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Role of SMYD2 in gastrointestinal cancer progression (Review)
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Abstract. Gastrointestinal cancer is one of the most prevalent
malignancies in humans and is often associated with a poor
prognosis. Understanding the molecular mechanisms underlying
cancer progression and severity is essential for the development
of effective cancer therapies. Abnormal protein methylation is
associated with the occurrence and advancement of cancer, high-
lighting the importance of protein methyltransferase research.
SET and MYND domain-containing protein 2 (SMYD2), a
lysine methyltransferase, has emerged as a promising small
molecule target for cancer treatment. Notably, SMYD?2 is
implicated in the pathogenesis of several diseases, including
gastrointestinal cancer. SMYD?2 is closely associated with the
tumorigenesis, proliferation, migration and other biological
processes of gastrointestinal cancer, indicating its potential as a
novel therapeutic target. The present review offers an in-depth
analysis of SMYD2, covering its structural characteristics, regu-
latory pathways and functional significance. By assessing the
biological roles and therapeutic potential of SMYD?2, the current
review presents fresh insights and perspectives for advancing
research in different types of gastrointestinal cancer.
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1. Introduction

Gastrointestinal cancer ranks among the most common
cancer types worldwide. According to 2020 statistics from
the World Health Organization, gastrointestinal cancer
accounts for ~26% of all cancer cases globally and ~35% of
all cancer-related deaths (1). Despite notable advancements
in research on gastrointestinal malignancies in recent years,
the survival rate remains at only 25-30%, as most patients are
diagnosed at advanced or terminal stages of the disease (2,3).
At present, the primary clinical interventions for gastrointes-
tinal cancer include surgical resection, chemoradiotherapy and
targeted therapies. However, due to the high recurrence and
metastatic potential of this cancer type, the clinical prognosis
for patients remains unfavorable (4). The exploration of novel
diagnostic and therapeutic strategies for gastrointestinal cancer
has become a central focus of clinical research. The clinical
success of antitumor drugs targeting histone-modifying
enzymes, such as histone deacetylase inhibitors, has rendered
histone modification an increasingly prominent area of interest
in cancer research (5).

SET and MYND domain-containing protein 2 (SMYD?2),
a lysine methyltransferase, has gained increasing atten-
tion due to its dual ability to methylate both histone and
non-histone proteins, influencing critical processes such as
transcription regulation, cell cycle progression and apop-
tosis (6-8). The activity of SM'YD?2 is essential for organismal
development and several cellular functions, with mutations of
this gene frequently associated with cardiovascular diseases
and cancers (9-12). At present, SMYD?2 is actively being
investigated as a potential target for inhibitors that regulate
gene transcription or signal transduction pathways (13,14).
The upregulation of SMYD2 is associated with several
cancer types, including hepatocellular carcinoma (HCC),
colorectal cancer (CRC) and gastric cancer (GC), where it
promotes tumorigenesis through both direct protein modifica-
tion and epigenetic modulation of oncogenic pathways (15).
Dysregulation of epigenetic control is widely accepted as a
cause of tumor malignancy; therefore, the inhibition of epigen-
etic enzymes is a highly pursued therapeutic strategy (16,17).
SMYD?2 inhibitors have shown promising progress in cellular
and animal studies across several cancer types (18,19).
Despite SMYD?2 being regarded as an oncogene, research on
specific SMYD?2 inhibitors remains limited (20). However,
current inhibitors, such as AZ505 and BAY-598, have shown
promise in preclinical studies, albeit with challenges related
to bioavailability and pharmacokinetics (21).
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In the last 10 years, SMYD2 has gained considerable atten-
tion in gastrointestinal cancer research, resulting in a growing
number of related studies and publications (22). However, to
the best of our knowledge, there is currently no comprehensive
review specifically addressing the mechanisms of tumorigen-
esis and treatment strategies associated with gastrointestinal
malignancies. Consequently, the present review primarily aims
to emphasize the role of SMYD2 as a key lysine methyltrans-
ferase and a promising therapeutic target in different types of
gastrointestinal cancer. The molecular structure of SMYD2,
its biological functions and the mechanisms through which
it contributes to the onset and progression of gastrointestinal
malignancies, as well as the current therapeutic strategies
targeting SMYD2, are thoroughly assessed. Furthermore, the
potential of SMYD2-targeted therapies for gastrointestinal
cancer and their possible impact on treatment outcomes are
evaluated.

2. Structure of SMYD2

The SET and MYND domain-containing protein family, which
includes five members (SMYDI1-5), is a class of lysine meth-
yltransferases. Among these, SMYDI, SMYD2 and SMYD3
exhibit the highest homology and structural similarity, with
their domains organized sequentially as SET, MYND, SET-I,
post-SET and C-terminal domain (CTD) (23-25). The SMYD2
gene, located in the 1q32.3 region of the human genome,
consists of 12 exons and encodes a protein of 433 amino acids.
SMYD?2 was first identified by Brown ef al (6) in 2006.

Similar to other SMYD family members, SMYD2 consists
of two major structural components: The N-terminal domain
and CTD. The N-terminal domain (residues 1-271) includes
four subdomains, N-SET, MYND, SET-I and post-SET, whilst
the CTD includes residues 272-433 (26,27). The N-terminal
domain contains a mixed structure of a-helices (al-a6),
[B-strands (B1-p12) and extended loops, whilst the CTD forms
a twisted seven a-helical bundle (a.8-a14) (27).

Additionally, SMYD2 undergoes alternative splicing,
generating at least two known isoforms. The primary isoform,
SMYD2-1, consists of 433 amino acids and is considered
the canonical sequence. The alternative isoform, SMYD2-2,
differs from the canonical sequence, containing only 272
amino acids due to the deletion of the 273-433 aa segment,
resulting in a shorter protein (28). However, detailed descrip-
tions of SMYD2-1 and SMYD2-2 remain limited in the
scientific literature. Further research is necessary to improve
the understanding of specific SMYD2 isoforms, including
SMYD2-1 and SMYD2-2, by investigating alternative splicing
events and their functional implications. This may involve
transcriptome analysis and protein characterization studies to
elucidate the roles of these isoforms in several physiological
and pathological contexts.

The SET, SET-I and post-SET domains are essential for
the catalytic activity of lysine methyltransferases (29), whilst
the MYND domain, with a zinc finger structure, primarily
mediates protein-protein interactions (30). Morphologically,
the CTD is arranged in antiparallel helices that include a
tetratricopeptide repeat (TPR)-like domain (31,32). Together
with the SET domain, the CTD contributes to the formation
of a two-lobed structure (26). The angle between these lobes

creates a ‘U’-shaped cavity that binds substrates, with the
bottom of this cavity serving as the active site for SET enzyme
activity (27). The movement of this structure allows it to reach
a specific state, which influences the specificity of SMYD?2 for
its substrates (27,33,34).

A previous study reported that under activation stress,
S-adenosylmethionine binding induced increased elasticity in
the CTD, causing SMYD2 to adopt an open conformation that
exposed the substrate-binding site (Fig. 1) (35). However, the
full mechanisms underlying the function of the CTD remain
unclear, and its potential as a drug target site has yet to be
explored. Moreover, a recent study identified a novel mixed
allosteric site in SMYD2, which exhibited mixed binding
characteristics capable of interacting with peptides, proteins,
ethylene glycol polymers and small molecules. This allosteric
site could serve as a target for future drug design research (36).

3. Biological function of SMYD2

In total, >50 proteins with SET domains are encoded by the
human genome and only a small fraction have been reported
to methylate histones, with the SMYD protein family being
among them (6). The first member of this family, SMYDI, was
identified and named by Gottlieb ef al (37) during the investi-
gation of genes expressed early in mouse heart development.
Since then, research on the SMYD protein family has grown.
SMYD?2 is considered an essential protein for the development
of skeletal muscle and cardiac muscle cells in zebrafish (38);
however, experiments with mouse models suggest it does not
serve a role in cardiac muscle development (39). A previous
study reported that SMYD2 exhibits elevated expression levels
in the heart, brain, liver, kidneys, thymus and ovarian tissues.
By comparison, its expression in the gastrointestinal tract is
relatively low, except in the liver, where it is comparatively
higher, with its presence detected in both the cytoplasm and
nucleus of cells (6). SMYD?2 is present in the maternal genome
of Xenopus laevis embryos and persists until stage 40, with
expression localized to the dorsomedial lip, particularly in the
face region. Loss-of-function analysis using antisense morpho-
lino oligonucleotide (MO) revealed that Xenopus laevis
embryos injected with SMYDIMO and SMYD2MO exhibit
abnormal somite, abnormal mandibular tissue and severe
malformations (40), suggesting that SMYD2 may be involved
in the development of multiple systems, including the cardio-
vascular, nervous, gastrointestinal, musculoskeletal, urinary
and reproductive systems.

Experimental evidence has also reported that SMYD2
specifically methylates the lysine 4 residue of histone H3
(H3K4), lysine 36 residue of histone H3 (H3K36) and lysine 20
residue of histone H4 (H4K20), and these methylation events
may alter gene transcription, thereby influencing a range of
cellular activities (41). Histone H3 contains the majority of
lysine residues targeted by known histone methyltransfer-
ases, making it a key pathway member for the regulation of
epigenetic mechanisms (6). SMYD?2 specifically demethylates
H3K36, generating H3K36Me2, which negatively regulates
gene expression and thereby inhibits cell proliferation (6).
Additionally, in the presence of the chaperone protein, heat
shock protein 90a (HSP90a), SMYD?2 specifically methylates
H3K4, leading to gene activation; conversely, in the absence of
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Figure 1. Domain structure of the human SMYD2 protein and the main
biological functions corresponding to each part of the structure. SMYD2,
SET and MYND domain-containing protein 2; CTD, C-terminal domain.

HSP90a, SMYD2 reverts to its specific methylation of H3K36,
resulting in gene repression (31). The SMYD2-mediated meth-
ylation of H3K4 is typically associated with gene activation;
however, the precise mechanism by which this modification
influences cell proliferation has yet to be fully elucidated (41).
H4K?20 is an unrecognized target of SMY D2, despite a previous
study reporting that histone H4 is a more effective substrate
for SMYD?2 than histone H3 (42). In a large-scale proteomic
study of SMYD2-mediated lysine monomethylation, it was
reported that H4K20mel was downregulated in 4/7 cell lines
following short hairpin (sh)RNA-mediated knockdown and
the use of SMYD?2 inhibitors, indicating a more widespread
role of SMYD2 in H4K20 monomethylation (43). Moreover, a
previous study reported that SMYD2 promoted monomethyl-
ation of H4K?20 in the human immunodeficiency virus (HIV)-1
promoter region, inhibiting HIV-1 transcription, highlighting
its potential in HIV therapeutic strategies (42).

SMYD?2 also has a crucial role in the methylation of
non-histone proteins within cells (44-46). For example, a
previous study reported that SMYD2 methylated p53 and
phosphatase and tensin homolog deleted on chromosome ten
(PTEN), thereby suppressing their tumor-inhibiting func-
tions (18,47). The retinoblastoma tumor suppressor (RB) can
be methylated by SMYD2 at lysine 860, a highly conserved
and novel site of modification, thereby influencing cell
growth, differentiation and the DNA damage response (48).
Furthermore, SMYD2 can methylate the lysine 810 of
RB (49). The methylation of RB increases the level of phos-
phorylation of Ser 807/811 and releases and activates the E2F
transcription factor, thereby promoting the cell cycle progres-
sion of cancer cells (49). Additionally, SMYD2 suppresses
the activity of p53 by monomethylating lysine 370, a func-
tion that is dependent on the SMYD2 SET domain as the
absence of the conserved SET domain sequence abolishes
this methylation (7,31). However, the molecular chaperone
HSP90 appears to be unaffected by the SET domain, as
the TPR-like domain of SMYD?2 interacts with HSP90 to
form a chaperone complex, thereby influencing cellular
proliferation (50). The dual capacity of SMYD2 to methylate
both histone and non-histone proteins impacts key processes
such as transcriptional regulation, cell cycle progression and
apoptosis (7). The aforementioned findings and further infor-
mation on histone and non-histone proteins are presented in
Table I. These proteins are closely associated with tumor
development, underscoring the inextricable link between
SMYD?2 and cancer.

genetic mutations, lifestyle choices and environmental factors
contributing to tumorigenesis. These factors include dietary
habits, smoking, alcohol consumption, lack of physical
activity and a family history of CRC (51). Previous studies
have revealed the association between SMYD2 and CRC.
Specifically, multiple investigations have demonstrated
elevated levels of SMYD2 mRNA and protein in CRC tissues,
which are associated with worse prognoses (52-54).

An in vitro study reported that SMYD2 promoted the
proliferation and invasion of colon cancer cells, whilst inhib-
iting apoptosis. Additionally, SMYD2 was reported to enhance
Erb-B2 receptor tyrosine kinase 2 (ERBB2) phosphorylation
and upregulate fucosyltransferase 4 (FUT4) expression in
colon cancer cells (55). Further in vivo experiments reported
that SMYD?2 knockout markedly slowed tumor growth in
mice, indicated by the smaller tumor volumes observed in
the SMYD2-deficient group. These tumors exhibited reduced
expression levels of phosphorylated ERBB2, FUT4 and the
proliferation marker, Ki67. Mechanistically, the study demon-
strated that SMYD2 mediates colon cancer cell proliferation,
invasion and apoptosis through the ERBB2/FUT4 signaling
pathway (55). Ren et al (56) reported that SMYD?2 upregula-
tion in colorectal adenocarcinoma (COAD) tissues is often
associated with poor prognosis in patients undergoing oxalipl-
atin (L-OHP) chemotherapy. In vitro and in vivo experiments
revealed that downregulation of SMYD?2 sensitized COAD
cells to L-OHP exposure. Moreover, when SMYD?2 expression
was downregulated, P-glycoprotein (P-gp) levels decreased,
whereas its overexpression led to P-gp upregulation, indicating
that P-gp serves a role in the SMYD2-mediated resistance to
L-OHP (56). P-gp, a membrane-bound transporter, serves
as a marker for an unfavorable prognosis in patients with
COAD (5,56). Additional research on the role of SMYD?2 in
L-OHP resistance revealed that its upregulation increased
MEK/ERK/activator protein 1 (AP-1) pathway activity, leading
to alterations in drug metabolism-associated receptors and
signaling cascades, ultimately influencing the responsiveness
COAD cells to L-OHP. Consequently, SMYD?2 is suggested to
facilitate P-gp upregulation via the MEK/ERK/AP-1 pathway,
thereby contributing to L-OHP resistance in COAD cells (56).
Additionally, SMYD2 has been reported to inhibit the
TNF-induced apoptosis and necrosis of colorectal tumor cells
by downregulating the receptor-interacting protein kinase 1
phosphorylation signaling pathway, and inhibition of SMYD2
suppresses the growth of colorectal tumors (53).

Bioinformatics analysis has predicted that SMYD?2 aber-
rantly modifies H3K4me3 and acetylated H3K27 (H3K27ac)
on long intergenic non-protein coding RNA 1605 (LINCO01605)
in CRC. Subsequent experiments have reported that SMYD2
promotes LINCO01605 expression through H3K27ac and
H3K4me3 modifications, thereby influencing the development
and progression of CRC (57). Both in vitro and in vivo experi-
ments demonstrated that knocking down SMYD?2 notably
suppressed CRC cell proliferation, migration and invasion as
well as tumor growth in nude mice, whilst overexpression of
SMYD2 produced the opposite effects, indicating its role in
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Table I. Function of SET and MYND domain-containing protein 2 histone and non-histone substrates in cancer.

Substrate type Substrate Biological function (Refs.)

Histone H3K36 Inhibits proliferation a3
H3K4 Gene activation 41)
H4K?20 DNA repair 43)

Non-histone RB Regulates the cell cycle (49)
pS3 Promotes proliferation; inhibits apoptosis @)
PTEN Promotes proliferation and migration 47
Myc Promotes proliferation 74)
EZH?2 Promotes proliferation; inhibits senescence (66)
Era Promotes proliferation (44)
HSP90 Promotes proliferation (50)
[-catenin Promotes proliferation, migration and invasion 59)
STAT?3 Promotes proliferation 45)
MAPKAPK3 Promotes proliferation (12)
PARPI Promotes proliferation (46)

H3K36, histone H3 lysine 36; H3K4, histone H3 lysine 4; H4K20, histone H4 lysine 20; RB, retinoblastoma; p53, tumor protein 53; PTEN,
phosphatase and tensin homolog; Myc, v-Myc avian myelocytomatosis viral oncogene homolog; EZH2, enhancer of zeste homolog 2; Era,
estrogen receptor a; HSP90, heat shock protein 90; STAT3, signal transducer and activator of transcription 3; MAPKAPK3, mitogen-activated
protein kinase-activated protein kinase 3; PARP1, poly (ADP-ribose) polymerase 1.

promoting CRC progression (58). Further in vitro experiments
reported that SMYD?2 activated Mex-3 RNA binding family
member A (MEX3A) transcription by enhancing H3K36me2
modification in the region of its promoter. Silencing MEX3A
expression suppressed CRC cell proliferation and growth,
as well as reduced tumor growth in vivo. Rescue experi-
ments demonstrated that MEX3A silencing restored caudal
type homeobox 2 (CDX?2) expression, thereby blocking the
oncogenic effects of SMYD2. Conversely, silencing CDX2
expression rescued the malignant behavior of CRC cells
inhibited by MEX3A silencing. These findings indicate
that SMYD2 epigenetically activates MEX3A transcription
through H3K36me2 modification, leading to CDX2 down-
regulation and the promotion of CRC development (58).

Furthermore, in a previous study, clinical data indicated
that high SMYD?2 expression was positively associated with
tumor diameter in CRC and is a risk factor for tumor metas-
tasis. Further in vivo and in vitro experiments demonstrated
that SMYD2 promoted CRC metastasis by recruiting
DNA methyltransferase 1 in CRC cells to suppress adeno-
matous polyposis coli 2 expression, thereby facilitating
epithelial-mesenchymal transition and activating the
Whnt/B-catenin signaling pathway (52,59). Another study
reported that highly expressed SMYD2 mediated the
monomethylation of K422 of heterogeneous nuclear ribonu-
cleoprotein K, which in turn promoted CRC angiogenesis
by binding to and stabilizing epidermal growth factor-like
domain 7 mRNA. In xenograft experiments, combining
a SMYD?2 inhibitor (BAY-598) with a VEGFR2 inhibitor
(apatinib) inhibited CRC angiogenesis (Fig. 2B). This
indicates that targeting SMYD?2 is a safe and effective
therapeutic strategy that can synergistically enhance the
anti-angiogenic effect of apatinib, demonstrating its poten-
tial for CRC treatment (54).

5.SMYD2 and GC

GC is one of the most common cancer types worldwide, with
the majority of patients diagnosed at the advanced stages
of disease and facing poor prognoses. The clinical staging
of GC is crucial in determining its prognosis. The 5-year
survival rate for early-stage gastric cancer can exceed 90%,
whereas for advanced-stage cases, it falls below 30% (60).
The pathogenesis of GC is complex and influenced by
genetic, environmental and lifestyle factors. Early-stage GC is
primarily treated with surgery, whilst advanced cases require
chemotherapy, targeted therapy and immunotherapy. Despite
advancements in diagnosis and treatment, GC remains a major
cause of cancer-related mortality, highlighting the need for
further research and improved therapeutic strategies (61).

An analysis of public databases revealed that SMYD2
mRNA expression is notably upregulated in GC, with
protein levels consistent with the mRNA levels. Furthermore,
SMYD?2 expression is negatively associated with both overall
survival (OS) and progression-free survival. Additionally,
SMYD?2 is closely associated with the infiltration of six
immune cell types: Uncharacterized cells, CD8* T cells,
CD4* T cells, macrophages, endothelial cells and B cells.
SMYD?2 is also markedly positively associated with tumor
mutational burden and microsatellite instability in GC (62).
An additional analysis of publicly available datasets identi-
fied a strong association between SMYD2 mRNA levels
and both the occurrence of stomach adenocarcinoma and
the mutation status of P53. Moreover, SMYD2 was reported
to be negatively associated with CD8" T cells and dendritic
cells (63).

Experimental data demonstrated that both SMYD2
mRNA and protein are highly expressed in GC cell lines,
and this expression is independent of the TP53 mutation
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Figure 2. SMYD2 promotes or inhibits the progression of gastrointestinal cancer by targeting related molecules in association with different proteins. (A) Gastric,
(B) colorectal, (C) gastrointestinal stromal tumor; (D) liver, (E) pancreatic and (F) esophageal cancers. SMYD2, SET and MYND domain-containing protein 2;
NETs, neutrophil extracellular traps; NAT10, N-acetyltransferase 10; DLEUI, deleted in lymphocytic leukemia 1; APOCI, apolipoprotein C1; ERBB2, Erb-B2
receptor tyrosine kinase 2; FUT4, fucosyltransferase 4; L-OHP, oxaliplatin; P-gp, P-glycoprotein; RIPK1, receptor-interacting protein kinase 1; LINC01605,
long intergenic non-protein coding RNA 1605; MEX3A, Mex-3 RNA binding family member A; CDX2, caudal type homeobox 2; HNRNPK, heterogeneous
nuclear ribonucleoprotein K; EGFL7, epidermal growth factor-like domain 7; DNMT1, DNA methyltransferase 1; APC2, adenomatosis polyposis coli 2;
EMT, epithelial-mesenchymal transition; EZH2, enhancer of zeste homolog 2; TET1, ten-eleven translocation methylcytosine dioxygenase 1; CDK4, cyclin-
dependent kinase 4; GLSI, glutaminase 1; MAPKAPK3, mitogen-activated protein kinase-activated protein kinase 3; MNAT1, MNAT1 component of CDK
activating kinase; NCOA4, nuclear receptor coactivator 4; EVI2A, ecotropic viral integration site 2 A; GEM, gemcitabine.

status and expression levels. Furthermore, downregula-
tion of SMYD2 was reported to inhibit the proliferation,
migration and invasion of GC cells (10). In vitro experi-
ments revealed that this inhibitory effect was independent
of the P53 mutation and expression status, with SMYD2
gene downregulation directly or indirectly inducing p21
expression, leading to GO/G1 cell cycle phase arrest and
the subsequent suppression of GC cell proliferation (10).
Clinical data analysis subsequently reported that SMYD2
protein expression is associated with tumor size, lymphatic
infiltration, lymph node metastasis rate, invasion depth
and recurrence rate. Prognostic evaluation demonstrated
that patients with elevated SMYD?2 expression exhibited
significantly worse outcomes than those with lower levels,
suggesting that SMYD2 immunoreactivity may serve as an
independent prognostic marker for predicting OS in patients
with GC (10).

Moreover, a clinical study revealed that the secretion levels
of neutrophil extracellular traps (NETs) were notably elevated
in 30 patients with GC compared with the healthy control
group, with these levels increasing as cancer progressed.
Both in vitro and in vivo experiments further demonstrated
that NETs promoted the proliferation, migration and inva-
sion of GC cells (22). Mechanistically, NETs upregulate
N-acetyltransferase 10 (NAT10), which enhances the mRNA
and protein expression levels of SMYD2 by increasing the
half-life. Additionally, NAT10 promotes the acetylation of
SMYD?2, further increasing SMYD?2 stability and promoting
the proliferation, migration and invasion of GC cells (22). Using
a mouse model, it was demonstrated that NETSs facilitate the
progression of GC and its metastasis to the liver by increasing
NATI10 expression (22). These findings suggest that NETs
may facilitate GC metastasis through the NAT10-mediated
acetylation of SMYD?2.
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Research by Xu et al (64) revealed that SMYD2 promotes
the expression of apolipoprotein C1 (APOCI) by regulating
the trimethylation of H3K4 at the APOCI promoter. APOC1
has been identified as a key factor in promoting glycolysis and
driving the proliferation of GC cells (64). Additional research
into the regulatory mechanisms of SMYD2 in GC revealed
that deleted in lymphocytic leukemia 1 (DLEU1) facilitates
SMYD2 recruitment to enhance APOCI expression. Silencing
DLEUI expression disrupted the interaction of SMYD2 with
the APOCI1 promoter, leading to decreased H3K4me3 enrich-
ment at this site. These results highlight the pivotal role of the
DLEUI-SMYD2-APOCI1 axis in driving glycolysis and cell
proliferation in GC (64) (Fig. 2A). This suggests that targeting
this axis may represent a novel therapeutic strategy for GC.

6. SMYD2 and gastrointestinal stromal tumor (GIST)

GIST is the most prevalent mesenchymal tumor of the gastro-
intestinal tract. GIST can vary in behavior from benign to
highly aggressive, depending on factors such as tumor size,
mitotic rate and location. Surgical resection is the primary
treatment for localized tumors, whilst targeted therapy has
markedly improved the outcomes of patients with advanced
or metastatic disease. Combining surgery with tyrosine
kinase inhibitor therapy has increased the 5-year survival
rate for localized GIST to 92%, while it is 50% for metastatic
cases (65).

A previous study reported that exposure to LLY-507 and
AZ-505 in GIST-T1 cells induced the SMYD2-mediated
methylation of enhancer of zeste homolog 2 (EZH2) at K307,
which subsequently increased EZH?2 stability by facilitating its
degradation via the proteasome pathway. Following treatment
with LLY-507, there was a notable reduction in demethylation at
K307 and the abundance of EZH2, alongside decreased meth-
ylation at K310 of p53. These findings indicate that SMYD2
promotes the stability of EZH2 via methylation at K307 (66).
Previous research in triple-negative breast cancer also
indicated that EZH?2 epigenetically regulates ten-eleven trans-
location methylcytosine dioxygenase 1 (TET1) by mediating
H3K27me3, leading to the repression of TET1 expression. This
repression inhibited the activation of the p53 tumor suppressor
signaling pathway, in which TET1 serves a crucial role (67).
Expanding on this, the researchers further reported that EZH2
promoted GIST cell proliferation whilst suppressing senes-
cence, an effect that was achieved by elevating H3K27me3 at
the TET1 promoter, thereby inhibiting TET1 expression and
disrupting downstream p53 signaling pathways. Furthermore,
western blotting revealed an increase in TET1 and p53 expres-
sion in GIST-T1 cells treated with sh-EZH?2, an effect that
was reversed upon sh-TET1 treatment (66). Thus, suppressing
EZH?2 expression elevated the TET1 and p53 levels, leading
to cell cycle arrest and enhanced senescence in GIST-T1 cells,
whereas TET1 knockdown counteracted the effects of EZH2
inhibition (66). To further assess the associations between
SMYD2, EZH2 and TET1 expression in GIST, immunohisto-
chemistry was employed to analyze their expression levels in
tumor samples from patients classified as low, intermediate or
high risk. The results revealed a positive association between
SMYD2 and EZH?2 expression, whilst TET1 expression was
negatively associated with EZH?2 expression (66). These

findings further validated the experimental results but from
a clinical perspective. In summary, SMYD2 promotes tumor
progression in GIST, whilst it inhibits cellular senescence and
apoptosis through modulation of the EZH2/TET1 signaling
axis (Fig. 2C). Moreover, inhibitors such as LLY-507 and
AZ-505 can downregulate SMYD2 activity, providing new
insights for the potential clinical treatment of GIST.

7.SMYD2 and liver cancer

HCC is an aggressive liver cancer characterized by high rates
of metastasis and recurrence, leading to a poor prognosis. Over
the past two decades, the incidence of liver cancer has risen by
53.7%, while the mortality rate has increased by 48.0%. Despite
rapid advancements in comprehensive treatment, primarily
centered on surgical resection, the overall 5-year survival rate
remains below 20% (68). HCC frequently arises in individuals
with chronic liver conditions, including hepatitis B or C infec-
tions, alcohol-induced liver injury or non-alcoholic fatty liver
disease. Current treatment options include surgical resection,
liver transplantation, locoregional therapies and systemic
treatments such as targeted therapy and immunotherapy (68).

Previous public database analysis indicated that SMYD2
mRNA levels are positively associated with the incidence
rate and clinical staging of patients with HCC, whilst they
are negatively associated with OS. Further analysis of
immune cell infiltration and immune check sites revealed a
positive association between SMYD2 and CD4* T cells, as
well as macrophages (63). Several studies have reported that
SMYD2 mRNA and protein levels are markedly elevated
in HCC tissues compared with adjacent non-cancerous
tissues (69-71). In one study, clinical samples and data from
patients with HCC were collected and univariate analysis was
performed, which demonstrated that elevated SMYD?2 levels
were notably associated with a decreased OS. Multivariate
analysis revealed that SMYD2 could serve as an independent
prognostic marker, indicating a poor prognosis in patients with
HCC (69). Functional experiments performed using HCC cell
lines demonstrated that silencing SMYD?2 expression led to
a reduction in cell proliferation and triggered a GO/G1 phase
cell cycle arrest, suggesting that SMYD2 promotes HCC cell
growth by regulating proliferation and cell cycle progression.
Moreover, cyclin D1 expression was markedly reduced upon
SMYD2 downregulation, indicating that SMYD2 may influ-
ence HCC cell proliferation through the regulation of cyclin
D1 (69). However, the precise mechanisms underlying the
SMYD?2 regulation of cyclin DI remain unclear and require
further investigation.

A study by Xu et al (71) demonstrated that SMYD2 expres-
sion was positively associated with tumor number, tumor size
and patient age. This study also reported that SMYD2 knock-
down in HCC cell lines induced GO/G1 phase cell cycle arrest,
consistent with previous findings. Additionally, SMYD2
knockdown inhibited the expression of c-Myc, cyclin-depen-
dent kinase (CDK)4 and cyclin D1 (71). Furthermore, the
study identified an association between SMYD?2 expression
and pathways involved in glutamine metabolism. SMYD2
has been reported to facilitate c-Myc methylation, leading to
its stabilization and subsequent upregulation of glutaminase
1 (GLSI1), an essential enzyme in glutamine metabolism (71).
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GLS1 mediates the conversion of glutamine into glutamate,
which enters the tricarboxylic acid cycle to generate adenosine
triphosphate. This metabolic pathway has been reported to
be enhanced by SMYD2 in HCC cells (71). Given the role of
glutamine metabolic reprogramming in sorafenib resistance,
the study further demonstrated that HCC cells with SMYD2
deletion were more sensitive to sorafenib treatment. These
findings suggest that SMYD2 promotes HCC cell growth and
enhances chemotherapy resistance to sorafenib (71).

Furthermore, research on the relationship between
microRNA (miR)-200b and SMYD2 in HCC demonstrated
that miR-200b binds to the 3'-untranslated region of SMYD2,
thereby suppressing its transcription. Bioinformatics analysis
predicted this interaction, which was subsequently validated
through a dual-luciferase reporter assay (70). In vitro experi-
ments reported that overexpression of miR-200b reduced
SMYD?2 protein levels, suppressed cell proliferation,
increased p53 expression and decreased cyclin El levels
in HCC cells. These findings suggest that miR-200b may
limit SMYD?2 expression, restore p53 levels and induce cell
cycle arrest by downregulating cyclin El expression (70).
Moreover, a recent study reported that hypoxia-induced
SZT2 antisense RNA 1 (SZT2-AS1) regulated the levels
of H3K4me3 and H3K36me3 in HCC cells. Rescue experi-
ments were performed to assess whether SMYD2-mediated
SZT?2-AS1 regulates histone methylation, and western blotting
revealed that SZT2-AS1-knockdown decreased the levels
of H3K4me3 and H3K36me3. These reductions were then
rescued by the overexpression of SMYD?2 (72). This finding
suggests that SZT2-ASI regulates H3K4me3 and H3K36me3
levels by recruiting SMYD2 in HCC cells under hypoxia,
thereby promoting HCC growth, metastasis and angiogenesis
(Fig. 2D). In summary, SMYD?2 is highly expressed in HCC,
where it exerts oncogenic effects and is associated with adverse
clinical characteristics and a poor prognosis. Thus, SMYD2
protein levels may act as an independent prognostic indicator
of unfavorable outcomes in patients with HCC, making it a
potential target for therapeutic intervention.

8. SMYD2 and pancreatic cancer (PC)

PC is often diagnosed at the advanced stages of disease due
to its subtle early symptoms, leading to a poor prognosis. Risk
factors for PC include chronic pancreatitis, smoking, obesity,
diabetes and genetic predisposition. Treatment strategies for
PC involve surgical resection for eligible patients, along with
chemotherapy, radiation therapy and targeted therapy (73).
SMYD?2 is highly expressed in both PC tissues and cell
lines. SMYD2 mediates the methylation of c-Myc, promoting
its ubiquitination and subsequent degradation, which in turn
reduces c-Myc expression in PC (74). Previous research has
identified nuclear receptor coactivator 4 (NCOA4) as a specific
receptor for ferritin, serving a crucial role in ferritinophagy.
This process facilitates iron release from ferritin, contributing
to iron homeostasis and the regulation of ferroptosis (75). The
regulation of ferroptosis is achieved through c-Myc, which
influences NCOA4 levels (76). Based on these findings, the
c-Myc/NCOA4 axis was further assessed and it was reported
that c-Myc inhibited NCOA4 expression by binding to NCOA4
mRNA, whilst a reduction in c-Myc led to an increase in
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NCOA4 expression (74). Furthermore, in mouse experiments,
knockdown of SMYD?2 expression in PC tumor tissues was
associated with a notable reduction in tumor volume. SMYD2
knockdown in PC tumor tissues also led to decreased c-Myc
levels, increased NCOA4 levels and heightened levels of ferri-
tinophagy and ferroptosis (74). Therefore, targeting SMYD2
may promote ferritinophagy-dependent ferroptosis through the
c-Myc/NCOA4 axis, potentially inhibiting PC development.

Adenosquamous carcinoma of the pancreas (ASCP) is a
relatively rare histological subtype that includes both pancre-
atic adenocarcinoma (PAAD) and pancreatic squamous cell
carcinoma. In a study by Lenkiewicz et al (77), whole-genome
copy number variation analysis of patient-derived xenografts
(PDXs) from 3 patients with ASCP and 3 patients with pancre-
atic ductal adenocarcinoma (PDAC) revealed that SMYD?2
displays distinct chromatin activity in ASCP PDX samples,
specifically targeting the active chromatin marker, H3K4mel.
Compared with PDAC, the specificity of SMY D2 for H3K4mel
in ASCP may serve as a distinguishing feature and a potential
biomarker for differentiating ASCP from PDAC (77).

PAAD accounts for ~85% of PCs and has a poor prognosis,
with nearly 80% of patients experiencing postoperative recur-
rence and a 5-year survival rate of just 6% (78). An analysis
of The Cancer Genome Atlas database indicated that SMYD2
levels are markedly elevated in PAAD tissues compared with
adjacent normal tissues, with its expression closely associated
with patient prognosis. Further research revealed that SMYD2
upregulates the MNAT1 component of CDK activating
kinase (MNAT1) expression in PAAD cells by modifying the
H3K36me2 marker in the region of the MNAT1 promoter.
Silencing MNAT1 expression inhibits the aggressive char-
acteristics of PAAD cells. Furthermore, rescue experiments
demonstrated that overexpression of MNATI restored the
activity of PAAD cells suppressed by sh-SMYD?2 (79). MNAT1
functions as a substrate specificity determining factor, as well
as an assembly factor of cyclin-dependent kinase-activating
kinase (CAK) to promote CAK stability and activation, which
further leads to the phosphorylation and activation of CDKs
to ensure cell cycle progression. It has been reported that the
phosphorylation of PI3K and AKT in PAAD cells can be inhib-
ited by sh-SMYD2 but restored by overexpression of MNAT],
indicating that the SMYD2-MNAT1 axis is at least partially
involved in the activation of PI3K/AKT, thereby promoting
PAAD cell proliferation, migration and invasion (79).
However, the exact mechanistic link between MNATI1 and
the PI3K/AKT pathway remains unclear, necessitating further
investigation. Another study reported that SMYD?2 increases
ecotropic viral integration site 2A (EVI2A) expression in
PAAD cells via H3K36me2 modification. Elevated EVI2A
expression induced M2-like macrophage polarization, which
inhibited T-cell effector activation and promoted gemcitabine
(GEM) resistance and immune evasion in PAAD cells (80).
These findings highlight the critical role of SMYD?2 in regu-
lating PAAD invasiveness through mechanisms involving
GEM resistance and immune evasion.

Clinically, PDAC tends to originate from the pancreatic
ducts. A previous study reported that SMYD2 promoted
PDAC cell growth by methylating K355 of mitogen-activated
protein kinase-activated protein kinase 3 (MAPKAPK3) (12).
Notably, SMYD?2 expression is undetectable in normal
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pancreatic tissue, but it is elevated in pancreatic intraepithelial
neoplasia (PanIN) tissues and PDAC specimens from both
mice and humans. In K-Ras mutant mouse models, increased
SMYD?2 expression was associated with cancer development
and its deletion reduced acinar-to-ductal metaplasia and
inhibited PanIN development (12). Further research indicated
that suppressing SMYD2-driven MAPKAPK3 methylation
using the small-molecule inhibitor, BAY598, slowed the
proliferation of PDAC cells harboring K-Ras/TP53 mutations,
whereas those with mutations in K-Ras/TP53/SMYD2 had a
minimal response (12). Additionally, the combination of GEM
and BAY598 markedly inhibited the growth of K-Ras/TP53
mutant PDAC cells, whilst GEM alone inhibited the growth
of K-Ras/TP53/SMYD2 mutant PDAC cells (12). These find-
ings suggest that combining SMYD2 inhibitors with GEM
could enhance therapeutic efficacy in patients with PDAC (41)
(Fig. 2E), highlighting the potential value of targeting the
SMYD2-MAPKAPK3 axis in PDAC treatment.

9. SMYD?2 and esophageal cancer (EC)

EC is the eleventh most common cancer worldwide and the
seventh leading cause of cancer-related deaths, accounting
for 2.6% of all new cancer cases and 4.6% of cancer deaths.
Despite significant advancements in the diagnosis and treat-
ment of EC in recent years, the 5-year survival rate remains
only around 20%. Esophageal squamous cell carcinoma
(ESCC) accounts for ~90% of all EC cases and is characterized
by a high recurrence rate and poor long-term prognosis (81).
Due to its asymptomatic early stages of disease, most ESCC
cases are diagnosed at an advanced stage, limiting treatment
options. Current therapeutic approaches include surgery,
chemotherapy, radiotherapy and emerging targeted and
immunotherapy strategies (81).

Public database analysis revealed that SMYD2 mRNA
expression in EC is notably associated with incidence, clinical
stage, TP53 mutation status, OS and recurrence-free survival.
Furthermore, correlation analysis of immune cell infiltration
and immune checkpoints indicated a negative correlation
between SMYD?2 and CD4* T cells (63). Further experiments
demonstrated that SMYD?2 is highly expressed in ESCC cell
lines and tissues, with its protein levels markedly associated
with clinical features such as sex, venous invasion, pathological
tumor stage (depth of tumor invasion) in the TNM classifica-
tion and recurrence status (82). Multivariate analysis reported
that patients with ESCC harboring high SMYD?2 expression
had a worse OS compared with those harboring low SMYD2
expression, and SMYD2 positivity was independently asso-
ciated with a worse prognosis (82). Knockdown of SMYD2
expression using specific small interfering RNAs suppressed
the proliferation of ESCC cell lines overexpressing SMYD2,
largely independent of TP53 mutation status (82). Moreover,
SMYD?2 downregulation primarily arrested cells in the GO-G1
phase, and p21 protein was detected in the KYSE790 cell line,
in a previous study (82). This suggests that the oncogenic role
of SMYD2 in ESCC may involve the regulation of cell cycle
proteins such as p21, independent of p53 (Fig. 2F). However,
the aforementioned study did not explore the precise mecha-
nism through which SMYD?2 influences cell proliferation via
p21, indicating the need for further investigation. Overall,

studies on SMYD2 in ESCC remain limited and its precise
mechanisms of action require further investigation.

10. Future perspectives

Epigenetic modifications, such as DNA methylation and
histone modifications, have a crucial role in cancer progres-
sion. The SMYD protein family of lysine methyltransferases
is integral to epigenetic regulation, with SMYD?2 being a key
member. SMYD2 catalyzes the methylation of both histone and
non-histone proteins, influencing several cellular processes.
Structural studies of SMYD2 have provided valuable insights
into its functional domains: The SET domain drives its catalytic
activity, whilst the MYND domain facilitates protein-protein
interactions. SMYD2 methylates H3K4, H3K36 and H4K20,
exerting distinct effects on gene expression. The oncogenic
properties of SMYD?2 primarily arise from its ability to
methylate tumor suppressor proteins, including p53, RB and
PTEN, thereby inhibiting their function and promoting tumor
development. Numerous studies have reported that SMYD?2 is
upregulated in several gastrointestinal cancer types, including
colorectal, gastric and liver cancer, with specific effects
depending on the cancer type (Table II).

The present review assessed the multifaceted role of
SMYD?2 in the progression of gastrointestinal cancer, its
contribution to drug resistance and emerging therapeutic
strategies aimed at inhibiting its activity. Several small mole-
cule inhibitors targeting the catalytic activity of SMYD?2,
such as AZ505 and BAY-598, have demonstrated potent
antitumor effects in preclinical models, particularly when
combined with other anticancer agents such as GEM and the
VEGFR?2 inhibitor, apatinib. However, challenges persist in
improving the pharmacokinetics and cellular permeability of
these inhibitors to enhance their efficacy. Developing more
selective SMYD2 inhibitors is crucial to minimize off-target
effects and improve therapeutic outcomes. Additionally,
identifying biomarkers to predict SMYD?2 inhibitor sensi-
tivity is essential for patient stratification and personalized
treatment approaches. Future research should focus on
optimizing SMYD2 inhibitors and exploring combination
therapies targeting SMYD?2 alongside other oncogenic path-
ways. Despite the progress made with SMYD2 inhibitors in
the treatment of a number of diseases, especially cancer, no
safety or efficacy evaluations of SM'YD2 inhibitors have been
performed in clinical trials to date, to the best of our knowl-
edge. Ongoing research into the molecular mechanisms of
SMYD?2, alongside the advancement of innovative inhibitors,
will be crucial for translating these discoveries into effective
cancer treatments.

11. Discussion and conclusions

SMYD?2 has gained recognition as a crucial regulator of
several cellular functions, including the cell cycle and differ-
entiation, and has been implicated in several pathological
conditions, particularly cancer and cardiovascular diseases.
SMYD?2 is highly expressed in tissues such as the heart, brain,
liver, kidneys, thymus and ovaries, suggesting its involve-
ment in the development of the cardiovascular, nervous,
gastrointestinal, musculoskeletal, urinary and reproductive
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Table II. Function of SET and MYND domain-containing protein 2 in gastrointestinal cancer.

Cancer type Expression Role Targets Biological function (Refs.)
Colorectal Up Oncogene ERBB2/FUT4 Promotes proliferation and invasion; (55)
inhibits apoptosis
/ MEK/ERK/ Enhances the L-OHP resistance (56)
AP-1; P-gp of CRC cells
Up Oncogene RIPK1 Inhibits apoptosis and necrosis (53)
Up Oncogene LINCO01605 Promotes proliferation, migration 67
and invasion
Up Oncogene MEX3A; CDX2 Promotes proliferation, migration (58)
and invasion
Up Oncogene DNMT1; APC2; Promotes proliferation, migration 52)
Whnt/p3-catenin and invasion
Up Oncogene HNRNPK; EGFL7 Promotes angiogenesis 54)
Gastric Up Oncogene p21 Promotes proliferation, migration (10)
and invasion
Up Oncogene APOCI Promotes glycolysis and (64)
proliferation
Gastrointestinal Up Oncogene EZH2; TET1; p53 Promotes proliferation; inhibits (66)
stromal tumor senescence
Liver Up Oncogene c-Myc/CDK4/ Promotes proliferation 71)
cyclinD1
/ c-Myc; GLS1 Enhances the sorafenib resistance (71)
of HCC cells
Up Oncogene p53; cyclinEl Promotes proliferation (70)
Pancreatic Up Oncogene c-Myc; NCOA4 Promotes proliferation; inhibits (75)
ferroptosis
Up Oncogene MNAT1 Promotes proliferation, migration (79)
and invasion
/ EVI2A Enhances the GEM resistance (80)
of PAAD cells
Up Oncogene MAPKAPK3 Promotes proliferation; enhances (12)
the GEM resistance of PDAC cells
Esophageal Up Oncogene p21 Promotes proliferation (82)

ERBB?2, Erb-B2 receptor tyrosine kinase 2; FUT4, fucosyltransferase 4; AP-1, activator protein 1; P-gp, P-glycoprotein; L-OHP, oxaliplatin;
CRC, colorectal cancer; RIPK1, receptor-interacting protein kinase 1; LINC01605, long intergenic non-protein coding RNA 1605; MEX3A,
Mex-3 RNA binding family member A; CDX2, Caudal type homeobox 2; DNMT1, DNA methyltransferase 1; APC2, adenomatosis polyposis
coli 2; HNRNPK, heterogeneous nuclear ribonucleoprotein K; EGFL7, epidermal growth factor-like domain 7; APOCI, apolipoprotein
Cl; EZH2, enhancer of zeste homolog 2; TETI, ten-eleven translocation methylcytosine dioxygenase 1; p53, tumor protein 53; CDK4,
cyclin-dependent kinase 4; GLS1, glutaminase 1; HCC, hepatocellular carcinoma; NCOA4, nuclear receptor coactivator 4; MNAT1, MNAT1
component of CDK activating kinase; EVI2A, ecotropic viral integration site 2A; GEM, gemcitabine; PAAD, pancreatic adenocarcinoma;
PDAC, pancreatic ductal adenocarcinoma; MAPKAPK3, mitogen-activated protein kinase-activated protein kinase 3.

systems. Mechanistically, SMYD?2 acts as a methyltransferase,
specifically methylating H3K4, H3K3 and H4K?20, as well
as non-histone proteins, thereby regulating key signaling
pathways in tumor cells and influencing the transcription and
expression of downstream target genes. Clinically, SMYD2
has been identified as an independent biomarker for the
diagnosis and prognosis of gastrointestinal malignancies.
Studies have reported that the aberrant regulation of SMYD?2
is associated with chemotherapy resistance and poor clinical
outcomes in certain patients with cancer, whilst its loss can
sensitize patients to chemotherapy and immunotherapy. This

suggests that SMYD2 antagonists may serve as potential adju-
vants in cancer treatment. SMYD?2 is upregulated in several
human tumors, and increasing attention is being paid to
understanding its molecular mechanisms in tumorigenesis and
to assessing its viability as a therapeutic target for restricting
tumor cell growth.

Despite the limited scope of research, pioneering studies
have demonstrated that SMYD2-mediated methylation of
histone and non-histone proteins serves a notable role in
the development and progression of gastrointestinal cancer
types. Ongoing research continues to explore the role of
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SMYD?2 in these cancer types, although challenges remain.
These challenges include the need for a more comprehensive
understanding of the biological functions of SMYD2, the
development of small-molecule inhibitors and probes, as well
as clarification on the specific mechanisms by which SMYD2
influences tumor development and treatment. Furthermore, a
critical challenge in SMYD2-targeted therapy is the devel-
opment of highly selective and potent inhibitors, as poor
bioavailability continues to limit their clinical efficacy. In
summary, SMYD2 serves as a crucial factor in the onset and
advancement of gastrointestinal malignancies, influencing
both treatment strategies and patient prognosis, making it a
promising therapeutic target.
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