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Abstract

Morphogenesis and organogenesis in the low organisms have been found to be modulated by a number of proteins, and
one of such factor, deformed epidermal auto-regulatory factor-1 (DEAF-1) has been initially identified in Drosophila. The
mammalian homologue of DEAF-1 and structurally related proteins have been identified, and they formed a family with
over 20 members. The factors regulate gene expression through association with co-repressors, recognition of genomic
marker, to exert histone modification by catalyze addition of some chemical groups to certain amino acid residues on
histone and non-histone proteins, and degradation host proteins, so as to regulate cell cycle progression and execution
of cell death. The formation of fused genes during chromosomal translocation, exemplified with myeloid transforming
gene on chromosome 8 (MTG8)/eight-to-twenty one translocation (ETO) /ZMYND2, MTG receptor 1 (MTGR1)/ZMYND3,
MTG on chromosome 16/MTGR2/ZMYND4 and BS69/ZMYND11 contributes to malignant transformation. Other anomaly
like copy number variation (CNV) of BS69/ZMYND11 and promoter hyper methylation of BLU/ZMYND10 has been noted
in malignancies. It has been reported that when fusing with Runt-related transcription factor 1 (RUNX1), the binding
of MTG8/ZMYND2 with co-repressors is disturbed, and silencing of BLU/ZMYND10 abrogates its ability to inhibition of
cell cycle and promotion of apoptotic death. Further characterization of the implication of ZMYND proteins in carcino-
genesis would enhance understanding of the mechanisms of occurrence and early diagnosis of tumors, and effective
antitumor efficacy.
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Abbreviations

DEAF-1 Deformed epidermal autoregulatory factor-1
ESCC Esophageal squamous cell carcinoma

EZH2 Enhancer of zeste homolog-2
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MYND  Myeloid Nervy deformed auto-regulatory factor-1 containing
SET Suppressor of variegation, enhancer of zeste, trithorax

NPC Nasopharyngeal carcinoma

NSCLC  Non-small cell lung cancer

SMYD SET and MYND containing motif

TNBC Triple negative breast cancer

ZMYND  Zinc finger MYND containing motif

1 Introduction

The proteins with the domain of zinc finger (zf)-myeloid-Nervy-deformed epidermal autoregulatory factor-1 (ZMYND)
type was initially identified in low organisms like Drosophila melanogaster; the proteins, as exemplified with DEAF-1
known as suppressin and later ZMYND-5, is a binding partner of the autoregulatory enhancer upstream of coding por-
tion of the Deformed (Dfd) Hox gene [1, 2].

In Drosophila melanogaster, different identities of cells along the anterior-posterior axes contribute to the pathway
components of the homeotic complex (HOM-C) genes. The coding homeoproteins recognize similar DNA sequence
with identical binding affinities and one of them recognizes a variety of DNA sequences, almost all of the proteins con-
tain a core sequence TAAT [3, 4]. Identification of the specific downstream target genes is essential for understanding
specification of HOM-C in axial patterning, it is therefore necessary to identify controlled target genes downstream of
the specific homeoproteins.

The homeotic gene Deformed has been recognized as a target of HOM-C regulated through autoregulatory activation
during embryonic development. Several autoregulatory elements have been identified; they possess the activities with
Deformed-responsive maxillary enhancers [2, 5]. It has been described that the 664-bp Deformed Response Element (1.28
DRE) in Drosophila, is potentially targeted by Deformed [2], directing maxillary-specific expression of a reporter gene
in transgenic embryos. In vitro, it has been found that the 1.28 DRE contains binding sites for Deformed and deformed
autoregulaotry factor-1 (DEAF-1), and was recognized as a novel protein from Drosophila nuclear extracts which binds
specifically to a site in this region. The protein termed DEAF-1 (Deformed epidermal autoregulatory factor-1) has been
shown to contain three conserved domains [2]. One of them includes a cysteine repeat motif that is similar with a motif
found in Drosophila Nervy and the human myeloid transforming gene 8 (MTG8) encoded proto-oncoprotein, and another
matches a region of Trithorax encoded by Drosophila genome. Site specific mutations in the response element improve
binding to DEAF-1 in vitro, and resulted in increased the embryonic expression of DEAF-1. These regions that bound by
DEAF-1 are not required for enhancer function [6].

The homeoproteins are activated in head segments of Drosophila embryo [2]. Several TTCG motifs within the portion
of the Dfd autoregulatory region are recognized by DEAF-1. In addition, DEAF-1 associates with similar motifs within
a Dfd response element (DRE) to enhance maxillary gene expression during embryogenesis [7]. Subsequently, a num-
ber of proteins with structural similarity are discovered; they are highly conserved among species and contain one to
several functional domains, with MYND in common, and perform different activities like recognition of genomic marks,
modifying arginine and lysine residues on histones, repressing gene transcription through molecular interaction and
protein degradation; they are implicated in innate immune response [8] in Drosophila, as well as tumor suppression,
and tumorigenesis.

It has been reported that a member of ZMYND protein family, ZMYND10, plays a role in the ciliary formation during
organogenesis. The core axoneme in Drosophila a central-pair microtubule apparatus is surrounded by nine peripheral
outer doublet microtubules, whereas motile embryonic node monocilia lack apparatus of the central-pair [9]. Studies in
ciliated organisms, including Chlamydomonas, and trypanosomes [10] have shown that the axoneme facilitates micro-
tubules (inner-dynein-arm [IDA] and outer-dynein-arm [ODA] bending via the dynein motors’ ability. In Paramecium
tetraurelia, the absence of ZMYND10 causes the abnormal localization of IFT43, a intraflagellar transport (IFT) protein
along cilia. These results suggest that ZMYND10 involves regulating ciliary function and IFT [11].

In primary ciliary dyskinesia (PCD [MIM 244400]) affected families, biallelic variants in ZMYND10 (MIM 607070; GenBank
Accession Number NM_015896.2) were found to be shared by affected individuals from each of families with biallelic
variants of interest [12]. Familial study of PCD reveals mutations in ZMYND10 and LRRC6 which interact. Certain ZMYND10
and LRRC6 mutations abrogate the interaction between CS domain in LRRC6 and C-terminal domain of ZMYND10 (Fig. 1)
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1-440 aa: Zinc finger MYND domain-containing protein 10 (length of amino acid: 440)
L A L A A A A

394-430 aa:. MYND-type (length of amino acid: 37)
7/

366-440 aa: Interaction with LRRCE (length of amino acid: 75)

Fig. 1 Scheme of linear structure with motif composition of ZMYND10 protein. A MYND domain with 37 residues capable of binding zinc,
conserved among ZMYND family proteins is located at the carboxylterminus, spanning the amino residues 394-430. A 75-residue motif is
responsible for interaction with leucine repeat rich component 6 (LRRC6) mutations within which lead to primary cilia dyskinesia. The figure
was adapted from [13], reused with permission from Atlas in Genetics and Cytogenetics of Oncology and Haematology

[13]. The two molecules are colocalized with the centriole markers SAS6 and PCM1. Mutations in ZMYND10 result in the
absence of DNAH5 and DNALI1 as the axonemal protein components, seen in respiratory cilia [14].

Study in human cancer cells suggests that ZMYND10 behaves as a signaling molecule, and, combined with the find-
ings of its downregulation in tumor tissues and cancer cells. It is regarded as a candidate tumor suppressor [15-171.
The tumorigenic and tumor suppressive of ZMYND proteins have been observed; their functions are exerted through
regulation of gene expression, and cell cycle progression. Oncogenic as well as tumor suppressive potential of ZMYND
proteins are discussed in details in the present paper. SMYD proteins and AML1-ETO/MTG8/ZMYND2, MTG16/ZMYND3,
MTG R1/ZMYND4, RACK7/ZMYND8, and BS69/ZMYND11 are well known to be implicated in carcinogenesis though
recruitment and modification of target proteins.

2 ZMYND proteins that modifying histone marks to regulate gene expression: ZMYND1,
ZMYND14, ZMYND18, ZMYND21, ZMYND23

2.1 Basic structure of SMYD family proteins

A group of proteins concurrently contain domains Suppressor of variegation [Su (var)), Enhancer of zeste, Trithorax
(SET) and MYND within their linear structure. The SET domain is a fragment with 130 to 140 amino acid residues, as an
evolutionarily well conserved sequence motif; it was initially described in the homologues Su(var) 3-9, Enhancer-of-zeste
and Trithorax in Drosophila [18, 19]. Up to now, five members have been identified. They are termed SMYD proteins,
forming a family with five members, that is SMYD1, 2, 3, 4, and 5. These proteins also fall into the family of ZMYND with
nomenclature of SMYD1/ZMYND18/BOP, SMYD2/ZMYND14/, SMYD3/ZMYND1, together with SMYD4/ZMYND21, SMYD5/
ZMYND23/retinod acid induced 15(RAI15). It has been known that SMYD proteins function to recruit lysine residues on
the histones, and catalyze methylation as lysine methyltransferase (KMT) of histone and non-histone proteins, SMYD1,
2, 3 are alternatively called KMT3D, KMT3C, and KMT3E.

The core SET domain of SMYD protein family with catalytic activity is split into two parts by the intervention of the
MYND domain [20]; and the MYND domain within remaining SET domain (C-SET) is separated by an intermediate linker
sequence acting as a binding cofactor to be implicated in protein—protein interactions (see Fig. 2) [21]. Among member
of the SMYD family, SMYD3 contains the domains with catalytic importance, forming a deep and narrow pocket for
substrate binding, apart from the classical SET domain [21]. MYND domain is associated with the interacting protein
partners through PXLXP motifs and stimulates the catalytic activity of SMYD proteins [22, 23]. The SET domain is split into
two segments (the S-sequence and a core SET domain) by the MYND domain. All members of this family have post-SET
and SET-I domains, while the C-terminal domain (CTD) is found in only SMYD1-4 [24, 25] (Table 1). The tetratricopeptide
repeats (TPR) is contained only in the amino(N)-terminus of SMYD4, as with SMYD5/ZMYND23/RAI15, the domain is
absent in N-terminus and in the carboxylterminal domain (CTD). The motif is important for interaction with the heat
shock protein 90 and amino acid residues on peptide tails of histones [26] (Table 1).

2.2 Catalytic activities to methylate histone exerted by SMYD family proteins.
A methyltransferase, Enhancer of zeste homolog-2 (EZH2) is the catalytic subunit of polycomb repressive complex-2

(PRC2). A sequence within the molecule is similar with enhancer of zeste [27, 28]. The PRC2-related proteins transcrip-
tionally silence tumor suppressor genes (TSGs) by catalyzing trimethylation of a repressive mark in lysine 27 of histone
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Fig.2 Scheme of linear 4 49 87 240 428
structure of ZMYND proteins ZMYND1 | | | |
with SET and MYND domains.
The MYND domains are
intervened in the longer SET 7 52 90 241 433
domains which are separated ZMYND14 [ | 1 |
by inserted fragments. The
numbers are defined as the

position of the amino acid 7 52 90 253 490
residues within the molecules ZMYND18 | | )| 1
233 2?6 3‘35 574 804
ZMYND21 | | |
21 98 136 352 418
ZMYND23 [ ] 1 (| ]

H3 (H3K27). Perturbations of PRC2 activity have been found in many cancers and pharmacological inhibitors of PRC2
are currently under evaluation [29]. Aberrant hypermethylation and enrichment of de novo methylation at PRC2-related
gene loci are commonly found in nasopharyngeal carcinoma (NPC) [30], a malignant tumor endemic in southern China,
Southeast Asia, Alaska, Greenland and Maghrebian countries in North Africa. Overexpression of EZH2 of has been found
in 46-80% of NPC tumor and is associated with advanced disease stage [30-32]. The effect of targeting PRC2 activity on
the growth inhibitory effect of platinum-based chemotherapy also warrants investigation given the important role of
chemotherapy in the treatment of NPC [33, 34].

As suggested by composition of motifs, as well as the generic names of some SMYD family proteins, they are members
of KMT family, functioning to catalyze methylation to residues of lysine 4 or 36 on histone 3 (H3K4, H3K36) or lysine 20 on
histone 4 (H4K20), also lysine residues on non-histone proteins like tumor suppressor p53 (TP53) or heat shock protein
90 (HSP90). H3K4 and H3K36 in form of methylation modification are active marks, while H4K20, like H3K9 and H3K27,
represses gene transcription on the status of some forms of methylation [35]. SMYD1/ZMYND18/ KMT3D/BOP plays a key
modaulating role in the embryonic heart development via inhibiting differentiation of cardiomyocyte and malformation
of the right ventricle, through regulation of gene expression via methylation of H3K4 in a locus-specific manner [36, 37].
The catalytic substrate of SMYD2/ZMYND14/KMT3C is H3K36 on the peptide tail stretching from the core of nucleosome,
as an active mark for transcription. In contrast to the tissue specificity of heart and skeletal muscles of SMYD1, its expres-
sion has been identified in different tissues [38, 39], and it behaves as an oncoprotein to repress the tumor suppression
exerted by p53 by modifying lysine 370 by methylation [40] and that of retinoblastoma through methylation on lysine
860 [41]. In the pancreas, SMYD2 exerts its function of oncoprotein in the cytoplasm by methylating of MAPKAPK3 on
its lysine 355. MAPKAPK3 is a kinase that participates in the Ras signaling pathway and involves stress and inflammation
responses [42]. SMYD3 was originally identified as a methylase of H3K4 and it is involved in the proliferation of colon
and liver cancer cells [43]. SMYD3 also catalyzes methylation of lysine 5 of histone 4 (H4K5) [44]. A study in breast cancer
suggests that re-expression of SMYD4 suppresses growth of tumor cells and inhibits formation of xenografted tumor
in nude mice. Microarray studies revealed that platelet-derived growth factor receptor alpha polypeptide (Pdgfr-alpha)

Table 1 Distribution of

. o Protein/domains TPR S MYND SET-1 Post-SET CTD Length?
functional domains in
members of SMYD family SMYD1 _ + + + + + 490
protein SMYD2 - + + + + + 433
SMYD3 - + + + + + 428
SMYD4 + + + + + + 804
SMYD5 - + + + + - 418

The rightest column is the full length of each protein with amino acid residues. The present data is
adapted from [26]

2The length is defined as number of amino acid residues
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is highly expressed in tumor cells. Re-expression of SMYD4 has been shown to significantly reduce the expression of
Pdgfr-alpha in tumor cells. In some specimens of human breast cancer tested reverse transcription-PCR results revealed
that SMYD4 expression was totally silenced. The finding revealed that SMYD4 exerts tumor suppression in breast cancer
through the partial inhibitory effect of PDGFa [45]. SMYDS5 regulates pro-inflammation genes through trimethylating
H4K20 and interacting with the NCoR corepressor complex and acts as a repression checkpoint restricting the expression
of toll like receptor 4 (TLR4) in macrophages [45];

It has been found that in addition to coding region of genes, H3K36me3 is enriched at promoters in primary cells.
SMYD5 has been identified to be recruited to chromatin by RNA polymerase Il, as a methyltransferase catalyzing
H3K36me3 at promoters. It has been reported that overexpression of full-length Smyd5, but not the C-terminal domain-
truncated Smyd5, restores H3K36me3 at promoters in Smyd5 knockout cells. Furthermore, elevated Smyd5 expression
contributes to tumorigenesis in liver hepatocellular carcinoma [46].

2.3 The activity of SMYD1 in muscle development

SMYD1 plays a crucial role in heart development. It has been described that SMYD1 catalyzes the methylation of H3K4
and non-histone proteins such as skeletal and heart muscle-specific variant of nascent polypeptide-associated complex
(skNAC). skNAC is exclusively found in striated muscle cells. The binding of skNAC with SMYD1 suggests the activity of
the complex in regulation of transcription. It has been reported that transcriptional control exerted by skNAC-SMYD1
was exerted by histone modification, in relationto the catalytic activities of SMYD1 including bi- and trimethylation, and
potentially acetylation. A series of target genes have been identified; they are genes encoding regulators of inflamma-
tion, cellular metabolism, and cell migration [47]. Defects of morphogenesis such as defects of cardiac outflow tract and
pancreatic and diaphragmic malformations can be caused by damage of GATA6, which is a pioneer factor in cardiac
development, regulating SMYD1 that activates heart- and neural crest derivatives-expressed protein 2(HAND?2), that
orchestrates outflow tract formation[48]. When apoptosis is triggered in cultured rat myoblasts (H9c2) with doxorubicin
(DOX) at 1 or 5 uM for 24 or 48 h, markers of oxidative stress, apoptosis and expression of proteins involved in epigenetic
processes were assessed. IT has been shown that DOX treatment causes severe cell death by apoptosis associated with
cellular oxidative stress, and proteins involved in epigenetic processes, histone deacetylases (SIRT1 and HDAC2), histone
lysine demethylases (KDM3A and LSD1) and SMYD1 were significantly regulated. Histone 3 acetylation in DOX-treated
cells is significantly decreased [49].

2.4 Theimplication of SMYD2 in the occurrence of cancer

Triple-negative breast cancer (TNBC), the type of the tumor in absence of expression of estrogen receptor (ER), proges-
terone receptor (PGR) and human epidermal growth factor receptor 2 (HER2) is a common and aggressive subtype of
breast cancer with poorer prognosis and shortened survival duration. It has been shown that the level of SMYD2 in TNBC
is correlated with tumor progression and poor prognostic outcome; and that inhibition of SMYD2 reverses malignant
transformation [50].

SMYD2 functions to methylate histone marks H3K4, and H3K36, and activates expression of target genes through its
interaction with corepressors [51, 52]. In addition to downregulation of p53 and Rb through methylation on their lysine
residues to accelerate cell cycle progression [40, 41], SMYD2 also methylates heat shock protein 90 (HSP90) [32] and
several sites in ERa to prevent its recruitment to the promoters of its target gene [51, 52].

Overexpression of SMYD2 has been reported in primary tumor samples of esophageal squamous cell carcinoma
(ESCC) and pediatric acute lymphoblastic leukemia (ALL); the expression level is correlated with a poor prognosis and
shortened survival of the patients [53, 54]. SMYD2 promotes the genesis of TNBC via activation of STAT3 and the p65
subunit of NF-kB, i.e. NF-kB3 [50]. It mediates methylation of histones to transcriptionally regulate the expression of
cancer driver genes. Knockdown of SMYD2 and inhibition of SMYD2 with The specific inhibitor, AZ505 knocks down and
inhibits SMYD2, and prevents the growth of TNBC cells xenografted in nude mice [50].

The important role of SMYD2 has been revealed by a growing number of studies in several types of cancer, including
breast, liver, and gastric cancers, in addition to leukemia, and ESCC [53-59]. Overexpression of SMYD2 protein is observed
in most primary tumor samples of ESCC, and in some ESCC cell lines. ESCC patients with overexpressed SMYD2 have a
lower overall survival rate than those with low level of SMYD2 expression [53]. In comparison with normal individuals,
mMRNA levels of SMYD2/3/5 are significantly increased and those of SMYD1/4 are reduced in patients of breast cancer.
SMYD2 mRNA expression level is associated with metastatic relapse in the relapse-free survival of breast cancer patients,
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indicating that SMYD?2 acts as a potential biomarker and prognostic indicator for this cancer [55]. In addition, overex-
pression of SMYD2 has been observed in hepatocellular carcinoma (HCC) [56, 57], gastric cancer [58], pancreatic ductal
adenocarcinoma (PDAC) [59], papillary thyroid carcinoma [60], and colon cancer [61]. In non-small-cell lung cancer
(NSCLC), multiple nonhistone proteins are modified by SMYD2 mediated methylation, and effects on tumors are gener-
ated by the modified activity of signaling pathways, for example, MAPKAPK3 in PDAC and ALK [62]. In HCC and thyroid
cancer, overexpression of SMYD?2 is positively correlated with enlarged tumor size, more rapid lymphatic invasion, more
potential tumor invasion, and higher TNM stage, as well as worsened overall rate of survival [57, 60, 63-66].

2.5 The implication of SMYD3 in occurrence of cancers

SMYD3 was originally identified as methylase of the histone mark H3K4 [671]. It is involved in the proliferation of cells of
colon and liver cancers and is also shown to catalyze methylation of H4K5 [68]. The discovery of SMYD3 and recognition
of its importance on the survival of liver and colon cancer cells have stimulated a number of studies to establish its solid
connection with cancer progression. It has been shown that overexpression of SMYD3 in different cancers is correlated
to severe clinical implications in the patients, with significant reduction of overall survival and with accelerated disease
progression towards more aggressive stages [68]. Overexpression of SMYD3 in breast cancer, with its impaired function
leading to inhibition of cell cycle progression of breast cancer cells in vitro, through induction of cell cycle arrest of GO/G1
[69, 70]; mechanistically SMYD3 promotes breast carcinogenesis by transcriptionally activating oncogenes like WNT10B,
N-myc, CrkL, RIZ and hTERT, cell cycle regulatory genes (cyclin G1, CDK2) and signal transduction pathway components
(STAT1, MAP3K11, PIK3CB) [70]. Downregulation of the RIZ1 H3K9 methylase by SMYD3 has been linked liver cancer cell
expansion in vitro, through DNA methylation of its promoter [71].

2.6 The biological activities of SMYD4 and SMYD5

In addition to a role in muscle and cardiac development, and other pathophysiological conditions, SMYD4 has been
defined as a tumor suppressor (review in [26]). An early study pointed to the role of SMYD4 as a tumor suppressor in
breast cancer. Subsequently, it has been demonstrated that re-expression of Smyd4 (in breast tumour cells in which
its expression had previously been suppressed) inhibited breast tumor cell and anchorage-independent growth [72].

SMYDS5 has also been known for its methyltransferase activity; it mediates H4K20me3 marks at DNA sequences with
LINE/LTR repeat [73]. By silencing lineage-specific gene expression, SMYD5 promotes mouse embryonic stem (ES) cell
self-renewal; in this case, SMYDS5 is recruited by LINE- and LTR-repetitive DNA elements to the vicinity of differentiation
genes and they were maintained silenced due to the deposition of H4K20me3 marks. Heterochromatin formation and
chromosome condensation are regulated in part by SMYD5 and silencing of endogenous retroviruses (ERV) in ES cells is
mediated by H4K20me3 marks and interacting with chromatin repressors heterochromatin protein 1 (HP1) [74]. A role for
histone-modifying enzymes mediated by The ERV-silencing properties of the H3K9 methyltransferase ESET is implicated
during differentiation in heterochromatin formation and silencing of repetitive DNA elements. It has been shown that
H4K20me3 is deposited at the promoters of a subset of these genes by the histone methyltransferase SMYD5 through
its association with co-repressor N-CoR [74]. SMYDS5 has been reported to be involved in the active basal repression of
Toll-like receptor (TLR)4-responsive promoters in macrophages, by catalyzing trimethylation of H4K20me3. In zebrafish,
it has been claimed that SMYD5 is a key regulator of both primitive and definitive hematopoiesis [75].

3 ZMYND proteins that complex with co-repressors to regulate gene transcription: ZMYND?2,
ZMYND3 and ZMYND4 and ZMYND5

3.1 The implication of molecular interaction of CBFA proteins in leukemogenesis

The proteins ZMYND?2, 3, 4 were initially identified as the coding products synthesized by the fused genes formed by
chromosomal aberrations during the genesis of some hematopoietic neoplasms, for example, acute myeloid leukemia
(AML). Among these, ZMYND?2 is encoded by Eight-Twenty-One (ETO)- myeloid translocation gene on chromosome 8
(MTGS) [76, 77]. Proteins ZMYND2, 3, 4 are alternatively termed CBFA2T1, CBFA2T2, and CBFA2T3, or RUNX1 Transloca-
tion partners 1, 2, and 3 (RUNX1T1, RUNX1T2, RUNX1T3). The nomenclature suggests that the genes are fused with
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transcription factor RUNX1 on chromosomal translocation, similar with the most common malignancy associated karyo-
type, t (8:21) seen in AML.

The structure of proteins ZMYND 2-4, is characterized by the presence of four conserved domains within the molecule,
named Nervy homology regions 1-4 (NHR1-4) because of their sequence homology with that of the Drosophila protein
Nervy (review in [77-79]). Two of these domains, NHR2 and NHR4, carry information for distinct but an altered histone
code at target sites of hematopoietic gene [80]. All four NHRs interact with a wide range of regulatory proteins. The NHR1
region, sharing a homologous domain to TATA binding protein-associated factors (TAFs) [81], it involves transcriptional
inhibition through displacement of P300/CREB-binding protein (CBP) coactivators [82, 83]. During leukemogenesis NHR2
oligomerizes with corepressors like the N-CoR/silencing mediator of retinoic acid and thyroid hormone receptor (SMRT),
mSin3a, and histone deacetylases (HDACs) [26, 84].

NHR3 contains a coiled-coil structure to recruit transcriptional factors and NHR4 has two zinc-finger domains shown
to recruit N-CoR/SMRT/HDAC transcriptional repressors [85]. Zinc finger MYND region in their carboxyltermus is referred
to NHR4 in some reports [26]. The proteins are hence defined as members of ZMYND family. The motif composition of
molecules in this group is summarized in Table 2.

The CBFA 2T1/RUNX1T1 gene is unexpressed or is expressed at a low level in normal hematopoietic cells [86]. The
nonhomologous balanced translocation t(8;21)(q22;q22), involving fragment reciprocation between the chromosomes
8 and 21,with fusion of genes RUNX1-RUNX1T1 [87]. The translocation t(8; 21)(g22;q22) is the most common cytogenetic
aberration in de novo AML [88]. It has been seen in 4%-12% of adult and 12-30% of pediatric de novo reported cases
of AML and is the most common malignancy related karyotype in human leukemias [89]. RUNX1T1 is transcriptionally
inactive. In turn, RUNX1-RUNX1T1 gene encodes a fusion protein termed myeloid translocation gene on chromosome
8 (MTGS8) with the properties with transcription repression. It is believed that the translocation t(8; 21)(g22;922) coding
for a protein plays a critical role in the initiation of leukemogenesis in hematopoietic progenitor/stem cells [90, 91].

The product encoded by fused genes formed by the chromosomal translocation of (RUNX1)-/RUNX1T1/Eight-Twenty-
One (ETO), and generates the RUNX1-ETO oncoprotein [92]. The cytogenetic aberration occurs during genesis of acute
leukemia and other types of the lymphohematopoietic neoplasms and the fused gene encoded protein is highly
expressed in the malignancies [93]. The chromosomal translocation reactivates RUNX1 and contributes to the develop-
ment of leukemia. In addition, the absence of RUNX1T1 gene expression in leukemia cells obscures the structural and
functional organization analysis of the RUNX1-RUNX1T1 fusion gene.

ZMYND 2 is encoded by ETO, also known as MTG8. Physiologically, ZMYND2 functions to repress gene transcription
through interaction with co-repressor complexes, like nuclear corepressor (N-CoR) or mammalian Sin3A.

During t (8; 21)(922;922) the capacity of ZMYND?2 to bind a repressor SIN3A is pertubed in this context, and leuke-
mogenesis is achieved as a result [92, 93]. We have recently reported that another member of ZMYND family, ZMYND10
encoded by tumor suppressor BLU on chromosomal 3p region binds Sin 3A and this may contribute to its tumor suppres-
sion through modulation of proliferation and apoptosis related gene expression [93, 94]. The repressive potential on gene
expression of AMLT-ETO/MTG8/ZMYND?2 is disturbed when it is fused with RUNX1 on t (8; 21) (q22; q22) translocation,
and this facilitates leukemogenesis.

Table 2 Motif composition Proteins /parameters ZMYND2/ ZMYND3/ ZMYND4/ ZMYND5
of Nervy homolog regions RUNXTT1% RUNX1T2 ** RUNX1T3
containing proteins of ZMYND
family Full length* 577 575 653 565
TAFH/NHR1 95-184 86-175 173-262 -
NHR2 domain like 310-376 302-368 379-445 -
NHR2 - - 394-412 -
NHR3: - - 485-533 -
SAND - - - 200-272
MYND/HNR4 488-524 478-514 556-592 504-540

“All number in the chart are defined as the position of amino acid residues; **isoform A of the these
encoded proteins are entered comparison. The data were retrieved from https://www.ncbi.nlm.nih.gov/
protein/ or https://www.ncbi.nIm.nih.gov/gene. TAFH: homology to TAF
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3.2 DEAF-1/ZMYND5 contributes to carcinogenesis through gene expression regulation

The protein ZMYNDS is alternatively called DEAF-1. It contains two conserved domains, the SAND (Sp100, AIRE-1,
NucP41/75 and DEAF-1) domain and a cysteine rich MYND domain. Initially SAND was named KDWK after the core of
conserved amino acid residues [94, 95]. The DEAF1 transcription factor gene encodes a zinc finger domain-containing
protein that functions as a regulator of transcription. Functionally, the encoded product is similar with ZMYND?2, 3, 4.
SAND domain possesses DNA binding activity.

DEAF-1 is an important transcriptional regulator that is required for development of embryo and clinically linked to
depression and suicidal behavior in human individuals [95-97]. It has been shown that deletion of the MYND domain
in human DEAF-1 reduces the effectiveness of DEAF-1 in transcriptional repression of promoter of the encoding gene
for nuclear ribonucleoprotein A2/B1. DEAF-1 is a binding partner of LMO4 playing an important role in development of
mammary gland and genesis of breast cancers [98]. In vitro and in vivo overexpression of DEAF-1 was found to promote
proliferation of mammary epithelium [99]; its role in breast cancer occurrence suggests of its activity as an oncoprotein.
DEAF-1 has also been known to interact through LMO4 with the tumor suppressor BRCA1, potentially linking it to sup-
pression of breast cancer development [100].

Protein interactions of DEAF1-DEAF-1 and DEAF1-Ku70 are mediated by the SAND domain of the protein DEAF-1 [96],
and specific mutations in the domain result in moderate to severe asyndromic intellectual disability in humans. These
mutations eliminate or greatly reduce both interactions of DEAF-1 with TTCG-containing DNA sequences and hence its
transcriptional repression on its own promoter [97]. DEAF-1 has been shown to be linked to cancer [98, 101], autoimmune
disorders [99] and production of interferon-f3 [100]. In mice DEAF-1 deficiency leads to neural tube closure defects [101].
A nuclear export signal is located with DEAF-1 molecule to act as part of a second interaction domain of DEAF-1-DEAF1
and DEAF-1-LMO4 proteins [102-104].

Other protein—protein interactions are mediated by cysteine rich MYND domain on its C-terminus [105]. The MYND
domain within human DEAF-1 spans residues 501-544 as determined by NMR spectroscopy. It is a cysteine-rich module
containing a Cys(4)-Cys(2)-His-Cys (C4-C2HC) tandem zinc binding motif, to mediate transcriptional regulatory activity
through interactions with cofactors such as N-CoR and SMRT. Similar with the MYND domains within the molecule of
AML1/ETO and other ZMYND proteins, the domain DEAF-1 MYND adopts a Bfa fold that exhibits tandem zinc-binding
sites with a cross-brace topology. It has been shown that the MYND domain of DEAF-1 binds to corepressors SMRT and
N-CoR. The binding surface is similar to that previously reported for AML1/ETO/ZMYND2 [106-109].

4 ZMYND proteins acting as genomic reader associated with chromatin marks: ZMYNDS8,
and ZMYND11

4.1 ZMYND8 and ZMYND11 recognize and recruit histone marks to regulate gene expression

The proteins RACK7/ZMYND8 and BS69/ZMYND11 are cancer related; they are tumor suppressive or oncogenic with
context dependency upon histologic origin. The two proteins have identical motif composition, with plant homeodo-
main (PHD), BROMO and Pro-Trp-Trp-Pro (PWWP) tandem domain (Fig. 3). These domains function to recognize and
bind chromosomal marks, and they both contain a conserved MYND motif function to recognize and bind chromosomal
marks [110].

PHD Bromo PWWP
ZMYNDS8

—-7—< [

ZMYND11 n D‘4

Fig. 3 The scheme of motif composition of two ZMYND proteins, RACK7/ZMYND8 and BS69/ZMYND11. They have identical conserved
domains with similar activities in histone interactions and genomic reading, and hence implicate in carcinogenesis. The number defines the
position of the full length of the molecules with number of amino acid residues, based on individual entry of uniprot. Org, retrieved on Sep-
tember 28, 2020. It has been reported that MYND domain on the C-terminus of ZMYND8 possesses the ability to bind a demethylase, JARID
1D [110]
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ZMYND 8 was initially identified as an activated binding partner of protein-kinase-C (PKC), and is alternatively called
RACK7 [111, 112]. It is a member of the protein family of receptor for activated C-kinase (RACK); molecules of this pro-
tein family anchor activated PKC and maintain its increased level of phosphorylation and duration of inactivating state;
ZMYNDS8 contains a PWWP chromatin-binding domain, a bromodomain (BRD), a plant PHD type zinc finger for pro-
tein—protein interaction; the PHD-BRD-PWWP (PBP) domains are readers of histone marks to recognize several acetylated
and methylated lysine residues, including acetylated lysine 14 of H3 (H3K14ac), H4K16ac, and di- and tri-methylated
H3K36 (H3K36me2, H3K36me3) [112-114]. The MYND domain of RACK7/ZMYND8 is mapped on its carboxyterminus
spanning the amino acid residues 1028-1062. It has been identified as a transcriptional corepressor; it binds JARID1D
known as H3K4 demethylase through interaction mediated by its MYND domain [110]. ZMYNDS8 is a histone reader mainly
targeting to the dual marks H3K4me1 and H3K14ac and that the signature H3K4me1-H3K14ac manifests as a repressive
signature for metastasis-linked genes; it has been shown that an anti-invasive factor against prostate cancer metastasis
mediates downregulation of metastasis-linked genes [110]. The support of angiogenesis by ZMYND8 has suggested of
its tumorigenic potential [115].

The coding gene for the protein BS69/ZMYND11 is harbored in the chromosomal region 10q22. ZMYND11 also con-
tains several histone “reader” modules, including a domain of PHD, a bromodomain, and a PWWP domain, suggesting
of its molecular activity involving chromatin regulation; it recruits chromatin mark H3K36 through interaction of PHD-
Bromo-PWWP tandem domain [116]. The capacity of ZMYND11 to bind transcription factors C-, B-Myb, MGA, EST2,
together with histone modifying enzymes MLL, EZH2, HDAC, KDM3B, NSD1 and corepressor N-CoR has been described
(Table 3), [117]. The effect on gene expression regulation exerted by ZMYND 11 remains to be in depth investigation.

BS69/ZMYND11 was originally identified as a protein binding adenovirus encoded early antigen E1A and inhibits
its transactivation potential [118-120]; The MYND domain on C-terminus of BS69 binds to the PXLXP motif of ETA and
Epstein-Barr virus (EBV) determined nuclear protein 2 (EBNA2) [121]. BS69 interacts with EBV encoded transforming
membrane integral protein, latent membrane protein 1 (LMP1) through its MYND domain, acting as a scaffold protein
in the LMP1-mediated JNK pathway through interacting with a co-factor of tumor necrosis factor (TNF) receptor, TNF
receptor associated factor 6 (TRAF6) [122]. The functions of MYND domain within BS69/ZMYND110n ligand binding and
molecular interactions have been studied. The interaction between BS69 and its binding proteins of viral and cellular
origin requires distinctively charged residues flanking the folded MYND domain, suggesting of a distinctive binding
mode; the MYND domain of BS69/ZMYND11 is a conserved zinc binding fold of importance in transcriptional regula-
tion by mediating distinct its molecular interactions with the known viral and cellular proteins [102]. Data also suggests
that BS69 downregulates interleukin (IL)-6 mRNA expression induced by NF-kB and LMP1. It has been found that BS69
acts as an endogenous negative regulator of LMP1-induced NF-kB activation by displacing TRADD from the association
with LMP1 [123].

4.2 Cancer related ZMYND 8 and 11are abnormally expressed in malignant tissues

RACK7/ZMYNDS8 has been identified to downregulate metastasis linked genes acting as a transcriptional corepressor
collaborating with a histone demethylase. ZMYNDS8 acts as a reader associating with the dual histone mark H3K4me1-
H3K14ac through the PHD/Bromo domain cassette and it has been known the marks H3K4me1-H3K14ac serve as a
gene-repressive signature for metastasis-linked genes [124].

ZMYNDS8 is implicated in occurrence of cancers in a manner dependent on tumor typel; its expression level is varied
among different type of tumors (Fig. 4). It contributes to either carcinogenesis or tumor suppression. In breast cancer
and prostate cancers, ZMYND8 has been reported as a tumor suppressor that cooperates with the histone demethylases,
KDM5 family functions to remove methyl group from the mark H3K4me3, such as KDM5C [110, 125]. It has been reported
that ZMYNDS is overexpressed at protein and mRNA levels in considerable amount of hepatocellular carcinoma (HCC)
cases. High level of ZMYNDS8 expression has been shown to be significantly correlated with microvascular invasion, high
Edmondson grade, and elevated level of alpha-fetoprotein. Overexpression of ZMYND8 mRNA has been suggested as
an independent prognostic factor predicting early recurrence and short recurrence-free survival (RFS) [126]. It has been
shown that, however, upregulation of ZMYND8 by hypoxia-inducible factor (HIF) or ZMYNDB8 overexpression via positive
feedback of the estrogen receptor (ER) pathway was correlated with poor prognosis in patients of breast cancer [127].
These findings reveal that ZMYND8 is oncogenic.

ZMYNDS is essential for AML proliferation in vitro and in vivo. It has been shown that ZMYNDS8 associates with oncopro-
tein MYC and interferon regulatory element 8 (IRF8) enhancer elements in cell lines and in patient samples. ZMYND8 occu-
pancy at IRF8 and MYC enhancers requires a transcription coactivator BRD4 which is also necessary for AML proliferation.
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Fig.4 Expression profile of ZMYNDS8 and 11 in cancer and control normal tissues. A The profile of ZMYND8 expression in cancers. The data-
base derived scheme suggests that the levels of ZMYNDS in breast invasive carcinoma (BRCA) and hepatocellular carcinoma (LIHC) are
elevated, while in cervical squamous cell carcinoma (CESC) the level is not different in malignant versus normal tissue; in AML (LAML) the
expression level of ZMYND8 is remarkably downregulated (*p < 0.05). B The scheme of ZMYND11 expression with a new one with profile in
different cancers. The expression of ZMYND11 is significantly downregulated in cervical carcinoma (*p <0.05), and also slightly downregu-
lated in colon adenocarcinoma (COAD), lung adenocarcinoma (LUAD), and lung squamous cell carcinoma (LUSC) (http://gepia2.cancer-pku.
cn/#analysis, retrieved on November 21, 2022)

ZMYNDS8 binds to the ET domain of BRD4 via its chromatin reader cassette, which is required for proper chromatin
occupancy and maintenance of leukemic growth [128].

27-Hydroxycholesterol (27-HC) is the most abundant oxysterol that increases the risk of breast cancer progression.
Data from mouse mammary tumor and human breast cancer models show that the ZMYND8 acting as histone reader
was selectively expressed in breast cancer stem cells (BCSCs) and promotes epithelial-mesenchymal transition (EMT).
Mechanistically, ZMYND8 was a transcriptional regulator of 27-HC metabolism. It increased cholesterol biosynthesis
and oxidation but blocked cholesterol efflux and 27-HC catabolism, leading to accumulation of 27-HC in BCSCs. The
results obtained support that 27-HC promoted EMT, oncogenic transformation through metabolic reprogramming [129].
Cholesterol metabolism contributes to the genesis of colorectal cancer (CRC). The effect of the inhibitor of cholesterol
biogenesis mevalonate (MVA) pathway has been investigated. YAP-mediated ZMYND8 expression sensitizes intestinal
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tumors to the inhibition of the pathway. The oncogenic activity of YAP relies largely on ZMYND8 to enhance intracellular
de novo cholesterol biogenesis [130].

It has been known that ZMYNDS also exerts tumor suppression. It has been demonstrated that (ZMYNDS8 suppresses
stemness, drug resistance, and tumor-promoting genes, which are hallmarks of cancer. The ability of ZMYND8 to chemo-
sensitize doxorubicin-treated metastatic breast cancer cells by downregulating tumor-associated genes was further
confirmed. Overexpression of ZMYNDS in doxorubicin-treated cells stimulated those involved in a good prognosis in
breast cancer. And ZMYND8 modulates the bivalent or poised oncogenes through its association with KDM5C and EZH2,
thereby chemo-sensitizing the cells to chemotherapy for better disease-free survival [131].

Perturbation of ZMYND8 promotes initiation and progression of cancers. In fact, ZMYND8 is an antigen associated with
cutaneous T-cell lymphoma [132]. In addition, chimeric transcripts of ZMYND8-v-rel reticuloendotheliosis viral oncogene
homolog A (avian) (RELA) were reported in a pediatric patients with acute erythroid leukemia, known as a type of AML
[133]. The fused gene constitutively activates NF-kB in AML cells, as the RELA gene is a member of NF-kB family. The
formation of the fused enables NF-kB 3/p65 to be under the control of the ZMYND8 promoter [133].

In breast cancer cells, ZMYNDS8 is expressed as a fusion protein with centrosomal protein 250 (CEP250), a factor required
for centriole-centriole cohesion during interphase of cell division [134]. In mismatch repair-deficient colorectal cancers
(CRC) ZMYNDS8 has a mutation rate of 19% [135]. The gene ZMYNDS8 is located within a chromosomal region with recur-
rent alterations of somatic copy number in high-grade serous ovarian cancer [135]. An increased copy number (two to
six copies) of ZMYND8 has been identified in prostate cancer derived cells [136].

A recurrent chromosomal translocation t(10; 17)(p15; g21) in-frame fuses an N-terminal gene segment of coding gene
for ZMYND11, with the entire coding region of Malignant Brain Tumor domain containing 1 (MBTD1) and generates an
abnormal chimeric gene named ZM [115, 137, 138]. It is detectable among a subset of AML patients. Clinically, a minimally
differentiated cell phenotype is displayed in ZM-positive AML cases and poor prognosis-related gene markers (such as
HOX cluster genes) are expressed, indicative of adverse outcome [139]. The recurring chromosomal translocation t(10;17)
(p15;921) involving coding gene of ZMYND11 is present in a subset of human acute myeloid leukemia (AML) patients. It
has been shown that ZM confers primary murine hematopoietic stem/progenitor cells indefinite self-renewal capabil-
ity ex vivo and causes AML in vivo. It has also been revealed that ZM directly binds to and maintains high expression of
pro-leukemic genes including Hoxa, Meis1, Myb, Myc and Sox4, and recruits the NuA4/Tip60 histone acetyltransferase
complex to cis-regulatory elements, sustaining an active chromatin state enriched in histone acetylation and devoid of
repressive histone marks. The essential requirements of Tip60 interaction and an H3K36me3-binding PWWP (Pro-Trp-
Trp-Pro) domain for oncogenesis have been demonstrated [140].

The MYND domain of BS69/ZMYND11 recruits co-repressors such as N-CoR and HDAC complexes [141]. Its implica-
tion in carcinogenesis is manifested to be dependent on a tissue origin; it has been reported that it has a copy number
variation (CNV) in acute myeloid leukemia [142]. Data exploited from mining, as well as our experimental observation
revealed that ZMYND 11 is downregulated in solid cancers, notably in ovarian cancer (Fig. 4).

5 ZMYND proteins that contain only MYND domain with less characterized functions:
ZMYND7, ZMYND9, ZMYND10

5.1 ZMYND proteins with similar structure but variant biological activities

Among members of the ZMYND family, programmed cell death 2 (PDCD2)/ZMYND?7, ubiquitin specific protease
19(USP19)/ZMYND9, and beta catenin in lung cancer (BLU)/ZMYND10 only contain MYND motif in their respective car-
boxylterminus, with length between 30 and 40 amino acid residues. The alignment of sequence using online software
Clustal reveals a similarity between USP19/ZMYND9 and BLU/ZMYND10 greater than that between PDCD7/ZMYND7 and
BLU/ZMYND10 (Fig. 4). The position and length of the MYND motif of the proteins are indicated in Table 4. They have
distinctively different, and less characterized biological functions. PCDC2 is a proapoptotic molecule implicating in the
development and maturation of lymphoid organ, similar with the protein of the PDCD family, PDCD 5 [143]. It has also
been known as a TSG [144].

USP19/ZMYND9 is a deubiquitinase, capable of stabilizing the KPC1 (Kip1 ubiquitylation-promoting complex 1) ligase
for p27Kip1, c-IAP1, and inhibiting the degradation of an anti-apoptotic molecule cellular inhibitor of apoptosis (clAP)
[145]; while it has been reported that BLU/ZMYND10 which engages intracellular NF-kB pathway to downregulate its
transcriptionally activated factor like clAP2 [17]. USP19/ZMYND?9 also interacts with HIF-1a and several components of
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Table 4 Motif composition Proteins/parameters ZMYND7 ZMYND9 ZMYND10
of PDCD2/ZMYND7, USP19/
ZMYND?9, BLU/ZMYND10 Full length 344 1318 440

s - 113-202

cs2 - 282-384

uUsP 497-1214

MYND 135-172 (38) 791-833 (43) 394-430 (37)

The linear structure shows that USP19/ZMYND9 contains additional functional regions C1, C2 and USP
which possesses catalytic activity of ubiquitin protease. The numbers denote the position of amino acid
residues, and those in brackets showing the length of the fragment. The three proteins share the domain
of ZMYND

the hypoxia pathway to inhibit their degradation in a deubiquitinase independent manner [146-148]. It has been found
to positively regulate autophagy; it removes K11-linked ubiquitin chain of the autophagy executor Beclin-1 at the residue
lysine 437 and hence stabilizes Beclin-1. USP19/ZMYND?9 also negatively regulates signaling pathway of type | interferon
(IFN) with dependence of Beclin-1 [149]. There is data showing that the level of USP19 serves as an indicator of clinical
outcome of breast cancer; its implication in carcinogenesis, however, remains to be further characterization [150].

5.2 BLU/ZMYND10 has been shown to be downregulated in tumors, with tumor suppression to be
mechanistically characterized

BLU is mapped on the fragment LUCA (deleted in lung cancer) of region p21 on the short arm of human chromosome
3 (3p21). It was initially identified as a frequently deleted fragment in lung cancer; the term BLU was derived from beta-
catenin like fragment in lung cancer [151]. Subsequently it was discovered that BLU is inactivated in a variety of human
cancers through different approaches including genetic deletion and epigenetic silencing. The silence of BLU has also
been described in, glioma [152], gallbladder cancer [153], cervical cancers [154], and NSCLC [155].

The coding product of BLU is termed ZMYND10, which is a ZMYND protein with a MYND domain with a length of 34
amino acid residues [13]. The expression of ZMYND10 has been found to absence in 20% of hepatoma cases [156], and
a number of esophageal squamous cell carcinoma (ESCC) [157]. NPC has been known as a tumor endemic with certain
regions in the world, including southern China and Southeast Asia [158]. In Asian NPC, loss of homozygosity (LOH) is
frequently detected at several chromosomal regions, particularly the locations 3p, 9p, 11q, 13q and 14q [159-164]. It has
been reported that the anomaly in 3p is among key changes during occurrence of NPC [159]. A high frequency of LOH in
3p was also found in normal nasopharyngeal epithelial cells and precancerous lesions in individuals from endemic areas,
suggesting that the inactivation of TSGs in this chromosome might be an early event in the genesis of NPC [159]. Coding
genes for p16/CDKN2A and RASSF1A on 9p and 3p respectively have been recognized as main TSGs in NPC [159-164].
Mutability of RASSF1A has been reported in NPC [165]. CCND1 coding for cyclin D1(cycD1) has been observed to be
amplified in NPC epithelium; the role played by cycD1 in EBV mediated transformation has been documented [165].

The inactivation of BLU/ZMYND10 due to promoter hypermethylation has been observed in clinical specimens, as
well as passaged cell lines of NPC. Its promoter hypermethylation was detected in the primary tumors, but not in normal
nasopharyngeal epithelium [166, 167]. The expression of BLU is correlated to a favorable prognosis, prolonged survival of
NPC patients [168]. It had been reported that BLU is expressed in a stress-responsive manner, in NPC tumors the expres-
sion is disrupted by either epigenetic or genetic mechanisms [167]. How BLU coding protein regulates downstream
biological events, remains to be elucidated.

Several tumor suppressor proteins with zinc finger of different types within the molecule have been found to regulate
gene expression by engagement of intracellular signaling pathways. It has been reported that ZNF 569, with a KRAB and
ZNF domain of zinc finger, is a protein expressed in most of the examined human adult and embryonic tissues; it level
is higher in muscle of heart and skeleton. In COS-7 cells ZNF569 inhibited the activities of transcriptional regulation by
SRE and AP-1 similar with the activity of siRNA against ZNF569. The data also suggest that it represses gene transcription
to suppress MAPK signaling pathway, so as to mediate cellular functions [169]. Another molecule, ZNF411 as member of
the same zinc-finger protein family, has also been recognized as a transcription factor, working as a negative regulator
in MAPK signaling pathway [170].

Based on structural similarity, it had been speculated that ZMYND10 exerts its biological activities through engag-
ing intracellular pathways and hence regulating gene expression. We have shown that re-expression of BLU in NPC,
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esophageal cancer derived cells inhibits the pathways of JNK and ERK of MAPK family, downregulating the kinase catalyz-
ing protein phosphorylation modification [16]; the axis of MAPK-cyclin D was inhibited, and the cells arrested at G1 phase.
The tumor suppressor gene on 3p21, RASSF1A, suppresses tumor formation through negative regulation of oncogene
Ras [171], and it has been recognized as the key tumorigenic gene in NPC on mutational or epigenetic inactivation. We
have observed that similarly with RASSF1A, BLU/ZMYND10 interferes the activity of mutant Ras to prevent cancer cell
proliferation by inhibiting MAPK/ERK signaling [172].

Proteins of ZMYND family with tumor suppressive potential antagonize occurrence of tumors by repressing gene
transcription; the activity is achieved by association of repressors, like MRT, N-coR or SIN 3A or SIN3B. The molecular
interactions with the co-repressors in context of leukemogenesis have been extensively studied in ZMYND 2, 3 and 4,
encoded by genes which are fused with molecules with transcription factors [80, 82, 83]. We have recently described that
ZMYND10 is associated with SIN3A when re-expressed in a hepatoblastoma line HepG2 [94, 96]. The implication of such
binding in the genesis of the liver cancers remains to be characterized, the data, however, supports that BLU/ZMYND10
contribute to suppressing tumor formation through transcription repression.

ZMYND proteins which are recognized to be tumor suppressors in both hematopoietic and solid neoplasms, ZMYND8
and 11 possess functional domains to recognize histone code or recruit histone modifying enzymes, for example lysine
demethylases. ZMYNDS8 inhibits migration of breast cancer cells through genomic reading activity of recognizing histone
mark [38]. And the ZMYND11 protein with reading ability of an active mark H3K36 has been shown copy number varia-
tion (CNV) in certain type of lymphoma, suggesting its possible role in tumorigenicity [142]. We have recently reported
that the expression of BLU/ZMYND10 induces a repressive histone mark trimethylated lysine 9 of histone 3 (H3K9me3)
in lung cancer line H1299 or hepatoblastoma HepGz2, both cell lines are absent of BLU expression during in vitro culture
[95]. It had been shown that methylated H3K9 is recruited to the promoter region of CCND1 coding for cyclin D1 [38].In
H1299 cells with elevated H3K9me3, the expression level of G1 cyclin, cyclin D1 was downregulated correlated with the
altered cell cycle profile, that the cells were arrested at G1 phase; in HepG2 cell ectopically expressing BLU/ZMYND10,
the elevated H3k9me3 level was correlated with concurrently reduced cyclin D1 and a G2 phase cyclin, cyclin B1, and
the cells were arrested at G1 and G2 phases [95]. The data suggests that a candidate tumor suppressor BLU/ZMYND10
engages intracellular signaling pathway, associates with components of co-repressor complex, and induces repressive
histone mark through a possible interaction with modifying machinery of histone code, to downregulate gene expres-
sion so as to inhibit cell cycle progression, and potentiate apoptosis and hence contribute to tumor suppression.

These findings raised the possibility that BLU/ZMYND10 targets to some histone modifying enzymes to alter the level
of some modified epigenetic codes on peptide tail of H3. While global screening of how multiple epigenetic codes act
on ZMYND10 mediated tumor suppression remains to be done, reversing of H3K9 demethylation by ZMYND10 lead-
ing to repressing expression of cell cycle regulator has been suggested, as supported in part by some published work
[38]. H3K9 is specifically modified by a group of demethylase of lysine, termed KDM4, some of which have been known
as oncopoteins. A member of the family, KDMA4C, alternatively called gene activated in squamous cancer 1(GASCT). It
functions to demethylate methylated H3K9 so as regulate architecture of chromatin and gene expression [173-176]. A
transformed phenotype including increased proliferation, anchorage-independent growth, growth factor independent
proliferation, disorganization of cellular architecture, and increased mammosphere formation has been observed in non-
transformed mammary epithelial cells overexpressing GASC1 [177]. Its expression has been shown to be correlated with
the outcome of ovarian cancer [178]. Study in ESCC suggests that a significant association with lymph node metastasis
(P=0.030) and tumor-node metastasis stages (P=0.013) was noted in cases with its nuclear expression. Analysis with
Kaplan-Meier survival analysis revealed a tendency with poor survival of ESCC patients associated with high expression
of GASC1 [179].

Accumulating evidence suggests the cancer drivers KDM4A, KDM4B, and KDM4C are overexpressed leading to the
efficient growth, in a variety of human malignancies including breast, colorectal, lung, prostate, and other cancers.
Among them amplification KDM4A and KDM4B are observed in gastric cancer, neuroblastoma, and ovarian cancer [178,
180-182]. KDM4A interacts with the co-repressor N-CoR to suppress the TRAIL-DR5 pathway and KDM4A meanwhile
functions as a key regulator in metabolism of tumors via E2F114 [183]. KDM4B plays a role in DNA repair and in trigger-
ing of mitochondria dependent apoptosis, and reprograms the genomes to control cell arrest in somatic cells isolated
from cloned embryos [184]. The activities of KDM4A-4C to coactivate androgen receptor and estrogen receptor, imply
of their application as promising epigenetic drug targets [185-189].

Our working hypothesis on the mechanism of BLU/ZMYND10 in repressing gene expression is that it binds some
modifying enzymes notably histone demethylases and blocks their activity so as to increase the level of the repressive
mark(s) on histone 3 which is mostly regulated by modification with methylation.

@ Springer



Discover Oncology

(2022) 13:139

| https://doi.org/10.1007/512672-022-00597-9

Fig.5 Sequence alignment

of conserved regions of
PDCD2/ZMYND7, USP19/
ZMYND9 and BLU/MZYND10.
A The complete sequence of
PDCD2/ZMYND7 and partial
sequence of USP19/ZMYND9,
BLU/ZMYND10 shows the por-
tion of identity. The sequence
of each protein in FASTA
format was derived from
uniprot. org database, and
aligned with online software
Clustal Omega. In the selected
region, the asterisk (*) indi-
cates identical residues and
the point (.), chemically similar
amino acid. B In the MYND
region (underlined), the arrow
suggests identical residues
between ZMYND9 and 10;
while the triangle suggests
identical residues between
ZMYND7 and 10

A

sp| 075800 | ZNY 10_HUMAN
sp|Q16342 |PDCD2_HUMAN
sp| 094966 |UEP 19_HWMAN
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Review

5p| 075800 | Z4Y10_HUMAN
sp| Q16342 PDCD2_HUMAN
5| 094966 |UBP 19_HIBAN

6 Conclusion

The proteins of the ZMYND family are highly conserved among species, and are involved in embryonic development as
well as carcinogenesis. More than 20 members identified to date contain a common zinc finger- MYND motif, together
with different functional domains responsible for molecular interactions like binding and recruitment of active molecular
to target sequence, association with transcription regulators, mainly repressors, and catalyzing modification of histone
and nonhistone proteins. It has been known that the proteins exert oncogenic potential or tumor suppression during
the occurrence of tumors. Precise elucidation of their activity would lead to their utilizition as anticancer therapeutic
targets, in complementary to the routine treatment modalities.

Acknowledgements The work conducted in the authors’ lab is supported by a research grant of Medical Research Fund from Guangdong
Provincial Health Commission (2018A256 to XZ), and the finance to Dongguan Municipal Key Laboratory of Epigenetics, China.

Author contributions XZ, HY, ZH conceived the ideas and retrieved literature; LJW and JH wrote the draft of the paper and prepared the
Figs. 2-3; XZ prepared Figs. 1, 4, 5; PT, XS, HY, XZ, ZH corrected and revised the manuscript, and edited the figures. All authors read and
approved the final manuscript.

Availability of data and materials Non-applicable.

Declarations
Ethics approval and consent to participate Non-applicable.
Consent for publication All authors read and approved the final version of the manuscript and agree its submission.

Competing interests The authors declare no competing interest.

@ Springer



Review Discover Oncology (2022) 13:139 | https://doi.org/10.1007/s12672-022-00597-9

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Reichhart JM, Georgel P, Meister M, Lemaitre B, Kappler C, Hoffmann JA. Expression and nuclear translocation of the rel/NF-kappa
B-related morphogen dorsal during the immune response of Drosophila. CR Acad Sci lll. 1993;316:1218-24.

2. Gross CT, McGinnis W. DEAF-1, a novel protein that binds an essential region in a Deformed response element. EMBO J. 1996;15:1961-70.

3. Ekker SC, Jackson DG, von Kessler DP, Sun KE. The degree of variation in DNA sequence DEAF-1 binding region appears to, at least under
some recognition among four Drosophila homeotic proteins. EMBO J. 1994;13:3551-60.

4. Walter J, Dever CA, Biggin MD. Two homeo domain with similar specificity to a wide range of DNA sites in Drosophila embryos. Genes
Dev. 1994;8:1678-92.

5. ZengC, Pinsonneault J, Gellon G, McGinnis N, McGinnis WM. Deformed protein binding sites and cofactor binding sites are required for
the function of a small segment-specific regulatory element in Drosophila embryos. EMBO J. 1994;13:2362-77.

6. Mahaffey JW, Jones DF, Hickel JA, Griswold CM. Identification and characterization of a gene activated by the deformed homeoprotein.
Development. 1993;118:203-14.

7. Pederson JA, LaFollette JW, Gross C, Veraksa A, McGinnis W, Mahaffey JW. Regulation by homeoproteins: a comparison of deformed-
responsive elements. Genetics. 2000;156:677-86.

8. Reed DE, Huang XM, Wohlschlegel JA, Levine MS, Senger KS. DEAF-1 regulates immunity gene expression in Drosophila. Proc Natl Acad
Sci USA. 2008;105:8351-6.

9. Bower R, Tritschler D, Vanderwaal K, Perrone CA, Mueller J, Fox L, Sale WS, Porter ME. The N-DRC forms a conserved biochemical complex
that maintains outer doublet alignment and limits microtubule sliding in motile axonemes. Mol Biol Cell. 2013;24:1134-52.

10. Broadhead R, Dawe HR, Farr H, Griffiths S, Hart SR, Portman N, Shaw MK, Ginger ML, Gaskell SJ, McKean PG, Gull K. Flagellar motility is
required for the viability of the bloodstream trypanosome. Nature. 2006;440:224-7.

11. ShiL, Shen X, ChiY, ShenY. Primary ciliary dyskinesia relative protein ZMYND10 is involved in regulating ciliary function and intraflagellar
transport in Paramecium tetraurelia. Eur J Protistol. 2021;77: 125756.

12. Moore DJ, Onoufriadis A, Shoemark A, Simpson MA, Zur Lage PI, de Castro SC, Bartoloni L, Gallone G, Petridi S, Woollard WJ, Antony D,
Schmidts M, Didonna T, Makrythanasis P, Bevillard J, Mongan NP, Djakow J, Pals G, Lucas JS, Marthin JK, Nielsen KG, Santoni F, Guipponi M,
Hogg C, Antonarakis SE, Emes RD, Chung EM, Greene ND, Blouin JL, Jarman AP, Mitchison HM. Mutations in ZMYND10, a gene essential
for proper axonemal assembly of inner and outer dynein arms in humans and flies, cause primary ciliary dyskinesia. Am J Hum Genet.
2013;93:346-56.

13. Zhang X, Lerman MI, He Z. ZMYND10 (zinc finger, MYND-type containing 10). Atlas Genet Cytogenet Oncol Haematol. 2015;19:319-23.

14. Zariwala MA, Gee HY, Kurkowiak M, Al-Mutairi DA, Leigh MW, Hurd TW, Hjeij R, Dell SD, Chaki M, Dougherty GW, Adan M, Spear PC,
Esteve-Rudd J, Loges NT, Rosenfeld M, Diaz KA, Olbrich H, Wolf WE, Sheridan E, Batten TF, Halbritter J, Porath JD, Kohl S, Lovric S, Hwang
DY, Pittman JE, Burns KA, Ferkol TW, Sagel SD, Olivier KN, Morgan LC, Werner C, Raidt J, Pennekamp P, Sun Z, Zhou W, Airik R, Natarajan
S, Allen SJ, Amirav |, Wieczorek D, Landwehr K, Nielsen K, Schwerk N, Sertic J, Kéhler G, Washburn J, Levy S, Fan S, Koerner-Rettberg C,
Amselem S, Williams DS, Mitchell BJ, Drummond IA, Otto EA, Omran H, Knowles MR, Hildebrandt F. ZMYND10 is mutated in primary
ciliary dyskinesia and interacts with LRRC6. Am J Hum Genet. 2013;93:336-45.

15. ChengY, Ho RL, Chan KC, Kan R, Tung E, Lung HL, Yau WL, Cheung AK, Ko JM, Zhang ZF, Luo DZ, Feng ZB, Chen S, Guan XY, Kwong D,
Stanbridge EJ, Lung ML. Anti-angiogenic pathway associations of the 3p21.3 mapped BLU gene in nasopharyngeal carcinoma. Oncogene.
2015;34(32):4219-28.

16. Zhang X, Liu H, Li B, Huang P, Shao J, He Z. Tumor suppressor BLU inhibits proliferation of nasopharyngeal carcinoma cells by regulation
of cell cycle, c-Jun N-terminal kinase and the cyclin D1 promoter. BMC Cancer. 2012;12:267.

17. Zhou J, Huang Z, Wang Z, Liu S, Grandien A, Ernberg |, He Z, Zhang X. Tumor suppressor BLU promotes TRAIL-induced apoptosis by
downregulating NF-kappaB signaling in nasopharyngeal carcinoma. Oncotarget. 2017;8:43853-65.

18. Sirinupong N, Brunzelle J, Ye J, Pirzada A, Nico L, Yang Z. Crystal structure of cardiac-specific histone methyltransferase smyd1 reveals
unusual active site architecture. J Biol Chem. 2010;285:40635-44.

19. Dafsari HS, Sprute R, Wunderlich G, Daimaguler HS, Karaca E, Contreras A, Becker K, Schulze-Rhonhof M, Kiening K, Karakulak T, Kloss M,
Horn A, Pauls A, Nurnberg P, Altmiiller J, Thiele H, Assmann B, Koy A, Cirak S. Novel mutations in KMT2B offer pathophysiological insights
into childhood-onset progressive dystonia. J Hum Genet. 2019;64:803-13.

20. Spellmon N, Holcomb J, Trescott L, Sirinupong N, Yang Z. Structure and function of SET and MYND domain-containing proteins. Int J
Mol Sci. 2015;16:1406-28.

21. Tracy C,Warren JS, Szulik M, Wang L, Garcia J, Makaju A, et al. The SMYD family of methyltransferases: role in cardiac and skeletal muscle
physiology and pathology. Curr Opin Physiol. 2018;1:140-52.

22. Foreman KW, Brown M, Park F, Emtage S, Harriss J, Das C, Zhu L, Crew A, Arnold L, Shaaban S, Tucker P. Structural and functional profiling
of the human histone methyltransferase SMYD3. PLoS ONE. 2011;6: €22290.

23. LiuY, Chen W, Gaudet J, Cheney MD, Roudaia L, Cierpicki T, et al. Structural basis for recognition of Smrt/N-CoR by the MYND domain
and its contribution to aml1/eto’s activity. Cancer Cell. 2007;11(6):483-97.

@ Springer


http://creativecommons.org/licenses/by/4.0/

Discover Oncology (2022) 13:139 | https://doi.org/10.1007/512672-022-00597-9 Review

24,

25.
26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

Spellmon N, Holcomb J, Trescott L, Sirinupong N, Yang Z. Structure and function of SET and MYND domain-containing proteins. Int J
Mol Sci. 2015;16(1):1406-28.

Leinhart K, Brown M. SET/MYND lysine methyltransferases regulate gene transcription and protein activity. Genes (Basel). 2011;2(1):210-8.
Rueda-Robles A, Audano M, Alvarez-Mercado Al, Rubio-Tomas T. Functions of SMYD proteins in biological processes: what do we know?
An updated review. Arch Biochem Biophys. 2021;712: 109040. https://doi.org/10.1016/j.abb.2021.109040.

Xu S, Wu J, Sun B, Zhong C, Ding J. Structural and biochemical studies of human lysine methyltransferase Smyd3 reveal the important
functional roles of its post-SET and TPR domains and the regulation of its activity by DNA binding. Nucleic Acids Res. 2011;39:4438-49.
Allan RK, Ratajczak T. Versatile TPR domains accommodate different modes of target protein recognition and function. Cell Stress Chap-
erones. 2011;16(4):353-67.

Sarris ME, Moulos P, Haroniti A, Giakountis A, Talianidis |. Smyd3 is a transcriptional potentiator of multiple cancer-promoting genes and
required for liver and colon cancer development. Cancer Cell. 2016;29:354-66.

Margueron R, Reinberg D. The Polycomb complex PRC2 and its mark in life. Nature. 2011;469:343-9.

Kim KH, Roberts CW. Targeting EZH2 in cancer. Nat Med. 2016;22:128-34.

Yu JR, Lee CH, Oksuz O, Stafford JM, Reinberg D. PRC2 is high maintenance. Genes Dev. 2019;33:903-35.

LiL, Zhang, FanY, Sun K, Su X, Du Z, Tsao SW, Loh TK, Sun H, Chan AT, Zeng YX, Chan WY, Chan FK, Tao Q. Characterization of the naso-
pharyngeal carcinoma methylome identifies aberrant disruption of key signaling pathways and methylated tumor suppressor genes.
Epigenomics. 2015;7:155-73.

Alajez NM, Shi W, Hui AB, Bruce J, Lenarduzzi M, Ito E, Yue S, O'Sullivan B, Liu FF. Enhancer of zeste homolog 2 (EZH2) is overexpressed
in recurrent nasopharyngeal carcinoma and is regulated by miR-26a, miR-101, and miR-98. Cell Death Dis. 2010;1: 85.

Hwang CF, Huang HY, Chen CH, Chien CY, Hsu YC, Li CF, Fang FM. Enhancer of zeste homolog 2 overexpression in nasopharyngeal car-
cinoma: an independent poor prognosticator that enhances cell growth. Int J Radiat Oncol Biol Phys. 2012;82:597-604.

Shu XS, LiL, Ji M, Cheng, Ying J, Fan Y, Zhong L, Liu X, Tsao SW, Chan AT, Tao Q. FEZF2, a novel 3p14 tumor suppressor gene, represses
oncogene EZH2 and MDM2 expression and is frequently methylated in nasopharyngeal carcinoma. Carcinogenesis. 2013;34:1984-93.
Zhu J, Li L, Tong J, Hui C, Wong CH, Lo KW, Chan R, Ai QY, Hui EP, Chan ATC, To KF, Tao Q, Ma BBY. Targeting the polycomb repressive
complex-2 related proteins with novel combinational strategies for nasopharyngeal carcinoma. Am J Cancer Res. 2020;10:3267-84.
Shirato H, Ogawa S, Nakajima K, Inagawa M, Kojima M, Tachibana M, Shinkai Y, Takeuchi T. A jumonji(Jarid2) protein complex represses
cyclinD1 expression by methylation of histone H3-K9. J Biol Chem. 2009;284:733-9.

Gottlieb PD, Pierce SA, Sims RJ, Yamagishi H, Weihe EK, Harriss JV, Maika SD, Kuziel WA, King HL, Olson EN, Nakagawa O, Srivastava D. Bop
encodes a muscle-restricted protein containing MYND and SET domains and is essential for cardiac differentiation and morphogenesis.
Nat Genet. 2002;31:25-32.

Phan D, Rasmussen TL, Nakagawa O, McAnally J, Gottlieb PD, Tucker PW, Richardson JA, Bassel-Duby R, Olson EN. BOP: a regulator of right
ventricular heart development, is a direct transcriptional target of MEF2C in the developing heart. Development. 2005;132:2669-78.
Qi J, Yang P, Yi B, Huo Y, Chen M, Zhang J, Sun J. Heat shock protein 90 inhibition by 17-DMAG attenuates abdominal aortic aneurysm
formation in mice. Am J Physiol Heart Circ Physiol. 2015;308(8):H841-52.

Diehl F, Brown MA, van Amerongen MJ, Novoyatleva T, Wietelmann A, Harriss J, Ferrazzi F, Bottger T, Harvey RP, Tucker PW, Engel FB.
Cardiac deletion of Smyd2 is dispensable for mouse heart development. PLoS ONE. 2010;5: €9748.

Huang J, Perez-Burgos L, Placek BJ, Sengupta R, Richter M, Dorsey JA, Kubicek S, Opravil S, Jenuwein T, Berger SL. Repression of p53
activity by Smyd2-mediated methylation. Nature. 2006;444:629-32.

Saddic LA, West LE, Aslanian A, Yates JR 3rd, Rubin SM, Gozani O, Sage J. Methylation of the retinoblastoma tumor suppressor by SMYD2.
J Biol Chem. 2010;285:37733-40.

Reynoird N, Mazur PK, Stellfeld T, Flores NM, Lofgren SM, Carlson SM, Brambilla E, Hainaut P, Kaznowska EB, Arrowsmith CH, Khatri P,
Stresemann C, Gozani O, Sage J. Coordination of stress signals by the lysine methyltransferase SMYD2 promotes pancreatic cancer. Genes
Dev. 2016;30:772-85.

Hamamoto R, Furukawa Y, Morita M, limura'Y, Silva FP, Li M, Yagyu R, Nakamura Y. SMYD3 encodes a histone methyltransferase involved
in the proliferation of cancer cells. Nat Cell Biol. 2004;6:731-40.

Berkholz J, Orgeur M, Stricker S, Munz B. skNAC and Smyd1 in transcriptional control. Exp Cell Res. 2015;336(2):182-91. https://doi.org/
10.1016/j.yexcr.2015.06.019.

Sharma A, Wasson LK, Willcox JA, Morton SU, Gorham JM, DeLaughter DM, Neyazi M, Schmid M, Agarwal R, Jang MY, Toepfer CN, Ward
T, Kim Y, Pereira AC, DePalma SR, Tai A, Kim S, Conner D, Bernstein D, Gelb BD, Chung WK, Goldmuntz E, Porter G, Tristani-Firouzi M,
Srivastava D, Seidman JG, Seidman CE, Pediatric Cardiac Genomics Consortium. GATA6 mutations in hiPSCs inform mechanisms for
maldevelopment of the heart, pancreas, and diaphragm. Elife. 2020;9: €53278. https://doi.org/10.7554/eLife.53278.

Hanf A, Oelze M, Manea A, Li H, Miinzel T, Daiber A. The anti-cancer drug doxorubicin induces substantial epigenetic changes in cultured
cardiomyocytes. Chem Biol Interact. 2019;313: 108834. https://doi.org/10.1016/j.cbi.2019.108834.

Van Aller GS, Reynoird N, Barbash O, Huddleston M, Liu S, Zmoos AF, McDevitt P, Sinnamon R, Le B, Mas G, Annan R, Sage J, Garcia BA,
Tummino PJ, Gozani O, Kruger RG, Tummino PJ, Gozani O, Kruger RG. Smyd3 regulates cancer cell phenotypes and catalyzes histone H4
lysine 5 methylation. Epigenetics. 2012;7:340-3.

Hu L, Zhu YT, Qi C, Zhu YJ. Identification of Smyd4 as a potential tumor suppressor gene involved in breast cancer development. Cancer
Res. 2009;69:4067-72.

Stender JD, Pascual G, Liu W, Kaikkonen MU, Do K, Spann NJ, Boutros M, Perrimon N, Rosenfeld MG, Glass CK. Control of proinflammatory
gene programs by regulated trimethylation and demethylation of histone H4K20. Mol Cell. 2012;48:28-38.

Li LX, Zhou JX, Calvet JP, Godwin AK, Jensen RA, Li X. Lysine methyltransferase SMYD2 promotes triple negative breast cancer progres-
sion. Cell Death Dis. 2018;9:326.

Brown MA, Sims RJ, Gottlieb PD, Tucker PW. Identification and characterization of Smyd2: a split SET/MYND domain-containing histone
H3 lysine 36-specific methyltransferase that interacts with the Sin3 histone deacetylase complex. Mol Cancer. 2006;5:26.

Abu-Farha M, Lambert JP, Al-Madhoun AS, Elisma F, Skerjanc IS, Figeys D. The tale of two domains: proteomics and genomics analysis
of SMYD2, a new histone methyltransferase. Mol Cell Proteomics. 2008;7:560-72.

@ Springer


https://doi.org/10.1016/j.abb.2021.109040
https://doi.org/10.1016/j.yexcr.2015.06.019
https://doi.org/10.1016/j.yexcr.2015.06.019
https://doi.org/10.7554/eLife.53278
https://doi.org/10.1016/j.cbi.2019.108834

Review Discover Oncology (2022) 13:139 | https://doi.org/10.1007/s12672-022-00597-9

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

84.
85.

86.

87.

Voelkel T, Andresen C, Unger A, Just S, Rottbauer W, Linke WA. Lysine methyltransferase Smyd2 regulates Hsp90-mediated protection
of the sarcomeric titin springs and cardiac function. Biochim Biophys Acta. 2013;1833:812-22.

Zhang X, Tanaka K, Yan J, Li J, Peng D, Jiang Y, Yang Z, Barton MC, Wen H, Shi X. Regulation of estrogen receptor alpha by histone meth-
yltransferase SMYD2-mediated protein methylation. Proc Natl Acad Sci USA. 2013;110:17284-9.

Jiang Y, Trescott L, Holcomb J, Zhang X, Brunzelle J, Sirinupong N, Shi X, Yang Z. Structural insights into estrogen receptor alpha methyla-
tion by histone methyltransferase SMYD2, a cellular event implicated in estrogen signaling regulation. J Mol Biol. 2014;426:3413-25.
Komatsu S, Imoto |, Tsuda H, Kozaki KI, Muramatsu T, Shimada Y, Aiko S, Yoshizumi Y, Ichikawa D, Otsuji E, Inazawa J. Overexpres-
sion of SMYD2 relates to tumor cell proliferation and malignant outcome of esophageal squamous cell carcinoma. Carcinogenesis.
2009;30:1139-46.

Sakamoto LH, Andrade RV, Felipe MS, Motoyama AB, Pittella SF. SMYD2 is highly expressed in pediatric acute lymphoblastic leukemia
and constitutes a bad prognostic factor. Leuk Res. 2014;38:496-502.

Song J, LiuY, Chen Q, Yang J, Jiang Z, Zhang H, Liu Z, Jin B. Expression patterns and the prognostic value of the SMYD family members
in human breast carcinoma using integrative bioinformatics analysis. Oncol Lett. 2019;17:3851-61.

Skawran B, Steinemann D, Weigmann A, Flemming P, Becker T, Flik J, Kreipe H, Schlegelberger B, Wilkens L. Gene expression profiling in
hepatocellular carcinoma: upregulation of genes in amplified chromosome regions. Mod Pathol. 2008;21:505-16.

Zuo SR, Zuo XC, He Y, Fang WJ, Wang CJ, Zou H, Chen P, Huang LF, Huang LH, Xiang H, Liu SK. Positive expression of SMYD2 is associated
with poor prognosis in patients with primary hepatocellular carcinoma. J Cancer. 2018;9:321-30.

Komatsu S, Ichikawa D, Hirajima S, Nagata H, Nishimura Y, Kawaguchi T, Miyamae M, Okajima W, Ohashi T, Konishi H, Shiozaki A, Fujiwara
H, Okamoto K, Tsuda H, Imoto |, Inazawa J, Otsuji E. Overexpression of SMYD2 contributes to malignant outcome in gastric cancer. BrJ
Cancer. 2015;112:357-64.

Xu W, Chen F, Fei X, Yang X, Lu X. Overexpression of SET and MYND domain-containing protein 2 (SMYD2) is associated with tumor
progression and poor prognosis in patients with papillary thyroid carcinoma. Med Sci Monit. 2018;24:7357-65.

Wang R, Deng X, Yoshioka Y, Vougiouklakis T, Park JH, Suzuki T, Dohmae N, Ueda K, Hamamoto R, Nakamura Y. Effects of SMYD2-mediated
EML4-alk methylation on the signaling pathway and growth in non-small-cell lung cancer cells. Cancer Sci. 2017;108:1203-9.

Fabini E, Talibov VO, Mihalic F, Naldi M, Bartolini M, Bertucci C, Del Rio A, Danielson UH. Unveiling the biochemistry of the epigenetic
regulator SMYD3. Biochemistry. 2019;58:3634-45.

Hamamoto R, Silva FP, Tsuge M, Nishidate T, Katagiri T, Nakamura Y, Furukawa Y. Enhanced SMYD3 expression is essential for the growth
of breast cancer cells. Cancer Sci. 2006;97:113-8.

RenTN, Wang JS, He YM, Xu CL, Wang SZ, XiT. Effects of SMYD3 over-expression on cell cycle acceleration and cell proliferation in MDA-
MB-231 human breast cancer cells. Med Oncol. 2011;28(Suppl 1):591-8.

Fenizia C, Bottino C, Corbetta S, Fittipaldi R, Floris P, Gaudenzi G, Carra S, Cotelli F, Vitale G, Caretti G. SMYD3 promotes the epithelial-
mesenchymal transition in breast cancer. Nucleic Acids Res. 2019;47:1278-93.

Chen LB, Xu JY, Yang Z, Wang GB. Silencing SMYD3 in hepatoma demethylates RIZI promoter induces apoptosis and inhibits cell prolif-
eration and migration. World J Gastroenterol. 2007;13:5718-24.

ZhangY, Fang Y, Tang Y, Han S, Jia J, Wan X, Chen J, Yuan Y, Zhao B, Fang D. SMYD5 catalyzes histone H3 lysine 36 trimethylation at pro-
moters. Nat Commun. 2022;13(1):3190. https://doi.org/10.1038/s41467-022-30940-1.

Kidder BL, He R, Wangsa D, Padilla-Nash HM, Bernardo MM, Sheng S, Ried T, Zhao K. SMYD5 controls heterochromatin and chromosome
integrity during embryonic stem cell differentiation. Cancer Res. 2017;77(23):6729-45.

Kidder BL, Hu G, Cui K, Zhao K. SMYD5 regulates H4K20me3-marked heterochromatin to safeguard ES cell self-renewal and prevent
spurious differentiation. Epigenetics Chromatin. 2017;10:8. https://doi.org/10.1186/s13072-017-0115-7.

Fujii T, Tsunesumi S, Sagara H, Munakata M, Hisaki Y, Sekiya T, Furukawa Y, Sakamoto K, Watanabe S. Smyd5 plays pivotal roles in both
primitive and definitive hematopoiesis during zebrafish embryogenesis. Sci Rep. 2016;6:29157. https://doi.org/10.1038/srep29157.
Davis JN, McGhee L, Meyers S. The ETO (MTG8) gene family. Gene. 2003;303:1-10.

van der Kouwe E, Staber PB. RUNX1-ETO: attacking the epigenome for genomic instable leukemia. Int J Mol Sci. 2019;20:350.

Trinh BQ, Ummarino S, Zhang Y, Ebralidze AK, Bassal MA, Nguyen TM, Heller G, Coffey R, Tenen DE, van der Kouwe E, Fabiani E, Gurnari
C,Wu CS, Angarica VE, Yang H, Chen S, Zhang H, Thurm AR, Marchi F, Levantini E, Staber PB, Zhang P, Voso MT, Pandolfi PP, Kobayashi SS,
Chai L, Di Ruscio A, Tenen DG. Myeloid IncRNA LOUP mediates opposing regulatory effects of RUNX1 and RUNX1-ETO in t (8;21) AML.
Blood. 2021;138:1331-44.

LiuY, Cheney MD, Gaudet JJ, Chruszcz M, Lukasik SM, Sugiyama D, Lary J, Cole J, Dauter Z, Minor W, Speck NA, Bushweller JH. The tetramer
structure of the nervy homology two domain, NHR2, is critical for AML1/ETO’s activity. Cancer Cell. 2006;9:249-60.

Erickson PF, Robinson M, Owens G, Drabkin HA. The ETO portion of acute myeloid leukemia t(8;21) fusion transcript encodes a highly
evolutionarily conserved, putative transcription factor. Cancer Res. 1994;54:1782-6.

Zhang J, Kalkum M, Yamamura S, Chait BT, Roeder RG. E protein silencing by the leukemogenic AML1-ETO fusion protein. Science.
2004;305:1286-9.

Plevin MJ, Zhang J, Guo C, Roeder RG, Ikura M. The acute myeloid leukemia fusion protein AML1-ETO targets e proteins via a paired
amphipathic helix-like TBP-associated factor homology domain. Proc Natl Acad Sci USA. 2006;103:10242-7.

Kitabayashi |, Ida K, Morohoshi F, Yokoyama A, Mitsuhashi N, Shimizu K, Nomura N, Hayashi Y, Ohki M. The AML1-MTG8 leukemic fusion
protein forms a complex with a novel member of the MTG8(ETO/CDR) family, mtgr1. Mol Cell Biol. 1998;18:846-58.

Hug BA, Lazar MA. ETO interacting proteins. Oncogene. 2004;23:4270-4.

Yue FR, Wei ZB, Yan RZ, Guo QH, Liu B, Zhang JH, Li Z. SMYD3 promotes colon adenocarcinoma (COAD) progression by mediating cell
proliferation and apoptosis. Exp Ther Med. 2020;20:11.

Wang SZ, Luo XG, Shen J, Zou JN, Lu YH, Xi T. Knockdown of SMYD3 by RNA interference inhibits cervical carcinoma cell growth and
invasion in vitro. BMB Rep. 2008;41:294-9.

Liu C, Fang X, Ge Z, Jalink M, Kyo S, Bjérkholm M, Gruber A, Sjéberg J, Xu D. The telomerase reverse transcriptase (hTERT) gene is a direct
target of the histone methyltransferase SMYD3. Cancer Res. 2007;67:2626-31.

@ Springer


https://doi.org/10.1038/s41467-022-30940-1
https://doi.org/10.1186/s13072-017-0115-7
https://doi.org/10.1038/srep29157

Discover Oncology (2022) 13:139 | https://doi.org/10.1007/512672-022-00597-9 Review

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Migas AA, Mishkova OA, Ramanouskaya TV, llyushonak IM, Aleinikova OV, Grinev VV. RUNX1T1/MTG8/ETO gene expression status in
human t(8;21)(g22;922)-positive acute myeloid leukemia cells. Leuk Res. 2014;38(9):1102-10. https://doi.org/10.1016/j.leukres.2014.06.
002.

Lindberg SR, Olsson A, Persson AM, Olsson |. The leukemia-associated ETO homologues are differently expressed during hematopoietic
differentiation. Exp Hematol. 2005;33:189-98.

Muller AMS, Duque J, Shizuru JA, Libbert M. Complementing mutations in core binding factor leukemias: from mouse models to clinical
applications. Oncogene. 2008;27:5759-73.

Ptasinska A, Assi SA, Mannari D, James SR, Williamson D, Dunne J, et al. Depletion of RUNX1/ETO in t(8;21) AML cells leads to genome-
wide changes in chromatin structure and transcription factor binding. Leukemia. 2012;26:1829-41.

Guo G, Li J, Steinauer N, Wong M, Wu B, Dickson A, Kalkum M, Zhang J. Histone deacetylase 3 preferentially binds and collaborates with
the transcription factor RUNX1 to repress AML1-ETO-dependent transcription in t(8;21) AML. J Biol Chem. 2020;295:4212-23.

Wu LJ, Zhang XN, Wang J, Zheng BY, Yu H, He Z. ZMYND10 downregulates cyclins B1 and D1 to arrest cell cycle by trimethylating lysine
9 on histone 3. Life Res. 2021;4:32.

Huggenvik JI, Michelson RJ, Collard MW, Ziemba AJ, Gurley P, Mowen KA. Characterization of a nuclear deformed epidermal autoregula-
tory factor-1 (DEAF-1)-related (NUDR) transcriptional regulator protein. Mol Endocrinol. 1998;12:1619-39.

Bottomley MJ, Collard MW, Huggenvik JI, Liu Z, Gibson TJ, Sattler M. The SAND domain structure defines a novel DNA-binding fold in
transcriptional regulation. Nat Struct Biol. 2001;8:626-33.

Jensik PJ, Huggenvik JI, Collard MW. Identification of a nuclear export signal and protein interaction domains in deformed epidermal
autoregulatory factor-1 (DEAF-1). J Biol Chem. 2004;279:32692-9.

Yip L, Creusot RJ, Pager CT, Sarnow P, Fathman CG. Reduced DEAF1 function during type 1 diabetes inhibits translation in lymph node
stromal cells by suppressing Eif4g3.J Mol Cell Biol. 2013;5:99-110.

Barker HE, Smyth GK, Wettenhall J, Ward TA, Bath ML, Lindeman GJ, Visvader JE. Deaf-1 regulates epithelial cell proliferation and side-
branching in the mammary gland. BMC Dev Biol. 2008;8:94.

Jensik PJ, Huggenvik JI, Collard MW. Deformed epidermal autoregulatory factor-1 (DEAF1) interacts with the Ku70 subunit of the DNA-
dependent protein kinase complex. PLoS ONE. 2012;7: e33404.

Vissers LE, de Ligt J, Gilissen C, Janssen |, Steehouwer M, de Vries P, van Lier B, Arts P, Wieskamp N, del Rosario M, van Bon BW, Hoischen
A, de Vries BB, Brunner HG, Veltman JA. A de novo paradigm for mental retardation. Nat Genet. 2010;42:1109-12.

Manne U, Gary BD, Oelschlager DK, Weiss HL, Frost AR, Grizzle WE. Altered subcellular localization of suppressin, a novel inhibitor of
cell-cycle entry, is an independent prognostic factor in colorectal adenocarcinomas. Clin Cancer Res. 2001;7:3495-503.

Yip L, Su L, Sheng D, Chang P, Atkinson M, Czesak M, Albert PR, Collier AR, Turley SJ, Fathman CG, Creusot RJ. Deaf1 isoforms control
the expression of genes encoding peripheral tissue antigens in the pancreatic lymph nodes during type 1 diabetes. Nat Immunol.
2009;10:1026-33.

Ordureau A, Enesa K, Nanda S, Le Francois B, Peggie M, Prescott A, Albert PR, Cohen P. DEAF1 is a Pellino1-interacting protein required
for interferon production by Sendai virus and double-stranded RNA. J Biol Chem. 2013;288:24569-80.

Hahm K, Sum EY, Fujiwara Y, Lindeman GJ, Visvader JE, Orkin SH. Defective neural tube closure and anteroposterior patterning in mice
lacking the LIM protein LMO4 or its interacting partner Deaf-1. Mol Cell Biol. 2004;24:2074-82.

Veraksa A, Kennison J, McGinnis W. DEAF-1 function is essential for the early embryonic development of Drosophila. Genesis.
2002;33:67-76.

Cubeddu L, Joseph S, Richard DJ, Matthews JM. Contribution of DEAF1 structural domains to the interaction with the breast cancer
oncogene LMOA4. PLoS ONE. 2012;7:e39218.

Joseph S, Kwan AH, Mackay JP, Cubeddu L, Matthews JM. Backbone and side-chain assignments of a tethered complex between LMO4
and DEAF-1. Biomol NMR Assign. 2014;8:141-4.

Joseph S, Kwan AH, Stokes PH, Mackay JP, Cubeddu L, Matthews JM. The Structure of an LIM-only protein 4 (LMO4) and deformed epi-
dermal autoregulatory factor-1 (DEAF1) complex reveals a common mode of binding to LMO4. PLoS ONE. 2014;9: €109108.

Kateb F, Perrin H, Tripsianes K, Zou P, Spadaccini R, et al. Structural and functional analysis of the DEAF-1 and BS69 MYND domains. PLoS
ONE. 2013;8: e54715.

LiN, LiY, Lv J, Zheng X, Wen H, Shen H, Zhu G, Chen TY, Dhar SS, Kan PY, Wang Z, Shiekhattar R, Shi X, Lan F, Chen K, Li W, Li H, Lee
MG. ZMYNDS8 reads the dual histone mark H3K4me1-H3K14ac to antagonize the expression of metastasis-linked genes. Mol Cell.
2016;63:470-84.

Adhikary S, Sanyal S, Basu M, Sengupta |, Sen S, Srivastava DK, Roy S, Das C. Selective recognition of H3.1K36 dimethylation/H4K16
acetylation facilitates the regulation of all-trans-retinoic acid (ATRA)-responsive genes by putative chromatin reader ZMYNDS. J Biol
Chem. 2016;291:2664-81.

Gong F, Chiu LY, Cox B, Aymard F, Clouaire T, Leung JW, Cammarata M, Perez M, Agarwal P, Brodbelt JS, Legube G, Miller KM. Screen iden-
tifies bromodomain protein ZMYND8 in chromatin recognition of transcription-associated DNA damage that promotes homologous
recombination. Genes Dev. 2015;29:197-211.

Gong F, Clouaire T, Aguirrebengoa M, Legube G, Miller KM. Histone demethylase KDM5A regulates the ZMYND8-NuRD chromatin
remodeler to promote DNA repair. J Cell Biol. 2017;216:1959-74.

Savitsky P, Krojer T, Fujisawa T, Lambert JP, Picaud S, Wang CY, Shanle EK, Krajewski K, Friedrichsen H, Kanapin A, Goding C, Schapira M,
Samsonova A, Strahl BD, Gingras AC, Filippakopoulos P. Multivalent histone and DNA engagement by a PHD/BRD/PWWP triple reader
cassette recruits ZMYNDS8 to K14ac-rich chromatin. Cell Rep. 2016;17:2724-37.

Kuroyanagi J, ShimadaY, Zhang B, Ariyoshi M, Umemoto N, Nishimura Y, Tanaka T. Zinc finger MYND-type containing 8 promotes tumour
angiogenesis via induction of vascular endothelial growth factor-A expression. FEBS Lett. 2014;588:3409-16.

Wen H, Li Y, XiY, Jiang S, Stratton S, Peng D, Tanaka K, Ren Y, Xia Z, Wu J, Li B, Barton MC, Li W, Li H, Shi X. ZYMND11 links histone
H3.3K36me3 to transcription elongation and tumor suppression. Nature. 2014;508:263-8.

Lan F, Shi Y. Histone H3.3 and cancer: a potential reader connection. Proc Natl Acad Sci USA. 2015;112:6814-9.

@ Springer


https://doi.org/10.1016/j.leukres.2014.06.002
https://doi.org/10.1016/j.leukres.2014.06.002

Review Discover Oncology (2022) 13:139 | https://doi.org/10.1007/s12672-022-00597-9

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.
147.

148.

Hateboer G, Gennissen A, Ramos YF, Kerkhoven RM, Sonntag-Buck V, Stunnenberg HG, Bernards R. BS69, a novel adenovirus E1A associ-
ated protein that inhibits E1A transactivation. EMBO J. 1995;14:3159-69.

Ansieau S, Leutz A. The conserved Mynd domain of BS69 binds cellular and oncoviral proteins through a common PXLXP motif. J Biol
Chem. 2002;277:4906-10.

Masselink H, Bernards R. The adenovirus ET1A binding protein BS69 is a corepressor of transcription through recruitment of N-CoR.
Oncogene. 2000;19:1538-46.

Harter MR, Liu CD, Shen CL, Gonzalez-Hurtado E, Zhang ZM, Xu M, Martinez E, Peng CW, Song J. BS69/ZMYND11 C-terminal domains
bind and inhibit EBNA2. PLoS Pathog. 2016;12: e1005414.

Wan J, Zhang W, Wu L, Bai T, Zhang M, Lo KW, Chui YL, Cui Y, Tao Q, Yamamoto M, Akira S, Wu Z. BS69, a specific adaptor in the latent
membrane protein 1-mediated c-Jun N terminal kinase pathway. Mol Cell Biol. 2006;26:448-56.

Ikeda O, Sekine Y, Mizushima A, Oritani K, Yasui T, Fujimuro M, Muromoto R, Nanbo A, Matsuda T. BS69 negatively regulates the canonical
NF-kappaB activation induced by Epstein-Barr virus-derived LMP1. FEBS Lett. 2009;583:1567-74.

Tempescul A, Guillerm G, Douet-Guilbert N, Morel F, Le Bris MJ, De Braekeleer M. Translocation (10;17)(p15;921) is a recurrent anomaly
in acute myeloblastic leukemia. Cancer Genet Cancer Genet Cytogenet. 2007;172:74-6.

de Rooij JD, van den Heuvel-Eibrink MM, Kollen WJ, Sonneveld E, Kaspers GJ, Beverloo HB, Fornerod M, Pieters R, Zwaan CM. Recurrent
translocation t(10;17)(p15;921) in minimally differentiated acute myeloid leukemia results in ZMYND11/MBTD1 fusion. Genes Chromo-
somes Cancer. 2016;55(3):237-41.

Shen H, XuW, Guo R, Rong B, Gu L, Wang Z, He C, Zheng L, Hu X, Hu Z, Shao ZM, Yang P, Wu F, Shi YG, ShiY, Lan F. Suppression of enhancer
overactivation by a RACK7-histone demethylase complex. Cell. 2016;165:331-42.

Yu H, JiangY, Liu L, Shan W, Chu X, Yang Z, Yang Z. Integrative genomic and transcriptomic analysis for pinpointing recurrent alterations
of plant homeodomain genes and their clinical significance in breast cancer. Oncotarget. 2017;8:13099-115.

Cao Z, Budinich KA, Huang H, Ren D, Lu B, Zhang Z, Chen Q, Zhou Y, Huang YH, Alikarami F, Kingsley MC, Lenard AK, Wakabayashi A,
Khandros E, Bailis W, Qi J, Carroll MP, Blobel GA, Faryabi RB, Bernt KM, Berger SL, Shi J. ZMYND8-regulated IRF8 transcription axis is an
acute myeloid leukemia dependency. Mol Cell. 2021;81(17):3604-3622.e10. https://doi.org/10.1016/j.molcel.2021.07.018.

Luo M, Bao L, Chen Y, Xue Y, Wang Y, Zhang B, Wang C, Corley CD, McDonald JG, Kumar A, Xing C, Fang Y, Nelson ER, Wang JE, Wang
Y, Luo W. ZMYNDS is a master regulator of 27-hydroxycholesterol that promotes tumorigenicity of breast cancer stem cells. Sci Adv.
2022;8(28):eabn5295. https://doi.org/10.1126/sciadv.abn5295.

Pan Q, Zhong S, Wang H, Wang X, Li N, Li Y, Zhang G, Yuan H, Lian Y, Chen Q, Han Y, Guo J, Liu Q, Qiu T, Jiang J, Li Q, Tan M, Yin H, Peng J,
Xiao Y, Qin J. The ZMYND8-regulated mevalonate pathway endows YAP-high intestinal cancer with metabolic vulnerability. Mol Cell.
2021;81:2736-2751.e8.

Mukherjee S, Adhikary S, Gadad SS, et al. Suppression of poised oncogenes by ZMYND8 promotes chemo-sensitization. Cell Death Dis.
2020;11:1073. https://doi.org/10.1038/541419-020-03129-x.

Choi S, Lee KW, Koh HH, Park S, Yeo SY, Joh JW, Choi MS, Kim SH, Park CK, Ha SY. Validation of ZMYNDS8 as a new treatment target in
hepatocellular carcinoma. J Cancer Res Clin Oncol. 2021;147:3517-34.

ChenY, Zhang B, Bao L, Jin L, Yang M, Peng Y, Kumar A, Wang JE, Wang C, Zou X, Xing C, Wang Y, Luo W. ZMYNDS8 acetylation mediates
HIF-dependent breast cancer progression and metastasis. J Clin Invest. 2018;128:1937-55.

Dichmuller S, Usener D, Dummer R, Stein A, Thiel D, Schadendorf D. Serological detection of cutaneous T-cell ymphoma-associated
antigens. Proc Natl Acad Sci USA. 2001;98:629-34.

Panagopoulos |, Micci F, Thorsen J, Haugom L, Buechner J, Kerndrup G, Tierens A, Zeller B. Heim SFusion of ZMYND8 and RELA genes in
acute erythroid leukemia. PLoS ONE. 2013;8: e63663.

Edgren H, Murumagi A, Kangaspeska S, Nicorici D, Hongisto V, Kleivi K, Rye IH, Nyberg S, Wolf M, Borresen-Dale AL, Kallioniemi O. Iden-
tification of fusion genes in breast cancer by paired-end RNA-sequencing. Genome Biol. 2011;12:R6.

Park J, Betel D, Gryfe R, Michalickova K, Di Nicola N, Gallinger S, Hogue CW, Redston M. Mutation profiling of mismatch repair-deficient
colorectal cancers using an in silico genome scan to identify coding microsatellites. Cancer Res. 2002;62:1284-8.

The Cancer Genome Atlas Research Network. Integrated genomic analyses of ovarian carcinoma. Nature. 2011;474:609-15.
Yamamoto K, Yakushijin K, Ichikawa H, Kakiuchi S, Kawamoto S, Matsumoto H, Nakamachi Y, Saegusa J, Matsuoka H, Minami H. Expres-
sion of a novel ZMYND11/MBTD1 fusion transcript in CD7(+)CD56(+) acute myeloid leukemia with t(10;17)(p15;921). Leuk Lymphoma.
2018;59:2706-10.

Li J, Galbo PM Jr, Gong W, Storey AJ, Tsai YH, Yu X, Ahn JH, Guo Y, Mackintosh SG, Edmondson RD, et al. ZMYND11-MBTD1 induces leu-
kemogenesis through hijacking NuA4/TIP60 acetyltransferase complex and a PWWP-mediated chromatin association mechanism. Nat
Commun. 2021;12:1045. https://doi.org/10.1038/s41467-021-21357-3.

Alharbi RA, Pettengell R, Pandha HS, Morgan R. The role of HOX genes in normal hematopoiesis and acute leukemia. Leukemia.
2013;27:1000-8.

Guenther MG, Barak O, Lazar MA. The SMRT and N-CoR corepressors are activating cofactors for histone deacetylase 3. Mol Cell Biol.
2001;21:6091-101.

Yang H, Zhang C, Zhao X, Wu Q, Fu X, Yu B, Shao Y, Guan M, Zhang W, Wan J, Huang X. Analysis of copy number variations of BS69 in
multiple types of hematological malignancies. Ann Hematol. 2010;89:959-64.

Wang W, Song XW, Bu XM, Zhang N, Zhao CH. PDCD2 and NCoR1 as putative tumor suppressors in gastric gastrointestinal stromal
tumors. Cell Oncol (Dordr). 2016;39(2):129-37.

Zhang J, Wei W, Jin HC, Ying RC, Zhu AK, Zhang FJ. Programmed cell death 2 protein induces gastric cancer cell growth arrest at the early
S phase of the cell cycle and apoptosis in a p53-dependent manner. Oncol Rep. 2015;33:103-10.

MeiY, Hahn AA, Hu S, Yang X. The USP19 deubiquitinase regulates the stability of c-IAP1 and c-IAP2. J Biol Chem. 2011;286:35380-7.
Sundaram P, Pang ZY, Miao M, Yu L, Wing SS. USP19-deubiquitinating enzyme regulates levels of major myofibrillar proteins in L6 muscle
cells. Am J Physiol Endocrinol Metab. 2009;297:E1283-90.

Hassink GC, Zhao B, Sompallae R, Altun M, Gastaldello S, Zinin NV, Masucci MG, Lindsten K. The ER-resident ubiquitin-specific protease
19 participates in the UPR and rescues ERAD substrates. EMBO Rep. 2009;10:755-61.

@ Springer


https://doi.org/10.1016/j.molcel.2021.07.018
https://doi.org/10.1126/sciadv.abn5295
https://doi.org/10.1038/s41419-020-03129-x
https://doi.org/10.1038/s41467-021-21357-3

Discover Oncology (2022) 13:139 | https://doi.org/10.1007/512672-022-00597-9 Review

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.
159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Jin S, Tian S, ChenY, Zhang C, Xie W, Xia X, Cui J, Wang RF. USP19 modulates autophagy and antiviral immune responses by deubiquit-
inating Beclin-1. EMBO J. 2016;35:866-80.

Cui J, Jin S, Wang RF. The BECN1-USP19 axis plays a role in the crosstalk between autophagy and antiviral immune responses. Autophagy.
2016;12:1210-1.

Lerman MI, Minna JD. The 630-kb lung cancer homozygous deletion region on human chromosome 3p21.3: identification and evalu-
ation of the resident candidate tumor suppressor genes. The International Lung Cancer Chromosome 3p21.3 Tumor Suppressor Gene
Consortium. Cancer Res. 2000;60(21):6116-33.

Hesson L, Bieche |, Krex D, Criniere E, Hoang-Xuan K, Maher ER, Latif F. Frequent epigenetic inactivation of RASSF1A and BLU genes
located within the critical 3p21.3 region in gliomas. Oncogene. 2004;23(13):2408-19.

Riquelme E, Tang M, Baez S, Diaz A, Pruyas M, Wistuba I, Corvalan A. Frequent epigenetic inactivation of chromosome 3p candidate
tumor suppressor genes in gallbladder carcinoma. Cancer Lett. 2007;250:100-6.

Lai HC, Lin YW, Chang CC, Wang HC, Chu TW, Yu MH, Chu TY. Hypermethylation of two consecutive tumor suppressor genes, BLU and
RASSF1A, located at 3p21.3 in cervical neoplasias. Gynecol Oncol. 2007;104:629-35.

Marsit CJ, Kim DH, Liu M, Hinds PW, Wiencke JK, Nelson HH, Kelsey KT. Hypermethylation of RASSF1A and BLU tumor suppressor genes
in non-small cell lung cancer: implications for tobacco smoking during adolescence. Int J Cancer. 2005;114:219-23.

Tischoff I, Markwarth A, Witzigmann H, Uhlmann D, Hauss J, Mirmohammadsadegh A, Wittekind C, Hengge UR, Tannapfel A. Allele loss
and epigenetic inactivation of 3p21.3 in malignant liver tumors. Int J Cancer. 2005;115:684-9.

Yi Lo PH, Chung Leung AC, Xiong W, Law S, Duh FM, Lerman M|, Stanbridge EJ, Lung ML. Expression of candidate chromosome 3p21.3
tumor suppressor genes and down-regulation of BLU in some esophageal squamous cell carcinomas. Cancer Lett. 2006;234:184-92.
Lo KW, To KF, Huang DP. Focus on nasopharyngeal carcinoma. Cancer Cell. 2004;5:423-8.

Lo KW, Teo PM, Hui AB, To KF, Tsang YS, Chan SY, Mak KF, Lee JC, Huang DP. High resolution allelotype of microdissected primary naso-
pharyngeal carcinoma. Cancer Res. 2000;60:3348-53.

Huang DP, Lo KW, van Hasselt CA, Woo JK, Choi PH, Leung SF, et al. A region of homozygous deletion on chromosome 9p21-22 in primary
nasopharyngeal carcinoma. Cancer Res. 1994;54:4003-6.

Lo KW, Tsao SW, Leung SF, Choi PHK, Lee JCK, Huang DP. Detailed deletion mapping on the short arm of chromosome 3 in nasopharyngeal
carcinomas. Int J Oncol. 1994;4:1359-64.

Chen J, Fu L, Zhang LY, Kwong DL, Yan L, Guan XY. Tumor suppressor genes on frequently deleted chromosome 3p in nasopharyngeal
carcinoma. Chin J Cancer. 2012;31(5):215-22.

Chan AS, To KF, Lo KW, Ding M, Li X, Johnson P, Huang DP. High frequency of chromosome 3p deletion in histologically normal naso-
pharyngeal epithelia from southern Chinese. Cancer Res. 2000;60:5365-70.

Kashuba VI, Pavlova TV, Grigorieva EV, Kutsenko A, Yenamandra SP, Li J, Wang F, Protopopov Al, Zabarovska VI, Senchenko V, Haraldson
K, Eshchenko T, Kobliakova J, Vorontsova O, Kuzmin |, Braga E, Blinov VM, Kisselev LL, Zeng YX, Ernberg |, Lerman M|, Klein G, Zabarovsky
ER. High mutability of the tumor suppressor genes RASSF1 and RBSP3 (CTDSPL) in cancer. PLoS ONE. 2009;4(5): €5231. https://doi.org/
10.1371/journal.pone.0005231.

Tsang CM, Yip YL, Lo KW, Deng W, To KF, Hau PM, Lau VM, Takada K, Lui VW, Lung ML, Chen H, Zeng M, Middeldorp JM, Cheung AL, Tsao SW.
Cyclin D1 overexpression supports stable EBV infection in nasopharyngeal epithelial cells. Proc Natl Acad Sci USA. 2012;109(50):E3473-82.
https://doi.org/10.1073/pnas.1202637109.

Liu XQ, Chen HK, Zhang XS, Pan ZG, Li A, Feng QS, Long QX, Wang XZ, Zeng YX. Alterations of BLU, a candidate tumor suppressor gene
on chromosome 3p21.3, in human nasopharyngeal carcinoma. Int J Cancer. 2003;106:60-5.

Qiu GH, Tan LK, Loh KS, Lim CY, Srivastava G, Tsai ST, Tsao SW, Tao Q. The candidate tumor suppressor gene BLU, located at the com-
monly deleted region 3p21.3, is an E2F-regulated, stress-responsive gene and inactivated by both epigenetic and genetic mechanisms
in nasopharyngeal carcinoma. Oncogene. 2004;23:4793-806.

Fang L, Shi L, Wang W, Chen Q, Rao X. Identifying key genes and small molecule compounds for nasopharyngeal carcinoma by various
bioinformatics analysis. Medicine. 2021;100(37):e27257.

Huang X, Yuan W, Huang W, Bai Y, Deng Y, Zhu C, Liang P, Li Y, Du X, Liu M, Wang Y, Wu X. ZNF569, a novel KRAB-containing zinc finger
protein, suppresses MAPK signaling pathway. Biochem Biophys Res Commun. 2006;346(3):621-8. https://doi.org/10.1016/j.bbrc.2006.
05.109.

LiuH, Zhu C, Luo J,Wang Y, Li D, LiY, Zhou J, Yuan W, Ou Y, Liu M, Wu X. ZNF411, a novel KRAB-containing zinc-finger protein, suppresses
MAP kinase signaling pathway. Biochem Biophys Res Commun. 2004;320:45-53.

Park SH, Kim JJ, Chung JS, Lee SR, Lee GY, Kim HJ, Yoo YD. RASSF1A suppresses the activated K-Ras-induced oxidative DNA damage.
Biochem Biophys Res Commun. 2011;408(1):149-53. https://doi.org/10.1016/j.bbrc.2011.03.139.

Zhang X, Shao S, Zhou J, Li XW, Zheng B, Huang Z, He Z. Tumor suppressor BLU exerts growth inhibition by blocking ERK signaling and
disrupting cell cycle progression through RAS pathway interference. Int J Clin Exp Pathol. 2018;11:158-68.

Dammann R, Li C, Yoon J-H, Chin PL, Bates S, Pfeifer GP. Epigenetic inactivation of a RAS association domain family protein from the lung
tumour suppressor locus 3p213. Nat Genet. 2000;25:315-9. https://doi.org/10.1038/77083.

van der Weyden L, Adams DJ. The Ras-association domain family (RASSF) members and their role in human tumourigenesis. Biochim
Biophys Acta. 2007;1776(1):58-85.

Chung YG, Matoba S, LiuY, Eum JH, Lu F, Jiang W, Lee JE, Sepilian V, Cha KY, Lee DR, Zhang Y. Histone demethylase expression enhances
human somaticcell nuclear transfer efficiency and promotes derivation of pluripotent stem cells. Cell Stem Cell. 2015;17(6):758-66.
Wang J, Wang H, Wang LY, Cai D, Duan Z, Zhang Y, Chen P, Zou JX, Xu J, Chen X, Kung HJ, Chen HW. Silencing the epigenetic silencer
KDM4A for TRAIL and DR5 simultaneous induction and antitumor therapy. Cell Death Differ. 2016;23:1886-96.

Wang LY, Hung CL, Chen YR, Yang JC, Wang J, Campbell M, Izumiya Y, Chen HW, Wang WC, Ann DK, Kung HJ. KDM4A coactivates E2F1 to
regulate the PDK-dependent metabolic switch between mitochondrial oxidation and glycolysis. Cell Rep. 2016;16:3016-27.

Young LC, McDonald DW, Hendzel MJ. Kdm4b histone demethylase is a DNA damage response protein and confers a survival advantage
following gamma-irradiation. J Biol Chem. 2013;288:21376-88.

@ Springer


https://doi.org/10.1371/journal.pone.0005231
https://doi.org/10.1371/journal.pone.0005231
https://doi.org/10.1073/pnas.1202637109
https://doi.org/10.1016/j.bbrc.2006.05.109
https://doi.org/10.1016/j.bbrc.2006.05.109
https://doi.org/10.1016/j.bbrc.2011.03.139
https://doi.org/10.1038/77083

Review Discover Oncology (2022) 13:139 | https://doi.org/10.1007/s12672-022-00597-9

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Wilson C, Qiu L, Hong Y, Karnik T, Tadros G, Mau B, Ma T, Mu Y, New J, Louie RJ, Gunewardena S, Godwin AK, Tawfik OW, Chien J, Roby KF,
Krieg AJ. The histone demethylase KDM4B regulates peritoneal seeding of ovarian cancer. Oncogene. 2017;36:2565-76.

Liu G, Bollig-Fischer A, Kreike B, van de Vijver MJ, Abrams J, Ethier SP, Yang ZQ. Genomic amplification and oncogenic properties of the
GASC1 histone demethylase gene in breast cancer. Oncogene. 2009;28:4491-500.

Sun LL, Holowatyj A, Xu XE, Wu JY, Wu ZY, Shen JH, Wang SH, Li EM, Yang ZQ, Xu LY. Histone demethylase GASC1, a potential prognostic
and predictive marker in esophageal squamous cell carcinoma. Am J Cancer Res. 2013;3(5):509-17.

Black JC, Manning AL, Van Rechem C, Kim J, Ladd B, Cho J, Pineda CM, Murphy N, Daniels DL, Montagna C, Lewis PW, Glass K, Allis CD,
Dyson NJ, Getz G, Whetstine JR. KDM4A lysine demethylase induces site-specific copy gain and rereplication of regions amplified in
tumors. Cell. 2013;154:541-55.

Yang J, AlTahan AM, Hu D, Wang Y, Cheng PH, Morton CL, Qu C, Nathwani AC, Shohet JM, Fotsis T, Koster J, Versteeg R, Okada H, Harris
AL, Davidoff AM. The role of histone demethylase KDM4B in Myc signaling in neuroblastoma. J Natl Cancer Inst. 2015;107:djv080.

Han F, Ren J, Zhang J, SunY, Ma F, Liu Z, Yu H, Jia J, Li W. JMJD2B is required for Helicobacter pylori-induced gastric carcinogenesis via
regulating COX-2 expression. Oncotarget. 2016;7:38626-37.

Li H, Yang X, Wang G, Li X, Tao D, Hu J, Luo X. KDM4B plays an important role in mitochondrial apoptosis by upregulating HAX1 expres-
sion in colorectal cancer. Oncotarget. 2016;7:57866-77.

Shin S, Janknecht R. Activation of androgen receptor by histone demethylases JMJD2A and JMJD2D. Biochem Biophys Res Commun.
2007;359:742-6.

ShiL, SunL, LiQ, Liang J, YuW,Yi X, Yang X, Li Y, Han X, Zhang Y, Xuan C, Yao Z, Shang Y. Histone demethylase JMJD2B coordinates H3K4/
H3K9 methylation and promotes hormonally responsive breast carcinogenesis. Proc Natl Acad Sci USA. 2011;108:7541-6.

Berry WL, Shin S, Lightfoot SA, Janknecht R. Oncogenic features of the JMJD2A histone demethylase in breast cancer. Int J Oncol.
2012;41:1701-6.

Coffey K, Rogerson L, Ryan-Munden C, Alkharaif D, Stockley J, Heer R, Sahadevan K, O'Neill D, Jones D, Darby S, Staller P, Mantilla A,
Gaughan L, Robson CN. The lysine demethylase, KDM4B, is a key molecule in androgen receptor signalling and turnover. Nucleic Acids
Res. 2013;41:4433-46.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Zinc finger myeloid Nervy DEAF-1 type (ZMYND) domain containing proteins exert molecular interactions to implicate in carcinogenesis
	Abstract
	1 Introduction
	2 ZMYND proteins that modifying histone marks to regulate gene expression: ZMYND1, ZMYND14, ZMYND18, ZMYND21, ZMYND23
	2.1 Basic structure of SMYD family proteins
	2.2 Catalytic activities to methylate histone exerted by SMYD family proteins.
	2.3 The activity of SMYD1 in muscle development
	2.4 The implication of SMYD2 in the occurrence of cancer
	2.5 The implication of SMYD3 in occurrence of cancers
	2.6 The biological activities of SMYD4 and SMYD5

	3 ZMYND proteins that complex with co-repressors to regulate gene transcription: ZMYND2, ZMYND3 and ZMYND4 and ZMYND5
	3.1 The implication of molecular interaction of CBFA proteins in leukemogenesis
	3.2 DEAF-1ZMYND5 contributes to carcinogenesis through gene expression regulation

	4 ZMYND proteins acting as genomic reader associated with chromatin marks: ZMYND8, and ZMYND11
	4.1 ZMYND8 and ZMYND11 recognize and recruit histone marks to regulate gene expression
	4.2 Cancer related ZMYND 8 and 11are abnormally expressed in malignant tissues

	5 ZMYND proteins that contain only MYND domain with less characterized functions: ZMYND7, ZMYND9, ZMYND10
	5.1 ZMYND proteins with similar structure but variant biological activities
	5.2 BLUZMYND10 has been shown to be downregulated in tumors, with tumor suppression to be mechanistically characterized

	6 Conclusion
	Acknowledgements 
	References


