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Abstract Metastasis-associated gene or metastasis tumor an-
tigen 1 (MTAL) is a new member of cancer progression-
related gene family. It was first identified in rat mammary
adenocarcinoma and later recognized as an important constit-
uent of nucleosomal remodeling complex (NuRD), displaying
dual regulatory functions as a co-repressor and co-activator
for a large number of genes. Chromatin remodelers are ATP-
dependent multi-protein chromatin modifying machines.
These complexes alter the nucleosome positioning regulating
the accessibility of genomic DNA to various transcription
factors and thus modulate eukaryotic gene transcription.
Since its identification two decades ago, MTA1 has been
reported to be overexpressed in many cancers. Moreover, its
overexpression has also been correlated with transformation
and tumor progression. Furthermore, MTA1 has been shown
to modulate the response of several tumor suppressor genes
like p53 and oncogenes like c-myc. Taken together, current
literature suggests that MTA proteins, especially MTA1, act as
a master co-regulatory molecule involved in the carcinogene-
sis and progression of various malignant tumors. The primary
focus of this review is to provide an overview of the MTA
proteins with special emphasis on its role in cancer and use as
a marker for cancer progression and potential target for
therapy.
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1 Introduction

Cancer is a multistep and multifactorial disease driven by
alterations at the level of genome and epigenome that lead to
biological capabilities of increased proliferation, enhanced
survival, and heightened angiogenesis and metastasis [1].
Recent advances have led to the identification of several driver
genomic alterations. Starting from the discovery of oncogenic
KRAS activation and inactivation of tumor suppressor genes
APC and p53 driving colon transformation to the identifica-
tion of oncogenic signatures across different human cancer
types, we have improved our understanding of molecular
tumor maps [2, 3].

Apart from genetic alterations, epigenetic changes have
also been implicated in neoplasms. These heritable but revers-
ible changes encompass covalent modifications of histones,
methylation of CpG dinucleotides in DNA, and genomic
imprinting [4]. The first epigenetic alteration in cancer was
demonstrated by Vogelstein et al in colon cancer, in which a
global reduction of 5-methylcytosine was seen in the cancer-
ous tissues [5]. Subsequently, it has become clear that epige-
netic abnormalities regulate gene expression by controlling
accessibility to chromatin. One of the key regulators of the
chromatin includes ATP-dependent chromatin-remodeling
complexes. These include the switching defective/sucrose
non-fermenting (SWI/SNF) family, the imitation SWI
(ISWI) family, the nucleosome remodeling and deacetylation
(NuRD)/Mi2/CHD (chromodomain, helicase, DNA binding)
family, and the INOSO (inositol requiring 80) family of
remodelers [4].

With the recent advances in technology, several cancer-
related chromatin-remodeling complexes have been discov-
ered. Among these is metastasis-associated gene, mtal, that
was found to be highly expressed in metastatic rat mammary
adenocarcinoma cell lines compared to non-metastatic cell
lines using differential complementary DNA (cDNA) library
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screening technique [6]. This gene encodes for a protein that
belongs to a family of ubiquitously expressed co-regulators
that control the transcriptional milieu of the cell by directly
binding to the transcription factors and interacting with his-
tone tails to modulate chromatin accessibility.

A human homologue of rat mtal was later found to be
located on the chromosome 14q32.3 [7]. The human homo-
logue, metastasis tumor antigen 1 (MTA1), has been demon-
strated to be overexpressed in many cancers including those of
breast, esophageal, gastric, colorectal, and pancreatic origins
and the corresponding cell lines [8, 9]. The expression of this
gene was found to correlate with progression and invasiveness
of these cancers [9]. However, the functional role of this gene
remained to be characterized.

Subsequently, human MTA1 cDNA was cloned by Toh
et al. to characterize and understand the role of MTA1 in the
tumorigenesis [10]. A large number of research studies have
been able to demonstrate a significant contribution of MTA 1
in malignant properties of various cancers. Recent studies
have led to identification of other functions of MTA1, most
notably in DNA repair and inflammation. The present review
highlights MTA1 and its related proteins as a central nexus in
cancer and examines it as a candidate therapeutic target.

2 MTAI1 and its family members: structure
and localization

In addition to MTA1, other related genes MTA2 and MTA3
have also been identified. The three genes together form the
MTA family and encode for six reported isoforms (MTAI,
MTAls, MTA1-ZG29p, MTA2, MTA3, and MTA3L) with
MTAL being the founder member of the family. MTA1 and
MTA?2 are large polypeptides with the molecular masses of
approximately 80 and 70 kDa, respectively. MTA2 shares
68.2 % protein alignment homology with MTA1, whereas
the 65-kDa MTA3 is 73.2 % homologous with MTAT1 [11].
Except for MTA1-ZG29p isoform that lacks N-terminal
region, the MTA family members are highly homologous at
the N-terminus and share four highly conserved domains.
These consist of one bromo-adjacent homology (BAH) do-
main thought to be involved in protein-protein interactions;
one SWI, ADA2, N-CoR, and TFIIIB-B (SANT) domain
[11], a novel motif mostly found in eukaryotic transcriptional
regulatory proteins similar to DNA-binding domain of c-myb
[12] and functionally known to interact with histone N-
terminal tails [13], and one egl-27 and MTA1 homology
(ELM) domain with an undefined function and a GATA-
type zinc finger motif and leucine zipper motif responsible
for interactions with various transcription factors.
Additionally, two proline rich src-homology (SH)-binding
motifs responsible for interactions with signaling molecules
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have also been identified in MTA1, 2, and 3 protein sequences
[6, 10, 11].

In addition to the different domains, MTA proteins contain
basic amino acid rich nuclear localization signals (NLS) and
therefore localize to nucleus in the normal adult tissues [6, 11].
However, cytoplasmic expression of MTA1 has also been
recently shown in mouse embryonic tissues [14], human B
cell lymphomas, endometrial carcinoma, and human hepatic
carcinomas [15, 16]. MTA3 which lacks NLS localizes to both
cytoplasm and nucleus, whereas spliced form MTA1 localizes
only to cytoplasmic compartment [17, 18]. A very recent
report by Liu et al. also shows localization of MTA1 to the
nuclear envelope in a translocated promoter region (TPR)-
dependent manner [14]. It has also been demonstrated that the
nuclear expression of MTA1 in HCT116 promotes a less
differentiation state and proliferation, whereas MTA1 knock-
down induces expression of genes involved in development
and differentiation [14].

3 Functions of MTA proteins

With the characterization of MTA1 as a metastasis related
gene, understanding the biological role of MTA and its related
proteins has become important. The role of MTA family of
proteins is reviewed in the following sections.

3.1 Association with NuRD complex

Despite the availability of structural information about MTA
proteins and their anticipated role as a transcriptional regula-
tor, their exact biological functions remain elusive. In 1998,
Zhang et al. isolated a protein complex called nucleosome
remodeling and histone deacetylation (NuRD) containing
MTA 1-related polypeptide Mi2[3, with histone deacetylation
and ATP-dependent nucleosome remodeling activities [19]. In
the same year, MTA1 was also reported as a subunit of ATP-
dependent chromatin-remodeling complex NuRD providing a
link between chromatin remodeling and histone deacetylase
activities [20]. Later biochemical studies and immunoaffinity
purification of multi-subunit chromatin remodeler NuRD re-
vealed MTA2 to be a component of the complex that modu-
lates enzymatic activity of the histone deacetylase core com-
plex [21]. Similarly, Fujita et al. demonstrated MTA3 to be an
estrogen-dependent component of Mi2/NuRD complex. This
complex functions as a transcriptional repressor in breast
epithelial cells inhibiting their growth and differentiation
[17]. Subsequently, physical interaction between MTAI
and HDACI1 has also been reported in pancreatic cancer
[22]. Notably, it is now speculated that the functions of MTA
proteins are not restricted only to NuRD complexes.
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3.2 Interaction with non-histone proteins

Apart from targeting chromatin histones, MTAL is also asso-
ciated with non-histone proteins such as p53 tumor suppressor
gene [23]. MTAI1 containing NuRD complex-mediated
deacetylation of p53 attenuates its trans-activation thereby
inhibiting p53-induced apoptosis in human non-small cell
carcinoma and hepatoma cells [8, 24]. MTA1 expression in
breast cancer has been shown to be associated with
deacetylation of HIF-1o« via recruitment of HDACI in
hypoxic conditions, leading to stabilization of HIF-1x
protein [25]. Hepatitis B-virus X protein (Hbx) also in-
duced the expression of MTA1 and HDACI protein in
hepatocellular carcinoma thereby influencing hypoxia sig-
naling [25, 26]. MTAl has now been shown to be a
bonafide target of NF-kB maintaining the inflammatory
response seen in various cancers [27].

4 MTA and cancer

MTA proteins are found in most normal tissues including
brain, liver, breast, Sertoli cells, and ovary [28-30].
However, its expression increases in transformed cells. Since
the identification of MTA proteins in highly metastatic breast
cancer, their occurrence in several other cancers has also
been reported. The spectrum of cancers with overexpressed
MTA proteins in immunohistochemical evaluation has been
listed in Table 1, mentioning various antibodies used for
detection.

4.1 Involvement of MTA proteins in breast cancer

Role in cancer progression MTA1 was initially discovered in
rat breast cancer where its expression correlated with en-
hanced metastasis [6, 10]. Subsequently, the expression of
MTA1 was also seen in human breast cancer cell lines and
tissue specimens, correlating with tumor aggressiveness
[46—48]. Consistent with these reports, inhibition of MTA1
using antisense phosphorothioate oligonucleotides in MDA-

MB-231 breast cancer cell line that expresses high levels of
MTAL resulted in inhibition of its proliferative capacity [49].
Direct evidence of MTA1 contributing to malignant properties
came with demonstration of anchorage-independent growth
and heightened invasiveness in otherwise non-invasive MCF
7 cells after overexpression of MTA1 [29]. Further studies in
animal models also demonstrated that overexpression of
mammary tumor-like virus (MMTV)-MTA1 in mouse mam-
mary gland resulted in increased ductal extension and
branching, eventually developing into hyperplastic nodules
and mammary tumors which then metastasized to distant
organs [50].

Mazumdar et al. first identified ER-« to be a direct target of
MTA1 showing its interaction with the ligand-binding domain
of ER-x [29]. Stimulation with the growth factor ligand
heregulin-31 (HRG), increases the expression of MTA 1 in
breast cancer cell lines. The highly expressed MTAI is asso-
ciated with HDAC2 binding to estrogen response element
(ERE), repressing the trans-activation activity of ER-«.
Also, on inhibiting protein synthesis using cycloheximide,
high transcript levels of MTA1 was seen, suggesting the
regulation of MTA1 expression by HRG [29].

Another strong evidence for the role of MTA1 in tumori-
genesis came from the study of Ohshiro et al. which revealed
that the induction of MTA1 in Rat1 fibroblasts was sufficient
for their malignant transformation [51]. This oncogenic activ-
ity relied on the acetylation of MTA1 at Lys626 by histone
acetyltransferase p300 to activate Ras-Raf pathway. This was
mediated by the repression of Galphai2 regulatory element via
co-repressive activity of MTA1-HDAC [51]. On stimulation
with the growth factor HRG, MTA1-HDAC?2 binds to estro-
gen response element (ERE), repressing the trans-activation
activity of ER-«, thus conferring a more aggressive phenotype
in ER-positive breast cancer. Similarly, MTA2 was also shown
to deacetylate ER-« through its histone deacetylation activity,
repressing colony formation capacity, and rendering breast
tumors resistant to estradiol and antiestrogen drug tamoxifen
[52]. In contrast, MTA 1s, the shorter spliced cytoplasmic form
of MTA1 sequesters ER-a, prevents its translocation to nu-
cleus after ER-ligand binding and blocks malignant transfor-
mation of breast cancer cells [16].

Table 1 The list of antibodies used for detection of MTA proteins in the histological sections of various human cancers is shown

MTA family member Company name Catalog number

MTAI Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA C-17 [31], A-11 [31-34], sc-10813 [16],
sc-17773 [32, 34-37], sc-9446 [38-41]

MTA1 Bethyl Laboratories Inc., TX, USA A300-280A [42]

MTALI Abcam, MA, USA ab84136 [43]

MTA2 Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA C-20/ F-9/H-170 [44]

MTA3 Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA Y20 [17]

MTA3 Bethyl Laboratories Inc., TX, USA A300-160A [42, 45]
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Using a PyV-mT breast cancer model in transgenic mice,
Zhang et al. monitored the expression patterns of MTA1, 2,
and 3 during cancer progression. They showed that each MTA
protein had a unique expression pattern which co-ordinated
with others to bring about tumor progression and metastasis of
the breast cancer [45].

Role in epithelial- mesenchymal transition MTA3, reported to
be a part of Mi2/NuRD complex, plays a major role in regulat-
ing epithelial to mesenchymal transition (EMT) in breast cell by
controlling expression of transcriptional repressor Snail. In the
absence of MTA3 or ER, aberrantly expressed Snail causes a
reduction in the levels of E-cadherin resulting in invasive
growth [17]. The study showed that co-repressor activity of
MTA3 could not be substituted with that by MTA1. Similarly,
MTAL, not MTA2, was observed to be present on the Snail
promoter ascertaining its specialized function [17].

Additionally, MTAS3 has also been shown to be a transcrip-
tional target of ER-o¢ which binds to SP1 site on the promoter
region of MTA3 regulating its expression [17, 53]. In contrast
to MTA1, forced expression of MTA3 in virgin and pregnant
transgenic mice inhibited ductal extension and branching
suggesting a protective role against transformation [54].
MTA3 also suppresses the Wnt4 pathway in an HDAC-
dependent process by physically interacting with Wnt4 chro-
matin, inhibiting its transcription and secretion in the mam-
mary epithelial cells [54]. In addition to co-repressor activity
of MTA proteins via histone deacetylation, their role as tran-
scriptional activators became evident from studies carried out
by Gururaj et al. They demonstrated that the transcript levels
of'a highly amplified gene, breast cancer-amplified sequence 3
(BCAS3), was induced by MTA1 protein in breast tumors [55,
56]. Recently, it was revealed that MTA1 upregulates the
expression of VEGF and its receptor Flt-1 genes and that the
cross talk between VEGF and MTA1 regulates angiogenesis
and metastasis associated with breast cancer [57]. Taken to-
gether, these studies suggest that the MTA proteins act as a
dual regulator in breast tumors having both the transcription
repressing as well as activating capabilities.

Role in chemo-resistance Recently, Kang et al. showed in
in vitro experiments that transcription factor AP-2y
(TFAP2C) and the IFN-y-inducible protein 16 (IFI16) are
components of the MTA1 complex, and these protein com-
plexes may contribute to the epigenetic regulation of estrogen
receptor 1 expression in breast cancer and may determine the
chemo-sensitivity of tumors to tamoxifen therapy [58]. In
addition, to the abovementioned methods, it was shown that
MTAI1 induces its oncogenic functions via regulation of en-
dogenous levels of c-myc which is responsible for cellular
transformation, binding, and recruitment of transcriptional co-
activators on to MTA1 locus [59]. Loss of MTA1 was found to
affect the oncogenic activity of c-myc [59].
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4.2 Esophageal cancer and MTA 1

Esophageal squamous cell carcinoma (ESCC) is one of the
most common malignant tumors [60]. Upregulation of
metastasis-associated protein 1 (MTA1) has been reported to
contribute to the development of esophageal squamous cell
carcinoma [61, 62]. While examining the surgically resected
node-negative esophageal cancer, Li et al. observed that the
expression of MTAI significantly correlated with shorter
disease-free survival in these patients [40]. Recently, using
cell-based assays, Weng et al demonstrated that MTA1 over-
expression promotes invasiveness of the human esophageal
carcinoma cell line EC-9706 by inhibiting the Snail, Slug, and
HDACI1-dependent promoter activity of E-cadherin, an epi-
thelial cell marker. They also showed the upregulation of
Vimentin and MM9 by MTALI. These results reveal a novel
role for MTA1 in the regulation of esophageal squamous cell
carcinoma invasion and provide insights into mechanisms
involved in this process [63]. In another recent report,
Miyashita et al. used a rat model of esophageal cancer to show
that HDACI1 and MTA1 expression may be involved in neo-
plastic transformation of the esophageal mucosa into cancer
cells with both squamous and adeno differentiation [64].

4.3 Expression of MTA in other cancers

As mentioned earlier, the overexpression of MTA1 in mam-
mary glands of virgin transgenic mice led to the metastasis to
other organs most predominantly in lymph nodes [65]. The
transgenic mice developed diffuse large B cell lymphomas,
inducing MTA1 mediated Pax5 transcription factor expres-
sion. An independent study on human large B cell lymphoma
patients confirmed the regulation of Pax5 expression by
MTAL1 [66]. Additionally, a number of studies have reported
overexpression of MTA proteins in other cancers like mela-
nomas, prostate, thymomas, tonsil cancers, early-stage non-
small cell lung cancer (NSCLC), and advanced lung cancer
highlighting its relevance in carcinogenesis [33, 67-71].
Overexpression of MTA1 in 29/60 (48.3 %) nasopharyngeal
carcinoma patients was seen which significantly correlated
with tumor metastasis via the Wntl pathway and 3-catenin
activation [72]. Li et al. found miR-125b to regulate MTA1
expression and have an antagonistic effect on the migration
and invasion of NSCLC cells [73]. Adding to the list of
cancers showing upregulation of MTAI, recently, another
report by Zhang et al. showed the importance of MTAT1 in
the migration and invasion of laryngeal squamous cell carci-
noma (LSCC) [74]. Due to its role in stabilizing HIF-1c,
MTA1 promotes angiogenesis in hepatocellular carcinoma
(HCC). Moon et al., using 45 tumors, demonstrated that
overexpression of MTAL1 is associated with HCC growth
and vascular invasion [15]. Later on, Lee et al. identified
polymorphisms IVS4-81G/A in MTA1 and suggested them
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to be important risk factors for the recurrence of HCC [74].
Similar role of MTA1 and its related proteins have also been
observed in ovarian, cervical, endometrial, and tonsillar can-
cers [16, 33, 34, 37, 42].

5 Clinical implications

Metastasis-associated protein 1 (MTA1) has now been shown
to be a molecular marker in various solid tumors. The initial
suggestion of clinical implications of MTA 1 in human cancers
came from the gastric and colorectal cancers in which the
transcript levels MTA1 was found to be highly expressed
compared to paired normal counterparts in cancer tissue spec-
imens [9]. The expression significantly correlated with stage
of the cancer defined by local invasiveness and lymph node
metastases. Similarly, overexpression of M74/ mRNA was
also shown in human colorectal and highly invasive, lymph
node-positive esophageal squamous cell cancers [61, 75, 76].
Subsequently, MTA1 was shown to be a predicative marker
for poor prognosis after surgery of esophageal squamous cell
carcinomas [76]. Further, there was a significant association
between MTA1 protein overexpression and shorter
disease-free interval after complete resection of histologi-
cally node-negative esophageal cancers suggesting MTAI
to be a predictor of relapse [40]. Consistent with gastric
cancer, examination of small intestinal carcinomas also
revealed a role of MTAL in cancer progression, proposing
it as a genetic marker for distinguishing gastric carcinoids
and other gastric neoplasms and also distinguishing malig-
nant from benign tumors [77, 78].

Similar to the gastrointestinal cancer, nuclear expression of
MTAT1 was found to be associated with advanced, recurrent,
and metastatic disease in pancreatic cancer [31, 32, 79].
High MTAI expression levels as determined by immuno-
histochemistry correlated with high-grade pancreatic
endocrine tumors, suggesting that levels of MTA1 can
be used to predict the clinical behavior of these tumors
and can be used as biomarker for the malignant progres-
sion [79]. An association was also found between MTA1
expression and malignant behavior of hepatocellular car-
cinoma (HCC) and advanced stage ovarian cancer sug-
gestive of a new prognostic marker [80].

Apart from its role in metastasis, overexpression of MTA1
was also found to be closely associated with tumor grade,
angiogenesis promotion, and high risk of recurrence in breast
cancers [81, 82]. Similarly, aberrant expression of MTA2 in
ER-negative patients resulted in enhanced metastasis associ-
ated with poor clinical outcome [83].

Meta-analysis of various cancers provided evidence of
MTA1 as a new indicator of poor cancer prognosis.
Moreover, siRNA-mediated inhibition of MTA1 has been

shown to lead to inhibition of invasive and migrating capacity
of prostate and esophageal cancer cells [84, 85] highlighting
its role in metastasis. It was also shown that silencing of
MTA1 by RNAI led to an altered expression of p53, E-
cadherin, and (3-catenin inhibiting migration and invasion
[86].

6 Future perspectives

With the advent of new technologies and relevant recent
research, several biological functions of the MTA family of
proteins have been discovered. MTA1 has been implicated in
the DNA damage-repair response in a p53-dependent and
pS3-independent manner [87-90], in inflammatory response
mediated by NF-kappaB pathway [91, 92] and viral- and
parasite-mediated carcinogenesis [27, 93-95]. Most impor-
tantly, given its important role in cancer progression, the
possibility of MTA family of proteins being used as therapeu-
tic targets has to be considered. In fact, several studies using
natural compounds like resveratrol and pterostilbene (PTER)
have evaluated MTA as a potential target [96, 97]. However,
many questions remain to be addressed before its utility as a
therapeutic target can be achieved. MTA1 has been thought to
have physiological roles in spermatogenesis, rhodopsin ex-
pression, dopamine synthesis, and hepatic proliferation
[30,98-100]. An in-depth understanding of physiological
functions of MTA proteins is thus required especially because
although these proteins are part of an enzymatic complex,
MTAL1 itself does not possess any enzymatic activity.
Moreover, since upregulated levels of MTA proteins increase
metastatic potential in tumors and MTA1 expression is regu-
lated by microRNA-661, it would be interesting to see if and
how this control is lost in the highly aggressive tumors [101].
Additionally, identification of critical regulators maintaining
steady-state levels of MTA proteins will facilitate identifica-
tion of the casual factors that disrupt this equilibrium.
Furthermore, it seems that MTA family members have distinct
functions and unraveling their non-redundant functions will
enable achieving specificity of drug treatments.
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