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Abstract

The lysine methyltransferase SMYD5 is an important regulator of development and has
been implicated in multiple malignancies, such as heart disease, lung and gastric cancers,
breast and hepatocellular carcinomas, and inflammatory bowel disease. Further, SMYD5
has been linked to the mild hypothermia response, RNA translation, and HIV-1 transcrip-
tion. SMYD5 is ubiquitously expressed in lymphocytes and the fetal brain, retina, heart,
gut, liver, and reproductive organs. Mechanistically, SMYD5 methylates histone residues
H3K36, H3K37, and H4K20, as well as non-histone targets such as the ribosomal protein
RPL40 and the HIV-1 Tat protein. Here, we review the literature on SMYD5, focusing on its
epigenetic functions and its roles in development, cancer, and other biological processes.
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1. Introduction
SMYD5 is a member of the SET and MYND domain-containing (SMYD) family of

protein lysine methyltransferases, which consists of five members in humans and mice
(SMYD1-5). The split conserved catalytic SET domain—named after chromatin regulators
in Drosophila [Su(var)3–9, Enhancer of zeste, and Trithorax]—is shared among most histone
methyltransferases and mediates methylation of lysine residues [1,2]. The MYND domain—
named after Myeloid translocation protein 8, Nervy, and DEAF-1—consists of a zinc finger
motif that primarily mediates protein–protein interactions [3–5].

Over the last 15 years, SMYD5 has emerged as an important regulator of stem cell
differentiation and is implicated in multiple diseases, including cardiovascular disease,
various cancers (lung, gastric, breast, and hepatocellular), and inflammatory bowel disease.
SMYD5 is also involved in physiological responses such as mild hypothermia and in other
cellular processes like RNA translation and HIV-1 transcription. SMYD5 exerts its function
by methylating several targets, including histone H3 at lysine 36 and 37 (H3K36me1,
H3K37me1, H3K36me3), and by trimethylating histone H4 at lysine 20 (H4K20me3) [6–8].
In addition to histones, SMYD5 modifies the non-histone protein HIV-1 Tat [9]. Moreover,
SMYD5 is currently the only known lysine methyltransferase capable of methylating the
ubiquitin-ribosomal protein eL40 fusion protein RPL40 [10–12].

In this review, we will summarize the literature on SMYD5. Many publications related
to SMYD5 have focused on its involvement in development and different types of cancers,
but we also summarize its role in a broad range of cellular functions.
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2. Discovery and Structure of SMYD5
SMYD5, also known as ZMYND23, retinoic acid-induced protein (RAI15), RRG1, or

protein NN8-4AG, is located on chromosome 2 in the 2p13.2 region of the human genome
and was discovered by M. Shago and V. Giguére in 1996 [13]. In their study, fragments
derived from CpG islands of the murine genome were selected using gel mobility shift
assays with in vitro-transcribed and -translated ligand-inducible retinoic acid and retinoid
receptors [13]. The mouse NN8-4AG transcript, later named SMYD5, was upregulated
by retinoic acid in F9 embryonal carcinoma cells and was homologous to an expressed
sequence tag (EST41159) derived from a human infant brain cDNA library [13].

Phylogenetic analysis of SMYD protein sequences in metazoans revealed that Smyd
genes can be categorized into three main classes: Smyd3 (which includes chordate-specific
Smyd1 and Smyd2 genes), Smyd4, and Smyd5 [14]. Among these, Smyd5 is the most evolution-
arily conserved, with one representative found across all metazoan species analyzed [14].
SMYD5 is, based on the structure of the catalytic domain, grouped into the class V-like
SAM-binding methyltransferase superfamily, which includes the SET-domain, which is
flanked by pre- and post-SET domains [15]. SMYD5 is the most unique SMYD family pro-
tein in vertebrates, as it lacks the tetratricopeptide repeat (TPR) motifs present in SMYD1–4,
and instead only has a C-terminal glutamate-rich extension (Ex) (Figure 1). According to
ensembl.org the Smyd5 gene produces nine different splice variants, three of which are
predicted to encode proteins (isoforms SMYD5-202, -204, and -209) [16]. The 2554 base pair
(bp) SMYD5 isoform 1 (SMYD5-202, Q6GMV2) encodes a 418 amino acid (aa), a 47.3 kilo
Dalton (kDa) protein that is considered the full-length wild type [16]. SMYD5 isoform
2 (SMYD5-204, C9IYN9) is missing aa 1–32 at the 5’UTR and encodes a 138 amino acid,
15.8 kDa, protein [16]. SMYD5 isoform 3 (SMYD5-209, F8WEJ9) encodes an 81 amino acid,
9 kDa, protein that is missing aa 82–418 of isoform 1 [16]. The biological function of the
two short SMYD5 isoforms produced by alternative splicing has not been characterized
thus far.

Figure 1. Domain structure of SMYD5.

Several point mutations of SMYD5 that affect its enzymatic activity have been identi-
fied, including H316, C317, Y351 and Y372 [6,12,17].

A crystal structure of SMYD5 is still lacking. However, a recent study using AlphaFold
shed some light on its unique structure and how it correlates with its functional diver-
gence [18]. In this study, Zhang et al. validated AlphaFold’s reliability by comparing its
model to known crystal structures of SMYD family proteins and subsequently identified a
novel non-classical nuclear localization signal at the N-terminus of SMYD5 [18]. SMYD5
exhibits both cytoplasmic and nuclear localization, but recent studies suggest its primary
function, particularly in cancer, is centered in the cytoplasm, where it acts as a methyl-
transferase targeting the ribosomal protein L40 (RPL40) at K22. In HeLa and Huh7 cells,
endogenous SMYD5 is predominantly localized to the cytoplasm and in hepatocellular
carcinoma cells; cytoplasmic SMYD5 is often upregulated and correlates with poor prog-
nosis [11]. However, it possesses a novel, non-classical nuclear localization signal (NLS)
at its N-terminus that may be able to drive its localization to the nucleus [18]. Several
studies suggest that SMYD5 is present in the nucleus and acts as a histone methyltrans-
ferase (H3K36me3, H4K20me3) at promoters, mediating gene expression. In addition,
multiple studies showed that SMYD5 binds to DNA, particularly to specific genomic re-
gions to regulate gene expression [7–9,17]. SMYD5 binds to the promoters of Toll-like
receptor 4 (TLR4), which target genes and repetitive DNA elements (such as LINE and LTR

https://doi.org/10.3390/ijms27135884

https://doi.org/10.3390/ijms27135884


Int. J. Mol. Sci. 2026, 27, 5884 3 of 15

retrotransposons) [8,17]. By binding to these regions, SMYD5 helps establish a repressive
chromatin state, specifically by mediating H4K20me3 to maintain heterochromatin stability.
Further, SMYD5 is recruited to chromatin by RNA polymerase II (Pol II) to methylate
H3K36 at promoters [7]. In addition, SMYD5 is recruited to promoter regions, such as the
HIV-1 promoter, where it acts as a direct repressor [9]. Structural analysis (AlphaFold)
indicates that the SMYD5 structure contains a unique, large, negatively charged “crab-like”
structure, which may enable interactions with basic molecules such as protamines, which
are histone substitutes involved in chromatin condensation during spermatogenesis [18].
In addition, within the SMYD family of methyltransferases (e.g., SMYD3), the MYND
domain is associated with low direct DNA-binding ability [19]. However, SMYD5 is often
recruited to chromatin in association with other complexes, such as NCoR (nuclear receptor
corepressor), and some studies suggest it may not have direct, intrinsic DNA-binding abil-
ity [8]. Moreover, SMYD5s activity on histones is considered low or weak by some studies
compared to its activity on RPL40, suggesting SMYD5 primarily performs its function in
the cytoplasm [10,18].

To gain functional insights into the SMYD protein family, Abu-Farha et al. generated
a protein interaction network for the three human SMYD proteins: SMYD2, SMYD3, and
SMYD5 [20]. Using HEK293T cells expressing SMYD-Flag constructs, they performed Flag
immunoprecipitation followed by mass spectrometry to identify interacting partners. In this
study, SMYD5 interacts with nine proteins, four of which (NPM1, TOP1, GNL3, RUVBL2)
also interact with SMYD2 and SMYD3. These four proteins are associated with DNA repair
and chromatin maintenance during the cell cycle, notably through the regulation of p53 [20].
Since this first publication, the number of proteins interacting with the SMYD5 protein has
expanded to 77 (genecards.org). In addition, three proteins, TRIM25, NXF1 and MOV10
have been identified as SMYD5 RNA interaction partners [21,22].

3. Biological Roles of SMYD5
3.1. Epigenetic Functions of SMYD5

The epigenetic functions of SMYD5 in mammalian tissues have been described in only
a limited number of studies. Here, we review the SMYD5 substrates published for SMYD5
and their biological outcome (Figure 2, Table 1).

Table 1. Histone and non-histone substrates of SMYD5.

Substrate Modified Lysine Residue Model Method References

Histone 3

H3K36me1 In vitro Protein Auto-rad, MS [6]
In mESCs WB [6]

H3K37me1 In vitro Protein Auto-rad, MS [6]
In mESCs WB [6]

H3K36me3 In mESCs WB, Protein MS [7]

Histone 4
H4K20me3 In vitro Protein Auto-rad, WB [8]

In cells ChIP [8]
In vivo in ESCs WB, ChIP [17]

RPL40

K22me3 In vitro Protein Auto-rad, HPLC [10]
In cells WB [10]
In vitro Protein Auto-rad, MS, WB [11]

In cells and in mice IP, WB, IHC staining [11]
In vitro and in cells MS, PRM [12]

HIV1 Tat unknown In vitro Protein Auto-rad [9]
Auto-rad: autoradiography; ChIP: chromatin immunoprecipitation; ESCs: embryonic stem cells; mESCs: mouse
embryonic stem cells; HPLC: high-performance liquid chromatography; IHC: immunohistochemistry; IP: im-
munoprecipitation; MS: mass spectrometry; PRM: parallel reaction monitoring; and WB: western blot.
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Figure 2. Selected mechanisms of action of SMYD5. (A) SMYD5 monomethylates histone H3 at
lysines 36 and 37 (H3K36me1/H3K37me1) in vitro. (B) SMYD5 is recruited to chromatin by RNA
polymerase II where it catalyzes histone H3 lysine 36 trimethylation (H3K36me3) at the transcription
start site of promoters. (C) SMYD5 trimethylates histone 4 lysine 20 (H4K20me3), and in cooperation
with nuclear receptor corepressor 1 complex (NCOR1), silences Toll-like receptor 4 (TLR4) pathway
target genes in macrophages. (D) SMYD5-mediated RPL40 trimethylation at lysine 22 regulates
mRNA translation. Loss of SMYD5, and consequently RPL40K22me3, reduces translational output
and disrupts elongation. SMYD5 trimethylates RPL40 K22 through recognition of a KXY motif
within RPL40 to catalyze this modification. (E) SMYD5 associates in vivo with the HIV promoter and
interacts with the HIV trans-activation response (TAR) element RNA and the viral transactivator Tat
protein. Upon binding, SMYD5 methylates Tat, an event that enhances Tat-mediated transcriptional
activation of viral genes.

3.2. Substrates in Human Cells
3.2.1. Histone 3

SMYD5 monomethylates histone H3 at lysines 36 and 37 (H3K36me1 and H3K37me1)
in vitro [6]. Using site-mutagenesis, Aljazi et al. identified histidine H316 of SMYD5 as a
critical amino acid required for its methyltransferase activity. H316 is conserved in human,
mouse, Xenopus, zebrafish and Drosophila and was previously reported as one of two amino
acids whose mutation abolishes the enzymatic activity of SMYD5 [6,17]. These initial
in vitro findings were subsequently validated in murine embryonic stem cells (mESCs).
Crispr/Cas9-mediated genetic deletion of Smyd5 partially reduced global H3K37me1 levels,
but did not affect H6K36me1 levels, thereby suggesting that SMYD5 is one of several
histone methyltransferases catalyzing histone H3K37me1 in vivo [6].

Another study in mESCs showed that SMYD5 catalyzes histone H3 lysine 36 trimethy-
lation at promoters [7]. H3K36me3, typically deposited onto chromatin following RNA
polymerase II (Pol II) elongation, marks active gene bodies with a gradient increasing from
the 5′ end to the 3′ end [23]. Using CUT & Tag screening in Setd2 knockout mESCs the au-
thors found that, in addition to gene bodies, H3K36me3 is enriched at promoters in primary
cells. They identified SMYD5, recruited to chromatin by Pol II, as the methyltransferase
catalyzing H3K36me3 at promoters [7]. Functional studies showed that the deletion of
SMYD5s C-terminal glutamic-acid-rich domain reduces the enzymatic activity of SMYD5
by loss of binding to histone core octamers and to H3–H4 tetramers. Overexpression of
full-length Smyd5, but not the C-terminal domain-truncated Smyd5, restores H3K36me3
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at promoters in Smyd5-knockout cells [7]. Together, these findings identify SMYD5 as a
H3K36me3 methyltransferase at promoters, suggesting broader functions in chromatin
regulation and gene expression [7].

Based on recent research, SMYD5 does not primarily target H3K9, but its function is
often linked to the H3K9 methylation pathway. SMYD5 works in conjunction with hete-
rochromatin proteins like HP1α and H3K9 methyltransferases, specifically by interacting
with G9a, to promote the silencing of endogenous retroviruses (ERVs) and maintaining
heterochromatin [8].

3.2.2. Histone 4

Two studies reported histone 4 lysine 20 (H4K20) as a potential SMYD5 substrate [8,17].
Stender et al. showed that SMYD5 associates with the nuclear receptor corepressor
(NCoR) complex [8]. This mechanism acts as a negative inflammatory response to pre-
vent Toll-like receptor 4 (TLR4) activation by depositing H4K20me3 marks at promoters
in macrophages [17]. Kidder et al. showed that this methylation occurs at repetitive
LINE/LTR DNA sequences that recruit SMYD5 [8,17].

3.2.3. RPL40

Ubiquitin-ribosomal protein eL40 fusion protein, RPL40, is a component of the 60S
ribosomal subunit, encoded by the human precursor UBA52 gene. Cleavage of the UBA52
precursor protein by deubiquitinases (DUBs) releases the N-terminal monoubiquitin, pro-
ducing the 52 amino acid RPL40 protein, which incorporates into the pre-60S subunit after
its export to the cytoplasm [24]. In 1997, Williamson et al. reported that rat RPL40/eL40 is
trimethylated at lysine 22 [25], and 26 years later, Holm et al. confirmed this modification
in human ribosomes [26]. However, the enzyme responsible for RPL40 K22 methylation
was unknown until recently, when three different research groups demonstrated SMYD5
to be the responsible methyltransferase [10–12]. While lysine methylation is well known
for regulating transcription, its role in translation remains less understood. Park et al.
first showed that SMYD5-mediated RPL40 trimethylation regulates mRNA translation
in malignant gastric adenocarcinoma (GAC) progression [10]. Using a CRISPR-guided
biochemical–proteomics approach, they demonstrated that SMYD5 generates endogenous
RPL40K22me3, which in turn regulates translation elongation rates and overall protein
synthesis [10].

Miao et al. corroborated these findings, showing that SMYD5 has robust in vitro activ-
ity toward RPL40 K22, primarily catalyzing RPL40 K22me3 in cells [11]. Loss of SMYD5,
and consequently RPL40K22me3, reduces translational output and disrupts elongation, as
evidenced by increased ribosome collisions [11].

A third study reported that SMYD5 trimethylates RPL40 K22 through recognition of a
KXY motif within RPL40 to catalyze this modification [12]. Mass spectrometry identified
RPL40 K22 as one of 12 primary ribosomal methylation sites in K562 cells. Recombinant
SMYD5 has robust in vitro activity against this site, and active site mutations ablate methyl-
transferase function [12]. Knockout of SMYD5 in K562 cells results in complete loss of
RPL40 K22 methylation and decreased polysome levels [12]. Additionally, this study pro-
vided an AlphaFold2 model of SMYD5 with bound S-adenosylmethionine, showing that
the deletion of essential components of SMYD family proteins such as the “M-insertion”
[residues 80–101] and “S-insertion” [residues 260–298]) abolished its catalytic activity [12].

3.2.4. Viral Substrates

SMYD5 is an activator of human immunodeficiency virus 1 (HIV-1) transcription [9].
It is highly expressed in CD4+ T cells. The depletion of SMYD5 in HIV latently infected
T-cell lines and primary CD4+ T cells represses latent HIV-1 reactivation [9]. Mecha-
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nistically, SMYD5 associates in vivo with the HIV promoter and interacts with the HIV
trans-activation response (TAR) element RNA and the viral transactivator Tat protein.
Upon binding, SMYD5 methylates Tat, an event that enhances Tat-mediated transcriptional
activation of viral genes [9,27]. In turn, SMYD5 protein levels increase in cells expressing
Tat. This process requires expression of the Tat cofactor, ubiquitin-specific peptidase 11
(USP11), which stabilizes SMYD5 by preventing its degradation. Collectively, SMYD5 is a
host factor that promotes HIV-1 transcription and is itself stabilized by Tat and USP11 [9].

4. Role of SMYD5 in Development
The developmental functions of SMYD5 have been explored across multiple vertebrate

models, particularly zebrafish. During early embryogenesis, SMYD5 expression is high and
declines steadily over time [28]. Loss-of-function studies of SMYD5 in zebrafish embryos
demonstrated disruption of normal blood cell development and increased expression of
markers of hematopoiesis, including pu.1, mpx, cymb, and l-plastin [28].

SMYD5-mediated regulation of heterochromatin via H4K20me3 has been linked to
pluripotency and chromosome integrity in embryonic stem cells [29]. Eliminating SMYD5
disrupted self-renewal by altering Oct4 gene levels affecting differentiation [29].

SMYD5 also plays a role in skeletal myofibrillogenesis in a zebrafish model of copper
ion (Cu2+) imbalance. Unbalanced copper homeostasis is associated with developmental
defects in vertebrate myogenesis [30]. Cu2+-stressed zebrafish embryos and larvae showed
reduced locomotor speed, as well as loose and decreased myofibrils in skeletal muscles.
In copper stressed embryos, whole-genome DNA methylation analysis unveiled that the
Smyd5 gene exhibited significant promoter hyper-methylation, which lead to increased
and abnormal Smyd5 expression. These data suggest a link between unbalanced copper
homeostasis with specific gene promoter methylation and epigenetic histone modifications,
which may affect signal transduction and lead to the myofibrillogenesis defects [30].

Further evidence of involvement of Smyd5 in development and reproduction came
from a study in the self-fertilizing mangrove rivulus fish, Kryptolebias marmoratus [31].
Investigation of evolutionary relationships with other animal methyltransferases and char-
acterization of expression patterns during embryonic development and in adult tissues
identified Smyd5 as one of 48 lysine methyltransferase orthologues [31]. Domain con-
servation and expression profiles suggest that they might play important roles during
development, gametogenesis and neurogenesis [31].

SMYD5 has also been implicated in stem cell maintenance. Kidder et al. demonstrated
that loss of SMYD5 in mice alters embryonic stem cell differentiation [17]. Indeed, a
Smyd5 knockout murine embryonic stem cell line exhibited abnormal embryonic stem
cell colony morphology and a remarkable reduction in alkaline phosphatase staining,
an undifferentiated embryonic stem cell marker. Embryoid body assays using the same
SMYD5 knockout line cells led to dysregulated gene expression and decreased global
H4K20me3 levels, whereas overexpression of Smyd5 reversed these phenotypes. Based on
these and related experiments, the authors proposed that SMYD5 regulates embryonic stem
cell maintenance by silencing lineage-specific genes [17]. In extended duration embryoid
body assays, Smyd5 knockout cells underwent malignant transformation, and injection of
these cells into immunosuppressed mice led to tumor formation, supporting the role of
SMYD5 as a tumor suppressor [29].

5. Impact of SMYD5 in Cancers
SMYD5 levels are elevated in several types of cancers. In the following sections, we

discuss the role of SMYD5 in different cancer types.
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5.1. Breast Cancer

Increased SMYD5 mRNA levels have been reported in specific breast cancer sub-types,
as well as lower SMYD5 expression is associated with improved relapse-free survival in
breast cancer patients [32]. A comparison of the transcriptional data for SMYD1-5 with the
survival data of breast carcinoma patients from multiple datasets—ONCOMINE, Breast
Cancer Gene-Expression Miner v4.0, Kaplan–Meier Plotter, The Cancer Genome Atlas and
cBioPortal—demonstrated an increase in the SMYD2/3/5 mRNA levels in breast carcinoma
tissues compared with normal tissue [32]. Further, SMYD5 mRNA levels are decreased in
patients with estrogen receptor (ER)/progesterone receptor (PR)-positive breast cancers
compared with ER/PR-negative cases, but increased in patients with HER2-positive breast
cancer [32]. SMYD5 mRNA levels were also increased in patients with triple-negative
breast cancer, an aggressive form of breast cancer lacking ER, PR, and HER2 expression [32].
In addition, increased SMYD5 mRNA levels were associated with advanced Scarff–Bloom–
Richardson grade, an important prognostic indicator in breast cancer [32]. These findings
suggest a potential role for SMYD5 in the progression of breast cancer [32].

5.2. Gastric Cancer

SMYD5 is associated with gastric cancer, with higher SMYD5 expression correlating
with poorer overall survival in patients [33]. Bioinformatics analysis of the expression of
histone modification-associated genes in gastric cancer and normal tissues from Oncomine,
the Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) datasets
demonstrated that SMYD5 was upregulated in gastric cancer, with aberrant expression
evident in gastric intestinal-type adenocarcinoma [33].

A recent study further established the link between SMYD5 and gastric cancer [10].
Trimethylation of RPL40 at lysine 22 by SMYD5 regulates mRNA translation to promote ma-
lignant progression of gastric adenocarcinoma with lethal peritoneal ascites [10]. In vivo,
SMYD5 knockout in familial and sporadic mouse models of malignant gastric adeno-
carcinoma blocks metastatic disease, including peritoneal carcinomatosis. Suppressing
SMYD5-mediated methylation of RPL40 inhibits growth of human cancer cells and patient-
derived gastric adenocarcinoma xenografts, rendering them hypersensitive to PI3K and
mTOR inhibitors (e.g., omipalisib) [10]. Notably, combining SMYD5 depletion with PI3K-
mTOR inhibition and chimeric antigen receptor (CAR)-T-cell therapy cures an otherwise
lethal in vivo mouse model of aggressive gastric adenocarcinoma-derived peritoneal carci-
nomatosis [10].

5.3. Hepatocellular Carcinoma

SMYD5 has been identified as a biomarker for liver hepatocellular carcinomas, with
high expression associated with poor patient prognosis [7,34]. Gene set enrichment analysis
(GSEA) of the TCGA datasets suggested that complement and coagulation cascades, fatty
acid metabolism, primary bile acid biosynthesis, drug metabolism, cytochrome P450, PPAR
signaling pathway, and retinol metabolism were differentially enriched in the SMYD5
high-expression phenotype [34]. Further, SMYD5 upregulation in hepatocellular carcinoma
cells is induced by promoter hypo-methylation, and SMYD5 silencing abrogates cell prolif-
eration, migration, and invasion, while enhancing paclitaxel sensitivity in hepatocellular
carcinoma [34].

Further, Miao et al. reported that SMYD5 and RPL40 K22me3 are upregulated in
hepatocellular carcinoma and negatively correlated with patient prognosis [11]. This study
in genetically engineered mouse and patient-derived xenograft (PDX) models corroborates
the finding by Park et al. that depleting SMYD5 renders cancer cells hypersensitive to
mTOR inhibition [11].
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Elevated expression of SMYD5 in hepatocellular carcinoma tissues compared to normal
liver tissues was also observed by Hu et al. [35]. Their study confirmed that high levels of
SMYD5 correlate with poor overall survival and disease-free survival rates in hepatocellular
carcinoma patients [35]. Here a link between loss of SMYD5, inhibition of cell proliferation
and increased apoptosis in hepatocellular carcinoma cell lines is shown [35]. Additionally,
the authors suggest an interaction between SMYD5 and BRD4. However, the authors appear
to draw conclusions from western blotting of BRD4 based on a nonspecific band. Conrad
et al. showed that the short isoform of BRD4 is a protein of approximately 74 kDa, the
molecular weight of the long isoform is 200 kDa [36]. A nonspecific band at approximately
150 kDa is resistant to BRD4 shRNA and appears on all BRD4 western blots [36].

5.4. Lung Cancer

Metastasis is the main cause of death in lung cancer patients, and hence, major thera-
peutic efforts are directed toward its suppression. Recently, SMYD5 has been identified as a
novel regulator of metastasis in lung cancer [37]. Tae et al. found SMYD5 overexpression in
lung cancer based on both RNA-sequencing analysis from the TCGA portal and immuno-
histochemical studies [37]. SMYD5 knockdown inhibits cell migration and invasion in
NCI-H1299 and H1703 cell lines by changing expression levels of epithelial–mesenchymal
transition (EMT) markers and MMP9 [37]. SMYD5 knockdown also increased Src homology
2-B3 expression by decreasing H4K20 trimethylation [37]. Furthermore, in an in vitro EMT
model induced by TGF-β, SMYD5 knockdown reduced cell migration and invasion in the
highly invasive NCI-H1299 and H1703 cell lines [37].

SMYD5 downregulation is a notable feature of alveolar macrophage responses to
multiwalled carbon nanotube (MWCNT) exposure, implicating SMYD5 in macro-phage-
mediated immune responses to nanomaterial inhalation [38]. Erdem et al. investigated the
immunomodulating properties of two industrially relevant nanomaterials, nanocellulose
and MWCNTs, using MH-S alveolar macrophages at the air–liquid interface. Cells were
exposed to cellulose nanocrystals (CNC), cellulose nanofibers (CNF) and two MWCNT
types (NM-400 and NM-401). Following exposure, changes in macrophage polarization
markers, inflammatory cytokines, and epigenetic regulation were accessed [38]. While CNF
exposure leads to enhanced M1 phenotype, MWCNTs promote M2 phenotype. Further-
more, MWCNTs exposure induced prominent epigenetic alterations, including changes in
the expression of histone modification, DNA methylation enzymes, as well as in miRNA
transcript levels. MWCNT-enhanced changes in the macrophage phenotype also correlate
with prominent downregulation of SMYD5 indicating that SMYD5 may have a role in the
Th2 responses to MWCNT [38].

6. Other Functions of SMYD5
6.1. Thermal Stability of Proteins

Studying the thermal stability of proteins can reveal structural features and identify
novel interaction partners, information that remains incomplete for SMYD5. To address
this, Zhang et al. developed a machine learning strategy that combines orthogonal partial
least squares regression and stability screening of the Silver Bullets Bio library to identify
biologically active molecules that enhance SMYD5 stability [39]. Protamine, a histone
substitute involved in chromatin condensation during spermatogenesis, emerged as the
most potent stabilizer [39]. The structural stability of SMYD5 is regulated by its unique
C-terminal poly-glutamic acid (poly-E) tract and a 30-residue insertion in the MYND do-
main. However, in the presence of protamine, these structural elements are unable to
affect thermal stability. The stability-enhancing effect of protamine is SMYD5-specific. In
contrast, protamine destabilizes SMYD2, a closely related homolog. Both SMYD5 and
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SMYD2 interact with protamine, but SMYD5 interaction is independent of the poly-E tract
and M-insertion elements [39]. The observation that protamine enhances SMYD5 stability
is intriguing given that protamines and histones are largely mutually exclusive during
spermatogenesis: protamines replace histones on chromatin as sperm mature. One possible
explanation is that this interaction reflects a transitional regulatory mechanism: during
the early stages of spermiogenesis, before histone-to-protamine exchange is complete,
SMYD5 may be active in chromatin regions still associated with histones, while protamine
binding could serve to “prime” or stabilize SMYD5 for subsequent activity [39,40]. Alter-
natively, protamine binding to SMYD5 may modulate its activity in the small fraction of
the genome (~4% in humans) that retains histones in mature sperm, which is enriched at
developmentally important gene loci [41]. A third possibility is that protamine acts as a
structural chaperone for SMYD5 independently of histone substrate availability, given the
large negatively charged cleft in SMYD5’s unique structure that may serve as a binding site
for basic proteins like protamines [18]. Future studies will be needed to determine whether
SMYD5’s methyltransferase activity is directly modulated by protamine binding.

6.2. Mild Hypothermia Response

A CRISPR-Cas9 mutagenesis screen identified SMYD5 as an epigenetic gatekeeper of
the mild hypothermia response [42]. Organisms have homeostatic mechanisms to respond
to cold temperature to ensure survival, including the mammalian neuroprotective mild
hypothermia response, which is activated at 32 ◦C. Mild hypothermia reduces SMYD5 levels
both in vitro and in vivo via proteasomal degradation [42]. Notably, the mild hypothermia
response could also be activated from euthermia (37 ◦C) by the FDA-approved drug
entacapone [42]. During euthermia, SMYD5 represses the key mild hypothermia response
gene SP1 by depositing the repressive histone mark H3K36me3. This repression is relieved
at 32 ◦C, enabling SP1 activation. In addition to SP1, Rafnsdottir et al. identified 45
additional SMYD5-temperature dependent genes, suggesting a broader role of SMYD5 in
regulating mild hypothermia response [42].

6.3. Inflammatory Bowel Disease (IBD)

Epithelial SMYD5 has been implicated in exacerbating inflammatory bowel disease
(IBD) [43]. IBD, including Crohn’s disease and ulcerative colitis, are chronic disorders of the
gastrointestinal tract [44]. Examination of SMYD5 expression in human colonic tissues via
immunohistochemical staining demonstrates that SMYD5 is expressed mainly in colonic
epithelia and lamina propria/stroma, with significantly higher levels in IBD patients with
active inflammation compared to healthy controls [43]. Given the association of IBD with
mitochondrial dysfunction, PGC-1α, a key regulator of mitochondrial activity, was also
examined. Intestinal epithelia from both IBD patients and colitic mice exhibited elevated
levels of SMYD5 and decreased levels of PGC-1α. SMYD5 depletion in colonic epithelia
cells protected mice from dextran sulfate sodium-induced colitis. Mechanistically, SMYD5
attenuates mitochondrial functions in colonic epithelial cells and promotes IBD progression
by lysine methylation of PGC-1α and its subsequent ubiquitination and degradation [43].

6.4. Rheumatoid Arthritis

A recent study suggests that SMYD5 is a dual regulator of synovial fibroblast home-
ostasis and rheumatoid arthritis (RA) pathogenesis [45]. RA is a chronic autoimmune
disease that leads to progressive bone and cartilage damage [46]. Recently, fibroblast-like
synoviocytes (FLSs) have emerged as a potential therapeutic target [47]. FLSs are special-
ized mesenchymal cells that line joint cavities and maintain healthy joints by producing
lubricants such as hyaluronic acid, fibronectin and collagen [48].
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In RA, activation of immune cells leads to excessive secretion of cytokines, including
interleukin-1 (IL-1), tumor necrosis factor (TNF), and platelet-derived growth factor (PDGF).
Further, SMYD5 expression is significantly elevated in the synovial tissues of RA patients
and in IL-1β-induced FLS [45]. SMYD5 promotes FLS proliferation and inflammation by
mediating posttranslational modifications and activating downstream signaling pathways.
Xiao et al. showed that SMYD5 methylates forkhead box protein O1 (FOXO1), accelerating
its degradation through ubiquitination. Additionally, SMYD5 promotes lactate production
to activate NF-κB signaling pathways by upregulating hexokinases-2 (HK2) expression, a
key glycolytic enzyme. The authors showed in a collagen-induced arthritis mouse model
that knockdown of SMYD5 effectively alleviates joint swelling, bone erosion, and overall
arthritis severity [45].

6.5. Heart Disease

SMYD5 is implicated in the regulation of histone H4K20 trimethylation in heart
disease [49]. Hickenlooper et al. used immunoblotting and mass spectrometry and found
that lysine trimethylation at histone H4 is differentially regulated in cardiomyocytes: it
increases during acute hypertrophic stress in cell models and decreases during sustained
ischemic injury and cardiac dysfunction in animal models [49]. Examination of publicly
available data further identified SMYD5 as differentially expressed in heart failure patients,
suggesting a potential role in modulating H4K20 methylation and contributing to cardiac
pathology [49,50].

6.6. Maternal Prenatal Stressful Life Events and Childhood Traumatic Events

Recently, decreased expression of SMYD5 has been associated with maternal prenatal
stressful life events (SLEs) and childhood traumatic events (CTEs) [51]. Prenatal exposure
to maternal psychological stress is associated with increased risk for adverse birth and child
health outcomes. Accumulating evidence suggests that pre-conceptional stress may also
be transmitted intergenerationally with adverse impacts. To understand the mechanisms
linking these exposures to offspring outcomes, particularly those related to the placenta,
Baker et al. performed RNA sequencing in 1029 mother–child pairs from two birth cohorts
in Washington state and Memphis, Tennessee [51]. Analysis of individual gene–SLE/CTE
associations, combined with ensemble gene set enrichment across 11 methods revealed that
higher numbers of prenatal SLEs were significantly associated with decreased expression
of SMYD5 [51].

7. Conclusions
In conclusion, SMYD5 is a unique protein lysine methyltransferase with broad molecu-

lar functions. In contrast to other SMYD family members, SMYD5 is ubiquitously expressed
in human tissue and cells, which might help explain the protein’s diverse functions [52].
During early embryogenesis, SMYD5 controls heterochromatin formation, maintains chro-
mosome integrity during stem cell differentiation, and regulates primitive and definitive
hematopoiesis [28,29]. SMYD5 is largely dispensable for morphological heart develop-
ment, in stark contrast to family member SMYD1, which is critical for heart development
and metabolism and maintenance of the adult heart [53,54]. However, studies on murine
models have shown that loss of SMYD5 leads to elevated heart-to-body weight ratios and
thickening of the ventricular wall, and it has therefore been proposed to serve as a crucial
gatekeeper against pathological cardiac stress by inhibiting abnormal hypertrophic cell
growth and cardiac fibrosis in the adult myocardium [55].

The limited number of studies available so far indicate that SMYD5’s primary role
involves regulating gene expression and translation. SMYD5’s exact function depends on
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whether it operates in the cytoplasm or the nucleus. In the cytoplasm, SMYD5 acts as a
ribosomal methyltransferase enhancing translation [10–12]. It specifically recognizes a KXY
motif to catalyze the trimethylation of lysine 22 on RPL40 [12]. This methylation event is
crucial for efficient translation elongation and overall protein synthesis capacity [10–12].
In the nucleus, SMYD5 plays multiple structural and epigenetic roles. It interacts with
corepressor complexes to establish repressive chromatin states [29]. It generates methylation
marks (such as H4K20me3) to maintain heterochromatin and silence transposable elements,
safeguarding genome stability. In addition, SMYD5 acts as an epigenetic regulator in the
nucleosome corepressor (NCoR) complex, repressing specific inflammatory genes (e.g.,
TLR4-driven responses) [8].

SMYD5 has been implicated in multiple biological processes and malignancies, such as
heart disease, lung and gastric cancers, breast and hepatocellular carcinomas, inflammatory
bowel disease and rheumatoid arthritis. While SMYD5’s exact clinical connection to
inflammatory bowel disease and rheumatoid arthritis is still emerging, current studies
established it as a critical epigenetic regulator in both immune-related and inflammatory
diseases. In IBD, SMYD5 impairs healthy mitochondrial function by degrading PGC-1α,
which exaggerates inflammation and compromises intestinal barrier integrity [43]. In RA,
SMYD5 promotes post-translational modifications that activate downstream signaling
pathways, leading to FLS proliferation and heightened joint inflammation [45]. In both
diseases, knockdown of SMYD5 showed therapeutic potential, which led to protection of
mice from experimental colitis in IBD and alleviated joint injury and improved synovial
repair in RA [43,45].

In addition, SMYD5 is proposed to have a role in environmental adaptation by work-
ing as an “epigenetic gatekeeper” that responds to temperature cues, repressing certain
genes during standard euthermia that are otherwise active during mild hypothermia [42].
At normal body temperatures (37 ◦C), SMYD5 is stable and active [42]. It deposits the
H3K36me3 epigenetic mark at specific gene promoters, directly repressing key mild hy-
pothermia response genes like SP1 [42]. The degradation of SMYD5 during cooling (32 ◦C)
removes the transcriptional repression mark H3K36me3, driving the expression of over
30 temperature-sensitive, neuroprotective genes [18,42]. The degradation of SMYD5 at
32 ◦C is caused by the thermal unfolding of its M-insertion and S-insertion, which ex-
poses hydrophobic residues [18]. At normal temperature, SMYD5’s structural integrity is
characterized by stacking interactions between its M-insertion and S-insertion [18].

In cancer, most research indicates that SMYD5 generally acts as an oncogene (tumor
promoter) rather than as a tumor suppressor in cancers like gastric adenocarcinoma (GAC),
hepatocellular carcinoma (HCC), and lung cancer. High SMYD5 expression accelerates
cancer cell growth, migration, and metastasis [37]. Limited scientific evidence points to
ribosomal methylation as the primary oncogenic mechanism by which SMYD5 trimethy-
lates the ribosomal protein rpL40. This modification enhances oncogenic gene translation,
allowing aggressive tumor cells to thrive [10]. Elevated SMYD5 levels are heavily linked
to poor clinical outcomes in patients with liver and stomach cancers [11]. Beyond that,
SMYD5 also promotes tumorigenesis by enriching the active chromatin mark H3K36me3 at
promoters [7]. Depleting SMYD5 has been shown to halt tumor growth, reduce metastasis,
and sensitize malignant cells to mTOR inhibition [10]. However, limited scientific evi-
dence shows that SMYD5 can also act as a tumor suppressor in mESCs as Smyd5 knockout
cells underwent malignant transformation [29]. Further studies are needed to determine
whether SMYD5 truly displays both oncogenic and tumor suppressive properties or if these
opposing findings depend on cellular context or experimental model system. Based on
these findings, SMYD5 could serve as a potential therapeutic target for cancer treatment,
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and combining chemotherapy with SMYD5 inhibitor(s) or activators may enhance the
therapeutic effect of cancer treatment.

Research of SMYD5 has uncovered diverse roles and biological functions in cancer,
development and other diseases and has recently shifted the understanding of SMYD5s
function from a traditional histone methyltransferase to a critical regulator of ribosomal
translation. The future SMYD5 research agenda should aim to (1) resolve the crystal struc-
ture of SMYD5, (2) mechanistically determine the duality of SMYD5 activity on histones or
ribosomes by clarifying the exact conditions under which it acts on chromatin remodeling
versus active translation, (3) exploit the newly discovered SMYD5-rpL40 connection for
cancer therapies and expand on the discovery that SMYD5 depletion sensitizes aggressive
tumors to PI3K/mTOR pathway inhibitors, (4) investigate exactly how SMYD5 overexpres-
sion drives the epithelial–mesenchymal transition and metastatic behavior in cancers, and
(5) develop a highly specific SMYD5 enzymatic inhibitor for therapy.
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