvements were absent in either monotherapy group,
indicating that the added efficacy of the combination stems from sys-
temic activation and heightened functional competence of CD8"
T cells, rather than further in their
abundance.

increases intratumoral

To gain deeper mechanistic insight into the effects of the combina-
tion treatment, we profiled tumors by RNA-seq. IPA of the 202
DEGs identified predicted robust activation of immune-stimulatory
pathways, including IL-12 signaling, Thl polarization, T cell recep-
tor signaling, interferon-y signaling, and macrophage classical acti-
vation (Figure S13A). At the same time, tumor-promoting and
immunosuppressive axes, such as IL-10 signaling, STAT3 signaling,
and pathways associated with alternatively activated macrophages,
were predicted to be inhibited. Upstream regulator analysis further
identified strong activation of pro-inflammatory mediators,
including IFNG, IRF1, TNF, IL1B, and TLR4, along with suppression
of IL10 and key components of the TGF- pathway, such as SMAD?2,
SMAD3, and TGFBR1/2 (Figure 6C). GO and pathway analysis rein-
forced these findings, showing upregulation of genes involved in
T cell activation, leukocyte proliferation, cytokine production, and
interferon-y signaling (Figure S13B). Conversely, downregulated
genes were enriched in pathways associated with tumor progression,
such as positive regulation of proliferation, epithelial-mesenchymal
transition (EMT), vasculogenesis, and ECM remodeling (Figure
S13B). In line with the effects observed in vitro and in monotherapy,
B-catenin (CTNNBI) targets with LEF1 motifs were also suppressed,
supporting the impact of SMYD2 inhibition on Wnt/f-catenin-
driven transcription (Figure S13B).

Reinforcing the translational relevance of these findings, analysis of
TCGA and ICGC cohorts revealed that SMYD2 expression inversely
correlates with multiple immune-related signatures previously asso-
ciated with response to anti-PD1 therapy,” including antigen-pre-
senting, interferon-y, inflammatory, and cytolytic activity signatures
(Figure 6D). Additionally, the immunophenoscore (IPS) of TCGA
HCC samples, obtained from TCIA, was evaluated as a predictor
of response to immune checkpoint blockade in patients.®® This anal-
ysis showed that tumors with high SMYD2 expression displayed
significantly reduced IPS values compared to SMYD2-low tumors
in settings predictive of response to PD-1 blockade (CTLA47/PD1™),
in the CTLA4"/PD1" group
(Figure 6E). No significant differences were detected under baseline
conditions or in CTLA-4 monotherapy settings. These patient-
derived data are consistent with a less immunogenic tumor

with a similar trend observed
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Figure 6. AZ-505 synergizes with anti-PD-1 and increases CD8+CD107+ effector responses in a Wnt/f-catenin-active HCC model

(A) Tumor weight at endpoint in PM299L -bearing mice treated with vehicle (n = 6), AZ-505 (n = 8), anti-PD-1 (n = 9), or combination therapy (n = 10). Representative liver
images are shown.

(B) Flow cytometry of intratumoral CD8" T cells; splenic MHCII*CD80* antigen-presenting cells; and ex vivo-stimulated CD8*CD107" T cells. Samples derive from mice
described in (A).

(C) Upstream regulators analysis of DEGs from tumors upon combination treatment.

(D) Heatmap showing correlations between SMYD2 expression and immunotherapy response signatures across ICGC and TCGA datasets.

(E) Boxplots of IPS scores obtained from TCIA (TCGA cohort), stratified by SMYD2 expression.

Bars represent mean + SEM. Statistical analyses were performed using Mann-Whitney (vs. combination group, A; vs. low, E) and one-way ANOVA with Dunnett’s multiple
comparisons (vs. combination group, B). Exact p values are shown in the graphs.
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phenotype associated with elevated SMYD2 expression and further
support its link to reduced responsiveness to ICI.

Overall, our findings indicate that SMYD2 inhibition may enhance
the immune responsiveness of Wnt/p-catenin-active tumors,
enabling anti-PD-1 to elicit a more effective antitumor response.

DISCUSSION

HCC remains a major clinical challenge, with few effective options
available for patients with advanced disease. Although ICIs have re-
shaped management paradigms, objective responses are modest and
are largely restricted to a subset of patients.* ®” These limitations
underscore a persistent unmet need for molecularly informed strate-
gies, particularly for tumors harboring features that confer primary
or acquired resistance to immunotherapy.

Here, we identify SMYD2 as an oncogenic regulator and potential
therapeutic target in HCC. Originally described as a histone methyl-
transferase, SMYD?2 is increasingly recognized to localize mainly to
the cytoplasm, where its oncogenic functions appear to be driven pri-
marily by methylation of non-histone substrates.””*® When overex-
pressed, SMYD2 promotes key tumor-associated programs,
including cell-cycle dysregulation, apoptosis resistance, EMT, and
metabolic reprogramming.’’*>*>?>%*7! Because these pathways
are comparatively quiescent in normal hepatocytes, SMYD?2 target-
ing could be expected to exert preferential effects on malignant cells.

Our data support this notion at several levels. Across multiple patient
datasets, SMYD?2 is consistently overexpressed in HCC and shows a
predominantly tumor-localized spatial pattern, whereas its expres-
sion is lower in multiple histologically normal tissues. Functionally,
SMYD2 pharmacological inhibition did not affect viability of primary
hepatocytes at concentrations that suppressed HCC cell growth and
produced no overt toxicity in vivo. These findings, together with prior
studies indicating that loss of SMYD2 function mitigates diet-induced
steatosis, reduces hepatic lipid accumulation,”* and limits hepatic stel-
late cell activation in fibrosis models,”* support the concept that
SMYD?2 targeting in HCC may be compatible with underlying
chronic liver disease and could display a favorable therapeutic index.

In vivo, we demonstrate that SMYD?2 inhibition with AZ-505 exerts a
potent antitumoral effect in two orthotopic mouse models. In the
fibrosis-associated Hepal29 model, AZ-505 not only significantly
reduced tumor burden but also limited accumulation of ascites.”> "
Supporting translational relevance, inhibiting SMYD2 in HCC cells
partially reversed transcriptional programs dysregulated in patients,
downregulating proliferative and oncogenic signaling while
restoring signatures of differentiated hepatocyte function and im-
mune competence. Several of the affected pathways involve well-
known SMYD?2 substrates, providing mechanistic plausibility for
the observed transcriptional rewiring. The modulation of pathways
linked to known SMYD2 substrates (E2F, TP53, STAT31*32%79)
provides mechanistic plausibility for the observed transcriptional
rewiring.
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A major aspect emerging from these analyses was the connection be-
tween SMYD2 and Wnt/B-catenin signaling. Extensive evidence
links aberrant Wnt/B-catenin activation to immunotherapy resis-
tance in HCC.'””*”® This pathway is frequently activated in tumors
with either immune-excluded phenotypes, marked by scarce T cell
infiltration, or immune-exhausted phenotypes characterized by
TGFp-driven dysfunction of infiltrating T cells.'>'>'>"?
direct targeting of Wnt/p-catenin remains challenging due to its
essential roles in tissue regeneration and homeostasis, raising con-
cerns about potential systemic toxicity.'””*~** Our findings suggest
that SMYD?2 inhibition could represent an alternative approach to
modulate Wnt/p-catenin-driven transcription in a tumor-selective
manner. Previous studies provide mechanistic context for this obser-
vation, showing that SMYD2 can promote f-catenin nuclear accu-
mulation through direct methylation.” Additionally, SMYD2 may
also modulate the pathway indirectly by repressing APC2, a compo-
nent of the P-catenin destruction complex, potentially through
DNMT1-mediated promoter methylation.** In the Hepal29 model,
AZ-505 reduced the expression of canonical B-catenin target genes in
tumors but not in the surrounding fibrotic liver, despite comparable
baseline expression of these targets in both compartments. This
pattern suggests that the preferential expression of SMYD?2 in tu-
mors may allow selective modulation of oncogenic Wnt/f-catenin
signaling while preserving its physiological role in the liver.

However,

Notably, this effect was evident in the Wnt/f-catenin-hyperactive
PM299L cells but not in the NM53 G03 counterpart, which lacks
both Wnt/-catenin hyperactivation and functional p53."”> These
cell lines share a common genetic background and MYC-driven
transformation, yet displayed differential sensitivity to AZ-505, sug-
gesting that SMYD2 dependency is determined by specific oncogenic
alterations. In PM299L cells, SMYD2 likely supports proliferative ca-
pacity through repression of p53, one of its best-characterized non-
histone substrates,”'>” while also maintaining Wnt/p-catenin-
dependent transcription. Conversely, the absence of both functional
p53 and Wnt/B-catenin activation in NM53 GO3 cells may reduce
their reliance on SMYD?2, thereby limiting the impact of its inhibi-
tion. This context-specific susceptibility has clinical relevance, as
CTNNBI and TP53 mutations occur predominantly in a mutually
exclusive manner in HCC.*>™® Together with the observed in vivo
response of PM299L tumors to AZ-505, these findings highlight a
subset of HCC with coexisting Wnt/f-catenin activation and intact
p53 that may be particularly vulnerable to SMYD2-targeted
therapies.

Beyond its tumor-intrinsic functions, SMYD2 has been implicated in
immune regulation. Previous studies show that its inhibition can
enhance antitumor immunity by impairing DNA repair,88 while its
overexpression in macrophages dampens pro-inflammatory activa-
tion and cytokine production.* Nevertheless, its contribution to
the immune landscape of HCC had not been clearly defined. This
study reveals that SMYD2 contributes to macrophage immunosup-
pression through a combination of cell-intrinsic effects and tumor-
driven paracrine cues in HCC. We demonstrate that soluble signals
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from Wnt/p-catenin-active tumor cells are able to induce a TGF-
B-expressing phenotype in macrophages, mediated by Wnt/
f-catenin signaling in the recipient cells. Further, we show that
this response is mitigated by SMYD?2 inhibition in tumor cells. These
factors may include the Wnt ligands Wnt5a and Wnt3a, as their
expression is reduced by AZ-505 and they can activate Wnt/
[-catenin signaling in multiple immune cell populations, including
TAMs, where they predominantly promote immunosuppressive
60789092 These considerations offer a mechanistically
coherent explanation for the observed effects.

states.

Importantly, the immunological consequences of these mechanisms
were reflected in vivo. In both orthotopic models, SMYD2 targeting
was associated with the transcriptional downregulation of TGF-f
and its downstream mediators. However, the overall immunological
outcomes varied between models. In Hepal29 tumors, this reduction
was accompanied by a shift in the expression of immune mediators,
indicative of a more pro-inflammatory TME. Conversely, in PM299L
tumors the predominant effect was the attenuation of pathways asso-
ciated with TGF-f-driven immune exclusion, including those linked
to ECM remodeling and collagen deposition,”
reduction in TAM abundance, but without clear evidence of effector
activation. In patient cohorts, SMYD2 expression aligned with an
immune landscape enriched in immature or non-effector popula-
tions and low levels of cytotoxic and proinflammatory cells. Collec-
tively, these findings support a model in which SMYD2 helps sustain
a myeloid- and stroma-driven immunosuppressive milieu, particu-
larly in Wnt/p-catenin-active tumors, and suggest that its inhibition
may alleviate key barriers that limit responsiveness to immune
checkpoint blockade.

together with a

Consistent with this rationale, we demonstrated that SMYD2 inhibi-
tion enhances the efficacy of anti-PD-1 immunotherapy in Wnt/
p-catenin-active tumors. Although the combination did not further
increase intratumoral CD8" T cell abundance beyond anti-PD-1
alone, it induced marked systemic immune activation, with higher
frequencies of splenic CD8" T cells and activated antigen-presenting
cells, together with enhanced CD8" T cell degranulation upon ex vivo
stimulation. Such systemic activation is consistent with improved
effector competence, which could contribute to antitumor activity
even without additional CD8" recruitment to the tumor.

Transcriptomic profiling of combination-treated tumors provided
additional mechanistic insight. Predicted activation of IL-12/Thl-
associated and macrophage-classical-activation programs is compat-
ible with the increase in splenic APC activation and CD8" T cell
functionality. This is consistent with the well-established role of
IL-12 and Th1 cytokines in promoting inflammatory myeloid states
and supporting cytotoxic T cell responses.*”*” Importantly, several
of the pathways activated in combination-treated tumors correspond
to programs typically suppressed by TAM-derived TGF-p and IL-10
in HCC, an axis linked to immunotherapy resistance.'”*”*® This
pattern suggests that SMYD2 inhibition may help relieve this
myeloid-driven immunosuppressive pressure. Consistently, this

was accompanied by the suppression of pathways involved in
ECM remodeling, STAT3 signaling, EMT, vasculogenesis, and alter-
native macrophage activation. While these pathways are not direct
targets of PD-1 blockade, their suppression reflects the effects of
AZ-505 monotherapy, underscoring the non-redundant contribu-
tion of SMYD2 inhibition to the remodeling of the TME. Overall,
this transcriptional profile suggests a shift away from a TAM-associ-
ated immunosuppressive state and toward a more classically acti-
vated, pro-inflammatory myeloid compartment, generating a TME
more supportive of Thl-skewed, cytotoxic immunity. Together
with enhanced systemic T cell activation, these findings suggest
that AZ-505 helps alleviate stromal and myeloid barriers, thereby
enabling PD-1 blockade to induce more effective cytotoxic T cell
responses.

In summary, our findings position SMYD?2 as a potential dual-action
therapeutic target in HCC, with roles in sustaining tumor growth
and shaping an immunosuppressive microenvironment. Pharmaco-
logical SMYD2 inhibition was effective as monotherapy and,
notably, synergized with immune checkpoint blockade in a Wnt/
fB-catenin-active, immunotherapy-refractory setting. Supporting
clinical relevance, SMYD2 expression correlated positively with
immunosuppressive HCC subtypes, including CTNNBI-mutant
and Boyault G5/6 tumors, and inversely with immune signatures
predictive of ICI responsiveness in patients.’> Consistently, analysis
of IPS in TCGA samples revealed lower predicted responsiveness to
PD-1 and combined PD-1/CTLA-4 blockade in tumors with high
SMYD?2 expression, whereas no differences were observed under
baseline conditions or in CTLA-4 monotherapy settings. It should
be noted that IPS represents a composite immunogenomic score
rather than a direct measure of clinical response.63 In this context,
the observed pattern suggests that SMYD2 expression could be pri-
marily associated not with global tumor immunogenicity or with
mechanisms regulating T cell priming and early activation, including
CTLA4-mediated inhibitory signaling, but instead with immune
states that could become relevant during the effector phase of the
antitumor response, where PD-1-dependent inhibitory pathways
play a central role. This is consistent with our experimental data,
in which SMYD2 inhibition enhanced the efficacy of anti-PD-1 ther-
apy without markedly increasing intratumoral CD8" T cell abun-
dance. Therefore, SMYD2-driven mechanisms within the tumor
microenvironment may preferentially impact pathways linked to
T cell dysfunction, thereby shaping conditions that are less permis-
sive to PD-1-based immunotherapy.

Through combined effects on tumor-intrinsic Wnt/B-catenin
signaling, myeloid immunosuppressive circuits, and systemic T cell
activation, SMYD2 inhibition may render Wnt-active HCC more
responsive to ICIs, providing rationale to explore SMYD2-targeted
strategies in this clinically challenging subgroup. Prospective studies
should evaluate whether SMYD?2 expression or derived transcrip-
tional signatures can serve as predictive biomarkers to stratify candi-
dates for SMYD2-targeted therapies and optimize rational ICI
combinations.
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Bioinformatic analyses

Patient transcriptomic data were obtained from HCCDB v2 and the
Firebrowse portal.””'"® SMYD2 expression in tumor and adjacent
non-tumoral tissues was analyzed. Non-tumoral tissues correspond
to histologically non-tumorous liver tissue adjacent to the tumor, ob-
tained from the same patients at the time of surgical resection. The
terms ‘normal’ and ‘adjacent non-tumoral’ tissues are used
throughout the manuscript to refer to these samples. Gene expression
values were log-transformed, and differential expression was assessed
in paired tumor-normal samples with false discovery rate
(FDR) < 0.05. Correlation analyses were carried out using Pearson’s
coefficients. Functional enrichment of differentially expressed genes
was performed using ToppGene (ToppFun), and immune cell compo-
sition was inferred from bulk transcriptomes using the MIXTURE de-
convolution algorithm. Immunophenoscores (IPS) for TCGA-LIHC
samples were obtained from The Cancer Immunome Atlas (TCIA),
and patients were classified into SMYD2-high and SMYD2-low groups
based on the median expression value. Upstream regulator analyses
were conducted using Ingenuity Pathway Analysis (IPA®, Qiagen).

Cell culture, primary hepatocyte isolation, and viability assay

The murine HCC cell line Hepal29 (syngeneic to C3H/HeJ mice)
was generously provided by Dr. Volker Schmitz (University of
Bonn, Germany). PM299L murine HCC cells (provided by Dr. Lu-
jambio, New York, USA) were originally obtained from C57BL/6
mice after hydrodynamic tail vein injection of pT3-EFla-Myc-Lu-
cOS (encoding c-Myc, luciferase, and the SIYRYYGL, SIINFEKL,
and OVA323-339 epitopes), pT3-N90-B-catenin (constitutively
active CTNNBI), and CMV-SB13 (Sleeping Beauty transposase).*’
The NM53 GO3 cell line was developed by delivering pT3-EF1la-
Myc (encoding c-Myc and luciferase), px330-sg-p53 (CRISPR-
Cas9 system targeting Trp53), and CMV-SB13 into C57BL/6 mice,
followed by ex vivo culture and in vivo passaging, according to the
protocol established for the PM299L model.** Human HCC cell lines
were kindly provided by Dr. Ian Corbin (UT Southwestern Medical
Center, USA). Murine J774 macrophages were kindly provided by
Dr. Juan Ugalde (IIBio, CONICET-UNSAM, Argentina). J774 and
Hepal29 were maintained in RPMI, and HuH7, Hep3B, PM299L,
and NM53 GO3 cells in DMEM (Sigma-Aldrich, St. Louis, MO,
USA), each supplemented with 10% heat-inactivated fetal bovine
serum (FBS), 2 mM L-glutamine, 100 U/mL penicillin, and
100 pg/mL streptomycin. Cultures were incubated at 37°C in a hu-
midified atmosphere containing 5% CO,. Mycoplasma contamina-
tion was routinely tested using the e-Myco kit (Boca Scientific).

Primary hepatocytes were isolated by portal vein perfusion with
collagenase (Sigma-Aldrich, St. Louis, MO, USA), followed by a
30 min decantation and two centrifugation steps (50 x g for
10 min). Viable cells were seeded in 6-well plates at a density of
2.5 x 10° cells per well in phenol red-free DMEM supplemented
with 10% FBS, 2 mM glutamine, 100 pg/mL streptomycin,
and 100 pg/mL penicillin. After 3 h, the medium was
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replaced with DMEM/F12 (70% DMEM + 30% F12) containing
10% FBS.

For viability assays, cells were seeded in 96-well plates at a density of
1,500-2,000 cells per well. Twenty-four hours later, cells were treated
with increasing concentrations of the SMYD?2 inhibitors AZ-505 and
LLY-507, and standard MTT assays (Sigma-Aldrich, St. Louis, MO,
USA) were performed after 3 days. Absorbance at 570 nm was
measured on a Thermo Multiskan FC plate reader. Results were
normalized to vehicle-treated controls (defined as 100% viability),
and dose-response curves were generated by nonlinear regression
analysis using GraphPad Prism software to calculate ICs, values.

In vivo HCC models

All procedures were approved by the university’s Animal Studies
Committee and conducted in compliance with institutional and na-
tional regulations for animal research and welfare. Orthotopic tumors
were generated by subcapsular injection of 1.25 x 10° Hepal29 cells
or 5 x 10* PM299L cells into the left liver lobe of C3H/He] and
C57BL/6] mice, respectively, via laparotomy. In the Hepal29 model,
liver fibrosis was previously induced by thioacetamide administra-
tion.'”" "' Animals received AZ-505 or vehicle by i.p. injection.
For the combination treatment, anti-PD-1 antibody was co-adminis-
tered with the first and fourth AZ-505 doses. Tumor burden, ascites,
and liver tissues were analyzed after six doses of AZ-505. Tumor
dissection, size measurement and weighing were performed in a
blinded manner to minimize potential bias. Details are described in
the supplemental information and materials and methods section.

RNA extraction and RT-gPCR

Total RNA was extracted from J774, PM299L, and NM53 G03 cell
lines and Hepal29 tumors using TRIzol reagent (Sigma-Aldrich,
St. Louis, MO, USA). cDNA was synthesized with SuperScript II
Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). Quantita-
tive PCR (qPCR) reactions were performed using SYBR® Green (In-
vitrogen, Carlsbad, CA, USA), and primer sequences are listed in
Table S1. Relative gene expression was calculated using the AACt
method.'*

Macrophage stimulation with tumor-derived CM

PM299L and NM53 G03 tumor cells were cultured in DMEM with
10% FBS and treated overnight with AZ-505 (5 pM) or vehicle
(DMSO). After washing, cells were incubated for 24 h in serum-
free medium, and the resulting conditioned media (CM) were
collected. J774 macrophages were then exposed for 20 h to a 1:4 dilu-
tion of CM derived from PM299L or NM53 GO03 cells (£AZ-505).
Where indicated, macrophages were co-treated with the Wnt
pathway modulators CHIR99021 (10 pM) or DKKI1 (200 ng/mL)
during CM stimulation. Control macrophages received fresh me-
dium. Gene expression was assessed by RT-qPCR.

Flow cytometry and degranulation assays
Splenocytes were obtained by mechanical dissociation of spleens
from tumor-bearing mice and either analyzed immediately or
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re-stimulated ex vivo for degranulation assays. Tumors were enzy-
matically dissociated with collagenase and processed in parallel.

For surface marker analysis, splenocytes were stained with anti-
bodies against MHCII (FITC; 553623), CD11c (PE; 553802), and
CD80 (APC; 558703) for the identification of antigen-presenting
cells, or with CD8a (PE-Cy5; 553034) and CD4 (PE; 553650) for T
lymphocytes. For tumor-infiltrating lymphocytes, the same CD8a/
CD#4 staining strategy was applied. Tumor-associated macrophages
were defined as MHCII" (PE; 107606) F4/80" (FITC; ab105155).

For degranulation assays, 1 x 107 splenocytes from each mouse were
co-cultured with 5 x 10° PM299L cells in 6-well plates (RPMI + 10%
FBS) for 4 days. On day 4, 1 x 10° splenocytes were re-stimulated
with 1 x 10° PM299L cells in 24-well plates for 24 h. On day 5, cells
were harvested and stained for surface CD8x (Alexa Fluor 488;
557668) and CD107a (APC; 121614). Staining was performed by
incubating cells with the appropriate antibody combinations for
25 min on ice in the dark, followed by two washes with FACS buffer.
Samples were acquired on a BD Accuri™ C6 Plus flow cytometer and
analyzed using BD Accuri™ C6 software.

RNA sequencing

HuH?7 cells (2 x 10°) were seeded in p150 dishes and treated for 24 h
with either the SMYD?2 inhibitor LLY-507 (10 pM) or DMSO vehicle.
For in vivo RNA-seq, three to four PM299L tumors per group were
collected from two independent experiments, one comparing vehicle
with AZ-505 and the other comparing vehicle with AZ-505 plus anti-
PD-1. Total RNA was extracted from cell samples using the RNeasy
Plus Mini Kit (Qiagen), which includes a genomic DNA elimination
step, and from tumor samples using TRIzol reagent followed by
ethanol/sodium acetate precipitation. RNA integrity was assessed using
the Agilent 2100 Bioanalyzer, and only samples with RIN >8 were pro-
cessed. RNA concentrations were measured using a Qubit fluorometer
(Invitrogen). Libraries were prepared using the TruSeq Stranded Total
RNA LT Sample Prep Kit (Illumina) and sequenced on an Illumina
NextSeq 500 platform (McDermott Sequencing Core, UT South-
western, for in vitro samples) and an Illumina NextSeq 2000 platform
(Genomics Unit, CIMA, Universidad de Navarra, for in vivo samples).

Transcript alignment for cell samples was performed with TopHat
and counts per million mapped reads (CPM) and differential expres-
sion analysis were conducted with the edgeR package (Bio-
conductor). For tumor samples, transcript quantification was per-
formed with kallisto using the Mus musculus GRCm39 reference
transcriptome, and differential expression analysis was conducted
with DESeq2.

All RNA-seq datasets will be deposited in the Gene Expression
Omnibus (GEO).

Statistical analysis
Statistical analysis was performed using ‘R’ software version 4.4.2
and PRISM V.8.0 software. Depending on data distribution, para-

metric or non-parametric tests were applied, and statistical signifi-
cance was defined as p < 0.05 or FDR <0.05.

DATA AND CODE AVAILABILITY

The RNA-seq datasets generated in this study will be made available upon reasonable
request and will be deposited in a public repository (e.g., GEO) upon publication.
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