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Abstract

Metastatic associated proteins (MTA) are integrators of upstream regulatory signals with the
ability to act as master coregulators for modifying gene transcriptional activity. The MTA family
includes three genes and multiple alternatively spliced variants. The MTA proteins neither have
their own enzymatic activity nor have been shown to directly interact with DNA. However, MTA
proteins interact with a variety of chromatin remodeling factors and complexes with enzymatic
activities for modulating the plasticity of nucleosomes, leading to the repression or derepression of
target genes or other extra-nuclear and nucleosome remodeling and histone deacetylase (NuRD)-
complex independent activities. The functions of MTA family members are driven by the steady
state levels and subcellular localization of MTA proteins, the dynamic nature of modifying signals
and enzymes, the structural features and post-translational modification of protein domains,
interactions with binding proteins, and the nature of the engaged and resulting features of
nucleosomes in the proximity of target genes. In general, MTA1 and MTAZ2 are the most
upregulated genes in human cancer and correlate well with aggressive phenotypes, therapeutic
resistance, poor prognosis and ultimately, unfavorable survival of cancer patients. Here we will
discuss the structure, expression and functions of the MTA family of genes in the context of
cancer cells.
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Introduction

The metastatic associated protein (MTA) family consists of three genes - MTAL, MTA2 and
MTAG3, as well as resulting alternatively spliced variants of MTAL and MTA3. The MTAL,
MTAZ2 and MTA3 genes in human cells are localized on chromosomes 14932, 11912-q13.1,
and 2p21, respectively. Corresponding murine homologues are localized on chromosomes
12F, 19B and 12, respectively. Although MTA family members are evolutionary conserved,
most of our current understanding of the MTA genes come from the genomic organization of
the murine genes and the founding family member MTAL (Kumar, 2014). Such genomic
details also provide us with clues about the potential regulation of MTA genes by upstream
pathways, and the nature of events involved in the generation of differentially spliced
variants. In general, the MTA genes and protein products are ubiquitously expressed in
various organ-systems with a certain degree of differential expression in rapidly
proliferating versus differentiated tissues (Liu et al., 2014a).

The founding family member, Mtal in mice, was cloned by Garth Nicholson’s laboratory
and published in September 1994 at the University of Texas MD Anderson Cancer Center
(Toh et al., 1994). The putative role of MTAL in chromatin remodeling was inferred due to
the presence of MTAL polypeptides in the nucleosome remodeling and histone deacetylase
(NuRD) complex (Xue et al., 1998). As opposed to MTAL, MTA2 was initially recognized
as MTA1-like 1 gene, named as MTA1-L1, as a randomly selected clone from a large scale
sequencing effort of human cDNAs by Takashi Tokino’s laboratory (Futamura M et al.,
1999). MTAZ2’s suspected role in chromatin remodeling was inferred from the prevalence of
MTAZ2 polypeptides with the NURD complex in a proteomic study (Zhang et al., 1999). This
was followed by targeted cloning of murine Mta2 (Xia and Zhang, 2001). Murine Mta3 was
initially cloned as a partial cDNA while screening a mouse keratinocyte cDNA library with
human MTAL partial fragment as a probe, and followed by cloning of the full length Mta3
cDNA through 5° RACE of the RNA from C57B1/6J mouse skin by 5° RACE methodology
by My G Mahoney laboratory (Simpson et al., 2001).

Over the years, the MTA family members have emerged as one of the most important
regulatory molecules with both redundant and non-redundant activities in both physiological
and cancer cells (Sen et al., 20144, Sen et al., 2014b). A large body of work over the years
suggests that the MTA family members regulate numerous cellular pathways with roles in
cancer progression and metastasis (Li and Kumar, 2015). However, because MTA family
members are ubiquitously expressed and natural levels of MTA family members are equally
important for several essential physiological functions (Sen et al., 2014a), the authors
believe the MTA family members may also follow a nomenclature that is based on their
structural elements, rather than the current nomenclature derived from the historical cloning
of the founding member MTAL - as a differential expressed gene from rat metastatic
mammary gland tumors (Toh et al., 1994). However, this is more of a philosophical point of
continuing scientific debate as the functions of MTA family members are independent of
what we name these proteins.
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Since the discovery of the MTA family, the scientific community has witnessed a prolific
growth in the number of MTA-research articles as evident by the existence of over 500
articles in PubMed since the first publication in 1994, with MTA1 leading the field with
over 350 articles followed by MTA2 and MTA3. Because MTA family members are not
found to exhibit any enzymatic activity or directly bind to DNA so far, the functions of
MTA proteins, are derived by their unique structural features and domains, particularly from
the structure functional relationship of MTAL (Fig. 1), allowing MTA proteins to interact
with a large number of proteins to manifest its functions. In general, MTA proteins are
components of multi-protein regulatory complexes with roles in chromatin remodeling and
modifying gene expression through interactions with histone- or non-histone proteins and
modified nucleosomes while recognizing specific post-translational modifications (Kumar,
Gururaj, 2008; Nair et al., 2013; Millard et al., 2014; Algarni et al., 2014; Liu et al., 2015;
Li, Kumar, 2015).

MTA proteins are one of the most widely deregulated molecules in human cancer and
contribute to cancer progression and metastasis and maintenance of cancerous phenotypes
(Kumar, 2014). In addition, MTA proteins represent a converging nodule for a large number
of upstream pathways and influence cellular functions through their interacting proteins,
target genes, or modifying the biological functions of downstream effector components. As
several excellent reviews have extensively summarized the details of upstream modifiers
and downstream effectors of MTA proteins (Li et al., 2012; Kumar, 2014; Li, Kumar, 2015),
these will not be extensively discussed here. Here we will discuss the genomic organization
and expression of MTA genes and functions of MTA proteins.

Genomic structure and splicing of MTA genes

The human MTAL gene has 21 exons, spanning a length of around 51-kb in humans, but
only 39-kb in murine cells (Fig. 2A). In humans, there are 20 transcripts generated by
alternative splicing from these exons. The lengths of these transcripts range from 416-bp to
2.9-kb. However, only eight predicted spliced transcripts contain open-reading frames,
coding six proteins and two polypeptides. The lengths of the other 12 transcripts range from
561-bp to 1.9-kb, belong to the non-coding long RNA and of them, ten transcripts retain
intron sequences. The murine Mtal gene has six transcripts, including three transcripts
coding for three proteins, and three non-coding RNA transcripts. The protein coding
transcripts are around 2.7-kb to 2.8-kb in size, and longer than the non-coding transcripts,
which range from 584-bp to 2.1-kb.

The MTA2 gene is much shorter than the MTAL gene. The human MTAZ2 gene is about 8.6-
kb, while the murine Mta2 gene is 10.4-kb (Fig. 2B). The human MTA2 gene has 20 exons
and has seven transcripts, including three protein-coding transcripts but code two proteins of
688 amino acids and 495 amino acids, respectively, while four non-coding RNA transcripts
run from 532-bp to 627-bp. The murine Mta2 gene has six transcripts, but only a 3.1-kb
transcript is expected to code a protein of 668 amino acids. The remaining five Mta2
transcripts are non-coding RNAs, ranging from 620-bp to 839-bp.
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The MTA3 gene is rather long as compared to other family members (Fig. 2C). The human
MTAZ3 gene is 262-kb while the murine Mta3 gene is 109-kb. The human MTA3 gene
contains 20 exons, and 19 transcripts generated by alternative splicing. Nine MTA3
transcripts are protein coding RNAs and predicted to code six proteins of 392, 514, 515,
537, 590 and 594 amino acids long, and two small 18 amino acids and 91 amino acids
polypeptides. The other 10 transcripts are non-coding RNAs. The murine Mta3 gene has 17
exons, but only nine transcripts, seven of which are predicted to code six proteins, ranging
from 251 amino acids to 591 amino acids, and one 40 amino acids polypeptide. There are
only two predicted non-coding RNA in murine Mta3, with a length of about 500-bp. The
large variety of predicted transcripts and coded proteins from three MTA genes highlights
the potential functional complexity of MTA genes and the broader impact of this family on
the biology of living systems. It would be worthwhile to point out that most of the reported
studies are about the full lengths proteins of the three MTA genes and the roles of other
transcripts remain predictive at this time. In this context, considering the significance of
non-coding RNAs and small polypeptides in the biology, the future of the MTA field of
research will be much more rewarding in the coming years and expected to modulate the
biology of three full length MTA proteins.

Domains of MTA Proteins

The MTAL protein is the longest among the human family members with 715 amino acids
as compared to MTA2 and MTA3 which contain 668 and 594 amino acids, respectively.
Alignment of amino acid sequences across human MTA proteins using the Pblast-NCBI
tools suggests that MTA2 shares 58% homology with MTAL while MTAS3 shares 69%
homology with MTAL. The MTA proteins contain both conserved N-terminal and divergent
C-terminal regions. The conserved domains of MTA proteins include: the BAH (Bromo-
Adjacent Homology), the ELM2 (egl-27 and MTA1 homology), the SANT (SWI, ADA2,
N-CoR, TFIIIB-B), and the GATA-like zinc finger domains (Fig. 1). The divergent regions
of MTA proteins partially share a Src homology 3-binding domain, acidic regions, and one
predicted bipartite nuclear localization signal (NLS) sequence. These structural domains
provide clues about their potential functions of MTA proteins. For example, the BAH
domain is generally found in proteins with abilities to interact with nucleosomes and
methylated histones and contribute to protein-protein interactions and gene modulation (Kuo
et al., 2012; Norris et al., 2008; Yang and Xu, 2013); the ELM2 domain interacts with
histone deacetylases to remodel chromatin and regulate gene transcription (Ding et al.,
2003); and while ELM2-SANT domains serve as scaffolds for a number of DNA-binding
transcription factors for chromatin remodeling (Wang et al., 2008). The presence of the SH3
motif suggests that the functions MTA proteins could also be regulated by SH3-domain
containing signaling molecules as Mta3 has been shown to interact with Fyn and Grb2
(Simpson et al., 2001). These structural features suggest that the MTA family members are
likely to be involved in chromatin remodeling, modulation of transcription, and expression
of target genes — which turn out to be true as this family of chromatin remodeling proteins
have emerged as one of the major modifiers of gene transcription in both physiological and
disease settings.
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Subcellular localization of MTA proteins

The functions of MTA proteins are expected to be regulated by the nature of its binding
proteins, subcellular localization and upstream signaling cascades in both normal and cancer
cells. Although MTA proteins contain bipartite nuclear localization signals (NLS) and
predominantly reside in the nuclear compartment, MTA1 and MTAZ3 are also found to be
present in other extra-nuclear compartments (Liu et al., 2014a). For example, MTAL1 has
been shown to localize in the cytoplasm of embryonic mouse tissues, as well as in the
cytoplasm and nucleus in colon, liver and endometrial cancer cells (Liu et al., 2014b), in
hepatocytes (Li et al., 2008) as well as normal breast tissues (Sharma et al., 2011). More
recently, cytoplasmic MTAL has been found to also localize on cytoplasmic microtubules
and onto the nuclear envelope, with cytoplasmic levels of MTAL correlating well with
tumor progression (Liu et al., 2014b).

Similarly, while MTAL is expressed in both the nucleus and cytoplasm, the status of the
nuclear MTA1 overexpression defines prognostic value of MTA1 in prostate cancer (Dias et
al., 2013). In contrast to MTA1L, ZG29p (Kleene et al., 1999) and MTA1s (Kumar et al.,
2002) spliced variants localize in the cytoplasm due to the lack of NLS motifs. Similarly,
MTAZ3 also localizes in both nuclear and cytoplasmic compartments in keratinocytes
(Simpson et al., 2001) and murine epithelial cells (Zhang et al., 2006a), while MTA3
staining in cancer cells is largely diffused (Liu et al., 2014a). The nature of the underlying
mechanisms and a full significance of extra-nuclear localization of MTA proteins are not
fully understood at the moment and must await further studies.

Basis of functionality of MTA proteins

The expression of MTAL and MTAZ2 is believed to be distinct from the expression of MTA3
in cancer cells with some degree of exceptions as all three genes are also upregulated in
certain human cancers. Although MTAL and MTAZ2 generally exhibit overlapping
expression patterns in human cancer, the functions of the two proteins are not always
overlapping. The best documented example of overlapping functions of MTAL and MTAZ2 is
the repression of ER-alpha transactivation functions by corresponding NuRD-complexes
(Sen et al., 2014b; Li and Kumar, 2015). Similarly, non-redundant functions of MTA1 and
MTAZ could be exemplified by MTA targeting of p53 tumor suppressor leading to two
distinct functional outcomes. For example, MTA1 stabilizes p53 by preventing its
ubiquitination by Mdm2 and COP1 in cells exposed to ionizing radiation and that MTA1-
p53 pathway is a component of the DNA damage response (Li et al., 2009a); while MTA2
deacetylate p53 and inhibits its transactivation functions, inhibiting p53’s growth
suppressive activity (Luo et al., 2000).

Functions of MTA proteins are affected by signaling-dependent post-translational
modifications (PTM) which, in-turn, will modulate the nature of interactions and the
formation of intermediate sub-complexes, before MTA-containing complexes are engaged
with target gene chromatin (Li, Kumar, 2015) (Fig. 3A). Most of our current understanding
of MTA’s PTM is derived from the work on MTAL which is subjected to acetylation at
lysine 626, ubiquitination at lysine 182 and lysine 626, SUMOylation at lysine 509, and
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methylation at lysine 532 (Ohshiro et al., 2010; Li et al., 2009b; Cong et al., 2011; Nair et
al., 2013). The MTAZ2 protein is acetylated at lysine 152 by p300 histone acetylase enzyme
(Zhou et al., 2014). In addition, functions of MTA proteins are influenced by the ability of
MTA 1 and MTAZ to interact with histone H3 and chromatin remodeling components (Nair,
etal., 2013; Wu et al., 2013).

In general, the functions of MTA-containing chromatin-remodeling complexes are governed
by the notion that MTA proteins do not co-exists within the same NuRD complex and one
family member may not always functionally compensate the other family member (Kumar,
2014; Li and Kumar, 2015). Increased expression of MTAL and MTA2 during the
development of mammary tumors in a multi-stage model of tumor progression (from normal
duct to premalignant lesions to hyperplasia to ductal carcinoma to invasive carcinoma) is
often accompanied by a gradual decrease in the level of MTA3 (Zhang et al., 2006a). Both
MTAL and MTA2 supports tumor progression and epithelial-to-mesenchymal transition
(EMT) (Sen et al., 2014b), while alternatively, MTA3 inhibits EMT (Fujita et al., 2003).
These representative observations suggest that the functions of MTA3 in breast cancer are
different from MTA1 and MTA2 and that MTA1 and MTA2 could compensate each other
in-principle. However, this is not always true and may be target gene chromatin context-
dependent (see below). The mechanism of these contrasting functions of MTAL and MTA2
as compared to that of MTAS3, at-least, in breast cancer remained unexplained until Si et al
discovered that ZEB2 regulates its target genes by recruiting the MTA1-NuRD complex
while GATAZ3 utilizes the MTA3-NuRD complex to its target genes; Thus, GATA3 and
ZEB?2 selectively control respective downstream targets (Si et al., 2015). During the course
of this study, Si et al also provided a mechanistic basis of generally noticed opposing
functions of MTAL and MTAZ3 (Si et al., 2015). Another remarkable feature of this study
was the observation that the biochemical and cellular activities of MTAL cannot be
compensated by MTAZ2, highlighting non-redundant functions of MTA1 and MTA2. The
existence of non-redundancy among MTA proteins in the chromatin remodeling complexes
explains, in-part, the mechanism through which MTA-containing regulatory complexes may
manifest their functional specificity through binding with distinct target genes (Fig. 3).

Regulation of expression of MTA genes

The overexpression of MTA family members in human cancer is generally accompanied by
increased mRNA and/or protein and infrequently associated with copy number amplification
(Figs. 4, 5). The expression of MTA gene products is regulated through both transcription
and post-transcriptional mechanisms in cancer cells. A closer examination of the promoters
of MTA genes reveals the presence of multiple predicted binding sites for a number of
transcription factors, both shared or selective, among three MTA genes (Table 1). This
provides us with clues about the nature of pathways that might potentially modulate the
expression of MTA genes. However, available experimental data provides support the
regulation of MTA genes by only a few transcriptional factors. For example, although c-Myc
binding sites are present in both MTAL and MTA2 promoters, this has been only investigated
for the MTA1 gene: c-Myc stimulates MTAL transcription and in-turn, MTAL is an integral
part of c-Myc-mediated cellular transformation (Zhang et al., 2005). In addition, the
eukaryotic initiation factor 5A2 oncogene also utilizes c-Myc to upregulate the expression of
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MTAL in colon cancer cells (Zhu et al., 2012a). The SP1 transcription factor stimulates the
transcription of MTAL (Li et al., 2011) as well as of MTA2 (Xia and Zhang, 2001; Zhou et
al., 2013) and MTAS3 (Fujita et al, 2004a; Fujita et al., 2004a). The expression of MTAL is
also induced by CUTL1 homeodomain in TGF-pl stimulated (Pakala et al., 2011), NF- xB
transcription factor in stress-exposed tumor cells (Pakala et al., 2010), heat shock factor 1-
dependent manner (Khaleque et al., 2008), hypoxia inducible factor 1a in breast cancer cells
(Yoo et al., 2006), Clock/BMAL1 binding to E-box in murine Mtal promoter (Li et al.
2013a). The estrogen and estrogen receptor-a system stimulates MTA1 expression in
endometrial cancer cells (Kong et al., 2014) and MTAZ3 in breast cancer cells (Fujita et al.,
2003; Fujita et al., 2004b; Mishra et al., 2004). More recently, Epstein-Barr virus-encoded
latent membrane protein 2A oncogene has been shown to induce MTAL expression during
nasopharyngeal carcinoma pathogenesis (Lin et al., 2014).

In addition to positive regulation of MTA transcription, there is also example of negative
regulation of MTA genes by transcription factors: p53 inhibits MTAL transcription in
conjunction with p53-poly(ADP-ribose)ylation by poly(ADP-ribose) polymerase 1 (Lee et
al., 2012a), while Kaiso transcription factor that binds to methylated CpG locus to represses
MTARZ transcription (Yoon et al., 2003).

The expression of the MTA1 gene is also influenced by growth factors and receptors such as
VEGF and VEGF receptor 2 (Nagaraj et al., 2015), EGFR in HaCaT keratinocytes
(Mahoney et al., 2002), heregulin beta 1 and ErbB2 in breast cancer cells (Mazumdar et al.,
2001), and leptin, a fat cell derived growth factor, in breast cancer cells (Yan et al., 2012).

In addition to genomic mechanisms, the levels of MTA proteins are also subject to post-
transcriptional regulation by acetylation, ubiquitination, microRNAS, and other pathways.
The functionality of MTAL and MTAZ2 proteins is profoundly affected by their acetylation
status by histone acetylase p300 (Ohshiro et al., 2010, Zhou et al., 2014). The RING-finger
ubiquitin-protein ligase COP1 regulates the level of MTAL protein by controlling its
degradation via the ubiquitin-proteasome pathway in the context of DNA damage response
(Li et al., 2009b); and MTAL1 stability is modulated by its physical association with the
tumor suppressor protein ARF (Li et al., 2011). The levels of MTAZ2 are inhibited by the
Rho GDla in breast cancer cells (Barone et al., 2011) and by human B-defensins in
colorectal cancer cells (Uraki et al., 2014).Similarly micro-RNAs such as miR-661, miR-30c
and miR-125a-3p target MTA1 expression (Kong et al., 2014, Zhang et al., 2015), while
miR-146a and miR-34a targets MTA2 (Li et al., 2010, Kaller et al., 2011). Micro-RNA-495
targets MTAS in cancer cell lines (Chu et al., 2014) and p-elemene stimulates the expression
of MTAZ3 in breast cancer cells (Zhang et al., 2013).

in MTA genes

A widespread upregulation of MTA family members in human cancer is now fully
confirmed by the available cancer sequencing databases. Among the MTA family, MTAL
and MTAZ2 are widely overexpressed followed by MTAS3 as evident in the cBioPortal
database (Cerami et al., 2012; Gao et al., 2013). As illustrated in Fig. 4, upregulation of
MTA in human cancer is not always accompanied by an increased copy number and thus,
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genomic amplification of MTA genes does not constitute the major cause of MTA’s
upregulation in human cancer. In fact, upregulation of MTA mRNAS is much more
prevalent than increased copy numbers. Further, the spectrum of expression of MTA family
members varies across cancer types and within a given cancer-type (Figs. 4, 5). The
genomic data also suggests that MTA genes are frequently mutated in human cancer: a total
of 98 mutations in MTAL, 114 mutations in MTA2, and 58 mutations in MTAS3 across cancer-
types (Fig. 6). Interestingly, many of these mutations are also harbored within the BAH,
ELM, and GATA domains and could potentially impair the roles of these proteins in
chromatin remodeling. Although available sequencing data has shown a large number of
mutations in cancer tissues, the significance and experimental validation of these mutations
on the functions of MTA gene products remains unclear at this time and waits future
research. There are also examples of patient polymorphism in MTAL and MTA3 genes in the
context of estrogen-receptor alpha pathway and the risk of developing breast cancer (Yu et
al., 2006). In addition, a single nucleotide polymorphism at position 81 (G81>A) in MTAL in
patients with liver cancer has been shown to be associated with MTA1-overexpressing (Lee
et al., 2012b).

Targets of MTA proteins

The MTA family members exert their cellular effects by regulating the expression of target
genes through NuRD-dependent or -independent coregulatory complexes, and/or modifying
the functions of its downstream effector molecules. In general, functions of MTA proteins
are largely governed by combinatorial post-translational modifications, and distinct protein-
protein interactions (Fig. 3). The target specificity of MTA-containing chromatin
remodeling complexes is influenced by dynamic interactions with nucleosomes (Nair,
Kumar, 2012; Nair et al., 2013).

ERa represents the first direct target of the MTAL1-NuRD complex (Mazumdar et al., 2001).
Both MTAL and MTAZ inhibit ERa transactivation activity and promote the development
of hormone-independent phenotypes in breast cancer cells (Mazumdar et al., 2001; Cui et
al., 2006). Further MTA1 regulation of hormone action is also modulated by MTAL’s
binding to coregulatory factors [i.e. MAT1 (Talukder et al., 2003); MICoA (Mishra et al.,
2003); NRIF3 (Talukder et al., 2004); and LMO4 (Singh et al., 2005)] and via recruitment of
distinct transacting factor complexes to the target genes (Kang et al., 2014). In addition to
blocking ER-transactivation, MTA1 also inhibits the transcription of breast cancer type 1
susceptibility gene (Molli et al., 2008), PTEN (Reddy et al., 2012), p21WAFL(Li and Kumar,
2010), guanine nucleotide-binding protein G(i) subunit alpha-2 (Ohshiro et al., 2010),
SMAD family member 7 (SMAD?7) (Salot and Gude, 2013), nuclear receptor subfamily 4
group A member 1 (Yu et al., 2013), and homeobox protein SIX3 (Manavathi et al., 2007),
and represses BCL11B during T-cell leukemia (Cismasiu et al., 2005).

MTAL and MTA2 also regulate the invasive behavior of breast cancer cells, esophageal
squamous cell carcinoma, and non-small cell lung cancer cells via targeting E-cadherin
expression (Pakala et al., 2011; Weng et al., 2014; Zhang et al., 2015). Interestingly, MTA3
also targets E-cadherin expression through directly repressing the expression of Snail —
EMT master regulator, and accordingly, loss of MTA3 promotes during breast cancer
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progression contributes to EMT due to Snail upregulation which inhibits the expression of
E-cadherin adhesion molecule (Fujita e al., 2003). MTA3-corepressor suppresses Wnt4
expression in mammary epithelial cells (Zhang et al., 2006b) and MTAZ2 represses IL-4 in T-
cells (Lu et al., 2008). Further targets of MTA3-NuRD complex also participate in primitive
hematopoietic and angiogenesis in a zebrafish model system (Li et al., 2009c), and MTA3
contributes to BCL6-dependent repression program during differentiation of B-cells (Fujita,
N. et al., 2004a; Parekh, S., et al., 2007). The MTAS3 also interacts with GATA3 and
regulates the expression of GATA3 downstream targets (Si et al., 2015).

In addition to acting as a corepressor, MTAL also acts as a coactivator due to NURD-
independent functions (Sen et al., 2014b; Li and Kumar, 2015). In fact, genetic depletion of
Mtal in mouse embryonic fibroblasts is accompanied by differential down- and up-
regulation of a large number of genes as compared to mouse embryonic fibroblasts with
Mtal (Ghanta et al. 2011b), reinforcing a potential broader role of MTAL in gene
stimulation. Examples of MTAL stimulation of its targets include TWIST and transcription
factor STAT3 (Pakala et al., 2013), breast cancer-amplified sequence 3 (BCAS3) (Gururaj et
al., 2006), FosB (Pakala et al., 2011), paired box gene 5 (Pax5) (Balasenthil et al., 2007),
proto-oncogene Wntl due to derepession of its transcription from Six3 (Kumar et al., 2010),
and transglutaminase 2 (TG2) (Ghanta et al., 2011a), myeloid differentiation primary
response 88 (Pakala et al., 2010), rhodopsin due to derepression of its transcription from
Six3 (Manavathi et al., 2007), tumor suppressorpl4/p19ARF (Li et al., 2011), tyrosine
hydroxylase (Reddy et al., 2011), clock gene CRY1(Li et al.a, 2013), and SUMO?2 (Cong et
al., 2011). MTA family member MTA2 supports the growth of gastric cancer cells via
upregulating the expression of IL-11 (Zhou et al., 2015). There are also examples wherein
the MTA-NuRD complex functions by de-acetylation of its target proteins: MTAL and
MTAZ2 deacetylate p53 (Moon et al., 2007; Luo et al., 2000); MTA1-mediated deacetylation
of HIF1a modulates its transactivation activity (Moon et al., 2006; Yoo et al., 2006), and
MTAL deacetylation of Pten de-acetylation (Dhar et al, 2015). Interestingly, expression of
HIFla and its ability to stimulate transcription from heat-shock responsive element-based
reporter system are upregulated by MTAL and MTAZ3 in trophoblast cells upon exposure to
hypoxic condition (Wang et al., 2013).

Similarly, the MTAZ2 corepressor complex modulates the circadian rhythm by regulating
transcription activity of CLOCK-BMAL1 (Kim et al., 2014). In addition, MTA1 may also
influence the status of cellular genes indirect through a microRNA network as depletion of
MTAL in cancer cells alters the levels of miR-210, miR-125b, miR-194, miR-103, and
miR-500 (Zhu et al., 2012b; Li et al., 2013c).

Cellular functions of MTA family

The functions of MTA proteins are largely driven by their ability to undergoes post-
translational modifications, interacts with histones and non-histone proteins, and modify the
expression of target genes (Fig. 3). Due to a broad spectrum of target genes, the MTA
family, particularly, MTAL hub regulates a large number of pathways involved in cellular
transformation, motility and invasion, ability to grow in soft-agar, antagonize apoptosis,
angiogenesis, DNA damage response, therapeutic resistance including hormone-
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independence, tumor aggressiveness, stem cell-like properties, epithelial-to-mesenchymal
transition, and metastasis (Li and Kumar, 2015). Because expression of MTAL and MTA2
may be different from that of MTA3, MTAL and MTA2 have emerged as one of the most
upregulated genes in human cancer including breast, gastric, esophageal, endometrial,
pancreatic, thymoma, lung, liver, prostate, colon, ovarian, and cervical cancers. In general,
overexpression of MTA1 (and also MTAZ2) correlates well with increased invasion, lymph-
node positivity, increased tumor size, aggressive phenotypes, and poor prognosis of cancer
patients. However, information about the impact of MTA alterations on the survival rates of
cancer patients is only available for a few cancer-types such as hepatocellular carcinomas
wherein MTAL overexpression has been shown to be associated with a poorer survival
(reviewed by Toh and Nicholson, 2014). While MTA3 may be either downregulated in
cancer such as in breast cancer and endometrioid adenocarcinomas (Briining, A. et al., 2014)
or upregulated in human cancer such as in non-small cell lung cancer (Li et al., 2013b),
human placenta and chorionic carcinoma cells (Brining, A. et al., 2009). The nature of
relationship between the status of MTA3 and survival of cancer patients is somewhat not
fully examined at the moment. The spectrum of the cellular functions of MTA family
members in various human cancer-types has been recently summarized in a thematic volume
on the MTA proteins in cancer (Kumar 2014).

Concluding remarks

A large body of work over the last two decades has firmly established that MTA family of
proteins are major modifiers of several physiological functions as well as cancer progression
and metastasis both in experimental model systems and human tumors. In addition to cancer
progression, the MTA family members also regulate several critical physiological pathways
in normal cells. In addition, the MTA proteins have emerged as potential biomarkers,
prognostic factors, and therapeutic targets for human cancer. In addition to experimental
depletion of MTAs in experimental model systems, biology of the MTAZ1-effector molecules
could be also modified by natural compound. In this context, curcumin inhibits the
invasiveness of non-small cell lung cancer by impacting the status of MTAL1-Wnt/B-catenin
axis (Lu et al., 2014); and dietary resveratrol or its synthetic analogue pterostilbene
suppresses the levels of MTAL as well as the growth and metastasis of prostate cancer
xenografts (Li et al., 2015). Collectively, an increased understanding of the expression and
functions of MTA family has enhanced our appreciation for a critical role of chromatin
remodeling factors in gene expression and thus, revealed an additional regulatory layer for
cellular processes. Because cellular functions of regulatory hub gene products, such as
MTAL, are expected to be regulated by specific modifications or biochemical ability in
addition to their levels, Kumar’s laboratory and collaborators are attempting to bring out the
roles of trans-regulation of MTAL’s post-translational modifications with a goal to target a
specific modification(s) and/or activity of MTAL as a superior therapeutic approach rather
than targeting the net expression. Further, such a therapeutic targeting approach is likely to
minimize non-specific effects on the physiological functions of MTA1 in the normal cells.
In closing, the MTA family of proteins have attracted a huge amount of attention in the past
two decades due to its close association with cancer and roles in chromatin remodeling
processes.
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Highlights

Metastatic associated proteins are integrators of upstream signals into gene
activity.

MTAs functions are driven by its expression status, localization, and
modifications.

Upregulated MTA1 and MTAZ2 in human cancer associates with tumor
aggression.

Gene. Author manuscript; available in PMC 2017 May 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kumar and Wang Page 18

A. - ELMa SANT ZnF NLS PRO_rich

NH2 COOH
715

K626-Ac
B K182-Ub K509-SUMO K532-Me K626-Ub

MTAT i e —
MTALS fuuil] e

MTAZ ] el ——
MTAS S ] —
MTASL ] el e—

Figure 1.
Schematic representation of the MTA family members. A, MTA1 domains and motifs: BAH

(Bromo-Adjacent Homology), ELM2 (egl-27 and MTA1 homology), SANT (SWI, ADA2,
N-CoR, TFIIIB-B), ZnF (GATA-like zinc finger), NLS (nuclear localization signal), and
PRO _rich (proline rich region). Known post-translational modifications on specific amino
acids are depicted underneath. B, Illustrations of major isoforms of the MTA family.
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MTA1-002: 2.7-kb, 20 Exons, — Exons 19 and 20 > Code 703-aa

MTA1-003: 2.7-kb, 20 Exons, — Exons 4 and 20 > Code 698-aa

MTA1-004: 2.1-kb, 21 Exons, — Exon 15 > Code 430-aa

MTA1-007: 2.0-kb, 15 Exons, — Exons 1-7 > Code 511-aa = C-ter of MTA-001

MTA1-201: 2.88-kb, 22 Exons, 1st exon differenfially spliced, has no start codon > Code 255-aa

B. 8.6-kb
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MTA2-001: 3.0-kb, 18 Exons, — Exons 16,19 > Code 668-aa
MTA2-002: 2.6-kb, 16 Exons, — Exons 17-20 > Code 495-aa

Exon 13 differentially spliced and terminated protein coding
MTA2-003: 2.3-kb, 18 Exons, — Exons 16,20 > Code 495-aa

Exon 13 differentially spliced and terminated protein coding

C. 262-kb
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MTA3-001: 5.5%b, 17 Exons, — Exons 1,2,19 > Code 537-aa
MTA3-002: 2.2-kb, 14 Exons, Exons 3-16 > Code 515-aa
MTA3-003: 2.0-kb, 14 Exons, Exons 3-16 > Code 514-aa
MTA3-004: 1.7-kb, 14 Exons, Exons 3-16 > Code 392-aa
MTA3-005: 5.8-kb, 18 Exons, — Exons 3,19 > Code 537-aa
MTA3-017: 1.8-kb, 17 Exons, — Exons 1,2, 19> Code 594-aa
The last exon spliced differently from 001

MTA3-018: 2.5%b, 18 Exons, Exons 3-20 > Code 590-aa

Figure 2.
Structure and partial transcripts of MTA genes. The diagram and transcripts of MTA1, MTA2

and MTA3 genes (A-C) are based on the ENSEMBL database (MTA1 ENSG00000182979,
MTA2 ENSG00000149480, MTA3 ENSG00000057935). The blues are alternatively
spliced exons. The diagrams are based on the known protein coding transcripts, not
including non-coding RNAs.
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Figure 3.
Regulation of expression and functions of MTA genes and MTA proteins. A, Regulation of

transcription of MTAL gene by growth factors and receptors, oncogenes and transcription
factors (round and oval shapes), level of MTA1 mRNA by microRNAs, and stability MTA1
protein by ligases. Post-translational modifications of MTAL lead to combinatorial assembly
of MTA1-containing corepressor or coactivator complexes to repress or stimulate the
expression of target genes or other less understood extra-nuclear and NURD complex
independent functions of MTAL. B, Regulation of transcription of MTA2 and MTA3 genes
and MTA2/3 mRNAs by microRNAs.
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Figure 4.

Genomic changes in the status of MTA1, MTA2 and MTAZ3 in the same tumors as analyzed

using cBioPortal genomic database.
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Figure 5.
Status of copy number variation (CNV) in MTAL, MTA2 and MAT3 in human cancer as

analyzed using cBioPortal genomic database.
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Figure 6.
Mutational landscape of MTAL, MTA2 and MTAS as analyzed using cBioPortal genomic
database.
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Table 1

Representative transcription factor binding sites in human MTA gene promoters.

Genes  Binding Sites (numbers)

MTAZL P53 (3), YY1 (15), Amnt (1), CUTLL (1), FOXC1 (1), MZF1 (1), Max (1), MAX1
(1), C-Myc (1), N-Mye (1), Pax5 (1), SREBP1a (1), SREBP1b (1), SREBPLc (1),
USF1 (1), XBP1 (1)

MTA2 NF-xB (2), NF-xB1 (10), CREB (18), SCREB (14), P53 (7), YY1 (9)

MTA3  SP1(6), ERa(1)
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