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Major signaling pathways, such as Notch, Hedgehog (Hh), Wnt/β-catenin and Hippo,
are targeted by a plethora of physiological and pathological stimuli, ultimately resulting in
the modulation of genes that act coordinately to establish specific biological processes.
Many biological programs are strictly controlled by the assembly of multiprotein
complexes into the nucleus, where a regulated recruitment of specific transcription
factors and coactivators on gene promoter region leads to different transcriptional
outcomes. MAML1 results to be a versatile coactivator, able to set up synergistic
interlinking with pivotal signaling cascades and able to coordinate the network of cross-
talking pathways. Accordingly, despite its original identification as a component of the
Notch signaling pathway, several recent reports suggest a more articulated role for
MAML1 protein, showing that it is able to sustain/empower Wnt/β-catenin, Hh and
Hippo pathways, in a Notch-independent manner. For this reason, MAML1 may be
associated to a molecular “switch”, with the function to control the activation of major
signaling pathways, triggering in this way critical biological processes during embryonic
and post-natal life. In this review, we summarize the current knowledge about the
pleiotropic role played by MAML proteins, in particular MAML1, and we recapitulate
how it takes part actively in physiological and pathological signaling networks. On this
point, we also discuss the contribution of MAML proteins to malignant transformation.
Accordingly, genetic alterations or impaired expression of MAML proteins may lead to
a deregulated crosstalk among the pathways, culminating in a series of pathological
disorders, including cancer development. Given their central role, a better knowledge
of the molecular mechanisms that regulate the interplay of MAML proteins with several
signaling pathways involved in tumorigenesis may open up novel opportunities for an
attractive molecular targeted anticancer therapy.
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INTRODUCTION

Developmental signaling pathways, such as Notch, Wnt/β-
catenin, Hedgehog (Hh), and Hippo, are highly conserved
in multicellular organisms. These signaling cascades play a
significant role in embryonic development, to establish body
plan and they are also involved in the onset/progression of
several cancers. In eukaryotic cells, extracellular and intracellular
signals can stimulate these pathways, which convert the stimuli in
specific transcriptional events inside the cell. The transcriptional
activation of eukaryotic genes is a multistep process, controlled by
tightly regulated assembly of multiprotein complexes, constituted
by transcription factors and co-regulators proteins (coactivators
or co repressors) recruited on specific enhancers and promoters
to determine the final outcome (Larivière et al., 2012). The
transcription factors contain a specific DNA-binding domain that
directly interacts with the DNA in a sequence-specific fashion, a
multimerization domain and a transcription activation domain.
In addition to the fundamental role played by transcription
factors, several coactivators assemble in response to specific
cellular signals. They dock to transcription factors and some of
them trigger enzymatic activity to modify chromatin and recruit
RNA polymerase II. Therefore, even though transcriptional
co-regulators are unable to directly bind to the DNA, they
are strongly required to control the transcriptional activation
(Swygert and Peterson, 2014) and notably the composition of
coactivators inside the complex is itself a dynamic response
to signal transduction. Therefore, in response to the stimuli
received by the cell, the coactivators are able to modulate
the transcriptional outcome with dynamic changes of the
components inside multiprotein complexes to generate an
accurate and efficient regulation of gene expression (Rosenfeld
et al., 2006; Krasnov et al., 2016).

In this review, we focus our attention on Mastermind-like
(MAML) transcriptional coactivators family, firstly described
as integral part of the Notch signaling pathway (Helms et al.,
1999; Petcherski and Kimble, 2000b; Wu et al., 2000; Kitagawa
et al., 2001), and now reported as pleiotropic interactors across
multiple signaling pathways. Here, we recapitulate the ability of
MAML proteins, in particular MAML1, in regulating the major
developmental signaling cascades, starting from the canonical
role played inside the Notch signaling, until the unexpected
Notch-independent role carried out in Wnt/β-catenin (Alves-
Guerra et al., 2007), Sonic Hh (Quaranta et al., 2017) and Hippo
pathways (Kim et al., 2020). We also describe the relevant role
for MAML1 in regulating both physiological or pathological
settings, sustained by important transcription factors, as MEF2C
(Shen et al., 2006), p53 (Zhao et al., 2007), RelA/NF-κB
(Jin et al., 2010), EGR1 (Hansson et al., 2012), and Runx2
(Watanabe et al., 2013). Altogether these observations strongly
suggest a central role for MAML1 protein in coordinating the
interlinking among the main signaling networks, being able to
function as a transcriptional “switch” to trigger specific biological
processes. Given its pivotal role as interconnection point among
several signaling pathways, it is not surprising that MAML1
protein is directly or indirectly involved in several disorders,
including cancer. So, herein we also discuss the contribution

of MAML proteins to malignant transformation. We report
how MAML genes may be regulated by microRNAs and how
some DNA viruses can modulate the expression of MAML
proteins, thus sustaining viral carcinogenesis. Altogether, these
events suggest that several controls are required to regulate the
expression/activity of MAML proteins, being involved in several
physiological or pathological processes.

CONVENTIONAL ROLE FOR MAML1 IN
THE NOTCH SIGNALING PATHWAY

A Brief Overview on Notch Signaling
The Notch pathway is an evolutionarily conserved and
finely orchestrated signal transduction, responsible for cell
fate determination, embryonic patterning and development, in
response to specific cues (Weinmaster, 1998; Artavanis-Tsakonas
et al., 1999). The intracellular signals propagated by Notch
receptors control a multitude of biological events, including
proliferation, differentiation, survival and cellular death along
different stages of metazoans development. Accordingly, it is
largely demonstrated the involvement of the Notch signaling in
regulating several processes, as neurogenesis (Lasky and Wu,
2005), myogenesis (Luo et al., 2005), vasculogenesis (Anderson
and Gibbons, 2007), skin development (Lowell et al., 2000), and
hematopoiesis (Radtke et al., 2005; Campese et al., 2009). Thus,
it is not astonishing that alterations in one or more components
of Notch signaling may cause multiple developmental (e.g.,
Alagille syndrome) and adult (e.g., aortic valve disease) disorders
or several cancers, such as T-cell leukemia (Cialfi et al., 2013;
Tottone et al., 2019), B-cell leukemia (Rosati et al., 2009; De
Falco et al., 2018), breast (Diluvio et al., 2018; Giuli et al., 2019),
colorectal (Reedijk et al., 2008; Pelullo et al., 2019a), ovarian
(Choi et al., 2008; Ceccarelli et al., 2019), skin cancers (Cialfi
et al., 2014; Zhang et al., 2016), and glioma (Catanzaro et al., 2017;
Bazzoni and Bentivegna, 2019).

The activation of the Notch receptors (Notch in Drosophila,
LIN-12, and GPL-1 in Caenorhabditis elegans and Notch1-4
in mammals) occurs upon binding to specific ligands (Delta
and Serrate in flies, LAG-2 and APX-1 in worms, Jagged1-2
and Delta-like1-3-4 in vertebrates), expressed on neighboring
cells. This occurrence determines sequential proteolytic
cleavage events, sustained by ADAM (A Disintegrin and
Metalloproteinase) and presenilin (PS)/γ-secretase complex,
which allow the release of the intracellular domain of Notch
receptor (ICN), able to move into the nucleus and to interact
with CSL (CBF1/RBP-Jκ in mammals, Su(H) in Drosophila,
and LAG-1 in C. elegans) a DNA-binding transcription factor
(Artavanis-Tsakonas et al., 1999; Mumm and Kopan, 2000;
Petcherski and Kimble, 2000a; Weinmaster, 2000). Following
the most acclaimed model, once in the nucleus, ICN displaces
the CSL repressors family, represented by CIR, N-CoR/SMRT,
SPEN, SKIP, PDCD4, HDAC, SHARP, and KytoT2 and recruits
transcriptional coactivators, including PCAF/GCN5, CBP/p300,
and Spt6 transcription elongation factor and Mastermind
(MAML) (Borggrefe and Oswald, 2009; Bellavia et al., 2018).
A transcriptionally active CSL-ICN-MAML ternary complex

Frontiers in Cell and Developmental Biology | www.frontiersin.org 2 December 2020 | Volume 8 | Article 613557

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-613557 December 23, 2020 Time: 11:21 # 3

Zema et al. MAML1: Balancing Development and Cancer

assembles into the nucleus and it is able to drive the transcription
of several target genes, including the Hairy/Enhancer of Split
genes [H/E(spl); Hes genes in mammals], which encode a family
of basic helix-loop-helix (bHLH) transcriptional repressors
(Kageyama and Ohtsuka, 1999; Davis and Turner, 2001),
p21WAF/Cip1 (Rangarajan et al., 2001), Cyclin D1 (Ronchini and
Capobianco, 2001), Myc (Palomero et al., 2006; Weng et al.,
2006), pTα (Bellavia et al., 2007), as well as components of
its own signaling cascade, such as the Notch ligand, Jagged1
(Pelullo et al., 2014).

The ability of the Notch signaling pathway to regulate
various physiological and/or pathological processes is easily
observed in mammals, where the differential spatio-temporal
distribution, both of receptors and ligands, underlies the
main developmental processes, in a non-redundant manner. In
addition, the recruitment of different Notch modifiers, such as
Numb, Fringe, E3 Ub ligases, SUMO, and GSK 3β, modulates the
Notch cytoplasmic recycling and protein–protein interactions,
further regulating Notch signaling and its transcriptional activity
(Giebel and Wodarz, 2012; Palermo et al., 2014; Antila et al.,
2018). Finally, the capability of the Notch signaling to interact
with other important morphogenetic pathways, such as Hh and
Wnt, renders the Notch receptors capable to fully coordinate the
expression of different target genes, both directly and indirectly
(Pelullo et al., 2019b).

Mastermind: From Structure to Function
in the Canonical Notch Signaling
Drosophila mastermind (DMam) is a neurogenic gene genetically
associated with Notch function and isolated in early 1980
(Lehmann et al., 1983; Campos-Ortega et al., 1984; de-la-
Concha et al., 1988). Firstly, DMam is detected on polytene
chromosomes, able to colocalize with Groucho corepressor
protein, suggesting that DMam is a nuclear protein implicated
in transcriptional regulation (Smoller et al., 1990; Bettler et al.,
1996). After, a Mastermind protein structurally distinct from
Drosophila, but functionally similar, was identified in C. elegans
and named Sel8 or LAG-3 (Petcherski and Kimble, 2000a,b).
Concurrently, the human homolog of DMam was isolated and
denominated Mastermind-like 1 (MAML1) (Wu et al., 2000).
Few years later, two other members of Mastermind-like family
(MAML2 and MAML3), which share a significant aminoacidic
homology with the harbinger MAML1, are identified and
characterized. The human MAML1-2 and -3 genes are located on
chromosome 5q35.3, 11q22.3, and 4q28.3 and code for proteins
of 108, 125, and 115 kDa, respectively. Based on biochemical
and cellular studies, the MAML proteins are assimilated
to transcriptional coactivators, characterized by unusual
features typical to regulatory proteins, e.g., polyglutamines,
transcriptional activation domains, and clusters of charged
amino-acids that bind other proteins (Smoller et al., 1990; Bettler
et al., 1996; Lin et al., 2002; Wu et al., 2002). In particular,
MAML1 protein is characterized by one basic (ranging from 1
to 228 residues) and two acidic conserved domains (spanning
residues 263 to 276 and 990 to 1016), located at the N- and
C-terminal regions, which are, respectively, involved in ICN

binding and in Notch-mediated transcriptional activation.
Furthermore, two transactivation domains (TAD) are present:
TAD1, located at the N-terminal region, ranging from 75 to
300 aa, and TAD2 that extends from 303 to 1016 aa at the
C-terminal domain. TAD1 is involved in the nuclear localization
of MAML1 through its NLS (nuclear localization sequence;
ranging from 135 to 141 aa), peculiarly in the nuclear bodies,
which probably represent nuclear zones transcriptionally active
(Wu et al., 2002; Quaranta et al., 2017). Of note, the TAD1
domain is essential for the formation of the ICN-CSL-MAML1
ternary complex, which binds the promoters of specific target
genes and determines their transcriptional activation (Kitagawa
et al., 2001; Fryer et al., 2002; Nam et al., 2003). Intriguingly, the
tri-dimensional structure of ICN-CSL-MAML ternary complex
shows that only when the BTD (β-trefoildomain) domain of
CSL and the RAM (RBP-Jκ associated molecule) domain of
ICN are bound, an allosteric change occurs and generates a
“binding groove,” where the accommodation of MAML1 protein
is allowed. Then, MAML1 adopts an elongated α-helical shape
that assures to its N-terminal domain the ability to a double
touch with the RHR-C domain of CSL and the ankyrin domain
of ICN (Kovall and Hendrickson, 2004; Nam et al., 2006).
Then, according to the stepwise assembly of the Notch ternary
complex, MAML1 is able to recruit other coactivators, such
as histone acetyl-transferases (HATs) p300 and PCAF, via a
direct binding through TAD1 domain. These events determine
histone H3 and H4 acetylation at lysine residues, permitting
the transcriptional activation of Notch target genes (Fryer et al.,
2002; Wallberg et al., 2002). In detail, the N-terminal domain
of MAML1 is able to interact with p300 and the p300-MAML1
complex allows the histone H3 and H4 acetylation, resulting in
the transcription activation. Of note, MAML1 enhances p300
auto-acetylation and this event coincides with the translocation
of p300-MAML1/acetylated histones in nuclear bodies. On
the other side, MAML1 itself is a substrate of p300 activity
at two conserved pair of lysine residues (Lys138/Lys139 and
Lys188/Lys189). The coactivator p300 interacts with MAML1
through a proline-rich motif (PXPAAPAP) (Saint Just Ribeiro
et al., 2007; Hansson et al., 2009), at residues corresponding
to 81–87. Notably, the proline rich motif of MAML1 is not
sufficient to stimulate p300 histone acetylation activity. In fact,
an additional fragment of MAML1 (151 to 350 residues) is
required for recruiting p300 acetyltransferase activity (Rogers
et al., 2020). Recent is the finding that MAML1, via p300, is
also able to recruit a new coactivator, NACK, on the ternary
complex that, in turns, enrolls the RNA polymerase II to bind
to the promoter region of Hes1, the known Notch target gene
(Jin et al., 2017). Altogether these observations suggest that the
MAML1 TAD1 domain (residues 75 to 301) is required to sustain
Notch-dependent transcription (Figure 1).

In addition, the crucial role of Mastermind1 in driving
the Notch transcriptional activation is demonstrated by using
MAML1 dominant negative mutants (DNMAML1), without
the N-terminal domain. These variant fragments are able to
inactivate the ICN-CSL-MAML ternary complex, by competing
with the wild-type forms, thus allowing Notch-signaling to be
switched-off (Nam et al., 2003; McElhinny et al., 2008).
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FIGURE 1 | MAML1, as regulator of canonical Notch signaling. A schematic picture of canonical Notch signaling is represented in figure. The MAML1 coactivator is
illustrated as TAD1/TAD2. The small colored dots correspond to post-trasductional modifications, such as phosphorylation (light red), ubiquitination (light gray),
acetylation (light green) and sumoylation (light blue). The black truncated arrows indicate the negative molecular mechanisms on the pathway. The figure is widely
discussed in the text.

Likewise, glycogen synthase kinase 3 β (GSK3β) directly
interacts with MAML1 N-terminus, but it is able to decrease
Notch transcriptional activity, by inhibiting MAML1-dependent
histone acetylation (Saint Just Ribeiro et al., 2009; Figure 1).

Interesting is the observation that the TAD1 domain mediates
also the interaction of MAML1 with components of other
pathways, such as MEF2C (Shen et al., 2006), p53 (Zhao et al.,
2007), and EGR1 (Hansson et al., 2012), as described below.

In addition, the MAML1 TAD2 domain, placed at
the C-terminal region (spanning 990 to 1,016 residues),
contains glutamine-rich sequences that govern the MAML1
transcriptional activity (Fryer et al., 2002). It is not fully clear
how the poorly characterized TAD2 domain can regulate
Notch expression. It is known that it directly recruits the cyclin
C:CDK8 (cyclin-dependent kinase 8) complex that inhibits
Notch signaling by promoting phosphorylation-dependent
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FIGURE 2 | The dynamic role of MAML1. Schematic diagram of MAML1 structure divided in TAD 1 (from 75 to 301 aa) and TAD 2 (from 303 to 1016 aa) domains.
The picture highlights the most important interactors of MAML1.

ubiquitination of nuclear ICN and its sequential proteasomal
degradation (Fryer et al., 2004). These events require the presence
of CBF1/RBP-Jκ, which stabilizes the binding of MAM to ICN
(Petcherski and Kimble, 2000b; Fryer et al., 2002; Figures 1, 2).

The mammalian Mastermind proteins are widely expressed
in embryonic and adult tissues following a differential
spatio/temporal distribution and showing a different
affinity/strength to interact with the Notch receptors (Wu
et al., 2002). Accordingly, MAML1 deficiency in mice abolishes
the development of splenic marginal zone B cells and partially
impairs development of early thymocytes (Oyama et al., 2007).
Notably, MAML1 null mice does not recapitulate total loss
of Notch signaling, and Notch3 null mice show no apparent
abnormalities. Conversely, mice null for both MAML1 and
MAML3 die during the early organogenetic period, with classic
pan-Notch defects, suggesting that the engagement of MAML is
essential for Notch signaling (Oyama et al., 2011).

Notably, the differential expression and activity of
MAML coactivators may also depend on post-translational
modifications, such as SUMOylation and Ubiquitination
processes. Lindberg and colleagues demonstrate that the
SUMOylation process, at two evolutionary conserved lysine
(Lys217 and Lys299) of Mastermind1, is able to enhance
its interaction with HDAC7, which in turn represses the
transcriptional activity of MAML1 itself (Lindberg et al., 2010).
Similarly, Farshbaf and colleagues identify 8 lysine residues,

spanning from 100aa to 800aa of MAML1, which are substrate
for p300-mediated ubiquitination in the absence of Notch
signaling to maintain low levels of MAML1 in the cell (Farshbaf
et al., 2015; Figure 1).

Consistently with the above observations, MAML proteins
may have potentially distinct roles in modulating Notch
signaling activation in different cell types, taking into account
their expression levels and binding force with different Notch
receptors, finally contributing to the extraordinary diversity of
Notch signaling outcomes in development (Lin et al., 2002;
Wu et al., 2002).

Notably, an aberrant Notch signaling is strictly correlated
with the onset and/or progression of several types of cancer.
A strategy to switch off the oncogenic signaling is to inhibit
the assembly of the ICN-CSL-MAML1 ternary complex into
the nucleus. To this aim, a synthetic 16-residue peptide from
the basic region of MAML1, stapled MAM peptide (SAHM1),
is generated (Moellering et al., 2009). SAHM1 is able to
associate with ICN and CSL in the Notch transactivation
complex and to compete with full-length MAML1, functioning
as a dominant negative inhibitor. SAHM1 treatments strongly
suppress the expression of Notch target genes, with anti-
proliferative effects in leukemic cells and a reduction of tumor
progression, both in vitro and in vivo (Moellering et al., 2009).
Moreover, a small molecule inhibitor derived from computer-
aided drug design (CADD), named inhibitor of Mastermind
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Recruitment-1 (IMR-1), is identified. IMR-1 is able to inhibit
the recruitment of MAML1 to the Notch-driven transcriptional
complex, showing a negative impact on Notch target gene
transcription and the ability to abrogate the growth of tumoral
cells (Astudillo et al., 2016; Figure 1).

UNCONVENTIONAL MAML1
POSITIONING IN MAJOR SIGNALING
PATHWAYS AT THE CROSSROAD
BETWEEN DEVELOPMENT AND
CANCER

Firstly identified in the canonical Notch signaling pathway,
MAML1 is now recognized as integral component of the main
signal transduction cascades, as Wnt/β-Catenin, Sonic Hh and
Hippo pathways. In all of these signaling pathways, MAML1
shows a strong ability to convert a plethora of stimuli in several
biological processes, such as proliferation, differentiation, tissue
development, and tumorigenesis, by modulating the expression
of specific target genes.

Wnt/β-Catenin Signaling Pathway
The Wnt/β-catenin signaling is an evolutionarily conserved
pathway, vital for the development of living organisms, being
able to modulate important processes, such as differentiation and
proliferation (Nusse and Clevers, 2017). The activation of Wnt
signaling occurs between adjacent cells that contact each other
(Nusse and Clevers, 2017).

In the off-state, β-catenin is localized in the cytosol and
prone to proteasomal degradation through β-TrCP activity (He
et al., 2004). Wnt proteins are soluble ligands that induce
signals through frizzled (Fzd) receptors and LRP5/6, low-density
lipoprotein receptor-related co-receptors. Wnt binding induces
the recruitment of the Axin to the complex Fzd-LRP5/6 through
the scaffold protein Disheveled (Dvd) (Schwarz-Romond et al.,
2007; Fiedler et al., 2011; Tauriello et al., 2012), ultimately
resulting in β-catenin stabilization (Kishida et al., 1999; Mao et al.,
2001; Cliffe et al., 2003), which moves into the nucleus. Once
in the nucleus, β-catenin binds to TCF/LEF complex (Behrens
et al., 1996), and displaces a repressor complex associated to
Groucho, finally activating the transcriptional processes (Cavallo
et al., 1998; Nusse and Clevers, 2017).

Wnt signaling deregulation is linked to the onset of many
human cancers, including colon carcinoma and melanoma
(Moon et al., 2004; Clevers, 2006), where the oncogenic effects
of the Wnt pathway are mediated mainly by β-catenin. Several
proteins, including MAML1, can contribute to enhance the
transcriptional events, modulating β-catenin/TCF activity
(Alves-Guerra et al., 2007). In particular, it is shown that
the C-terminal region of MAML1 induces an increase in
the transcriptional levels of cyclin D1 and c-Myc, important
β-catenin effectors (Alves-Guerra et al., 2007). MAML1
and β-catenin interact each other both in vitro and in vivo,
suggesting that MAML1 is recruited by β-catenin on promoters
containing TCF-binding sites to reinforce efficiently the

transcriptional activation and to trigger tumor transformation
(Figure 3). In fact, MAML1 is required for β-catenin–
mediated transcription of specific target genes in vivo and
is essential for colon carcinoma cell survival. Accordingly,
MAML1-depletion induces cell death in colon carcinoma cells
and a reduction of Cyclin D1 and c-Myc expression levels,
suggesting a pivotal role for MAML1 in colon cancer progression
(Alves-Guerra et al., 2007).

The Sonic Hedgehog Signaling Pathway
Hedgehog Signaling (Hh) is an evolutionary conserved pathway
that controls several physiological processes, such as embryonic
development, tissue differentiation, cell growth and maintenance
of stem cells (Varjosalo and Taipale, 2008; Gorojankina, 2016).
Firstly identified in Drosophila, Hh is a morphogen released
during blastoderm stadium, with a specific expression pattern
able to sustain the development of anterior-posterior axis in
the fly (Nüsslein-Volhard and Wieschaus, 1980; Heemskerk
and DiNardo, 1994). In mammals, three paralogs of Hh are
identified: Sonic hedgehog (SHh), Indian hedgehog (IHh), and
Desert hedgehog (DHh). The three genes encode for three
different proteins with specific functions: SHh plays a key
role in the nervous system; IHh takes part in endoderm and
bone tissue development and DHh controls the spermatogenesis
(Bürglin, 2008).

The canonical Hh pathway is mediated by the interaction
between a soluble Hh ligand (SHh, IHh, or DHh) to the Patched
(Ptch1) receptor, characterized by twelve transmembrane
spanning-domain (Hasanovic and Mus-Veteau, 2018). The
ligand/receptor binding determines the co-receptor Smoothened
(Smo) release, a class Fzd (class F) G protein-coupled receptor
(GPCR), from Ptch1 inhibitory activity (Wang et al., 2013).
The Smo activation triggers a powerful signaling cascade,
sustained by an intricate network of interacting proteins
(Gulino et al., 2012), which ultimately concludes with a dynamic
activation and nuclear translocation of downstream GLI1/2
transcription factors to regulate the expression of specific
target genes, including GLI1 itself. Interestingly, Hh signaling
cascade regulates the transcription both of genes belonging
to its own signaling pathway (i.e., gli1 and ptch1) and genes
involved in important cellular processes, as proliferation,
survival and differentiation (i.e., cyclinD1 and D2, c-myc, hes1,
and bcl2) (Hooper and Scott, 2005). In particular, GLI1 protein
plays a double role inside the Hh signaling cascade, both as
downstream transcriptional effector and as specific target gene
of the transduction pathway, representing a feedback loop used
to monitor the activation status of the signaling and its effects
(Sasaki et al., 1999; Regl et al., 2002). Persistent activation and/or
deregulated control mechanisms (Di Marcotullio et al., 2006,
2011; Huntzicker et al., 2006; Zhang et al., 2009; Hui and Angers,
2011; Bufalieri et al., 2019) of Hh signaling pathway are strictly
linked to tumorigenesis, maintenance of tumor-initiating/stem
cells (Harris et al., 2012), and tumor invasiveness in several
types of cancer (Wu et al., 2017). Recent experimental evidence
strongly suggests an unconventional role for MAML1, as a novel
transcriptional coactivator for Hh/GLI transcription factors,
able to enhance the Hh signaling pathway, specifically in stem
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FIGURE 3 | Unconventional positioning of MAML1 in the main signaling pathways. The figure depicts MAML1, indicated as TAD1/TAD2, inside the major signaling
cascades, as Notch, YAP/TAZ, SHh and Wnt/β-catenin. The red dots represent phosphate groups. The cartoon is largely discussed in the main text.

cells of the Drosophila ovary (Vied and Kalderon, 2009) and in
cerebellum development in mammals (Quaranta et al., 2017).

The first evidence about the role of DMam as potential factor
involved in the regulation of Hh pathway is in follicle stem
cells (FSCs) in Drosophila ovary (Vied and Kalderon, 2009).
More recently, a reliable characterization of MAML1 as partner
for GLI proteins has been reported in mammalian cerebellum
(Quaranta et al., 2017). Cerebellum development is a finely
orchestrated process that begins during the prenatal period with
the formation of four principal fissures (Lewis et al., 2004; Sillitoe
and Joyner, 2007). The cerebellum granular cell progenitors
(GCPs) are responsible for folia formation and for the increase
in size of the cerebellum (Lewis et al., 2004; Sudarov and
Joyner, 2007). It is known that the cerebellum development is
regulated by SHh pathway that sustains GCPs proliferation and
cerebellum foliation events (Dahmane and Ruiz-i-Altaba, 1999;
Wallace, 1999; Corrales et al., 2004, 2006; Lewis et al., 2004).

Impaired SHh signaling results in a reduced GCPs proliferation
and the subsequent differentiation, leading to an impaired
foliation (Dahmane and Ruiz-i-Altaba, 1999; Lewis et al., 2004).
Bio-informatic analysis reported in Differential Atlas database
demonstrates that MAML1 expression is more abundant in
cerebellum, with respect to other human tissues. Interestingly,
MAML1 is necessary to address the nuclear localization of GLI1,
in particular into nuclear bodies, and specifically the MAML1
C-terminal region is required to enhance GLI1 transcriptional
activity, suggesting a new role for MAML1 TAD2 domain
(Figure 3). Accordingly, the SHh signaling pathway results to be
strongly hampered in MEFs and GCPs derived from MAML1−/−

mouse model (Oyama et al., 2007) with a negative impact on
GCPs proliferation and cerebellum development in vivo, which
strictly mimics the features of SHh−/− mouse model (Lewis et al.,
2004) and suggests a direct involvement of MAML1 as an integral
component of SHh signaling in cerebellum development.
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Moreover, in primary samples of SHh-driven
medulloblastoma, the most frequent childhood brain tumor,
MAML1 expression is higher when compared to other
medulloblastoma subtypes or healthy cerebellum in in silico
analysis. Given the above observations, MAML1 behaves as a
potent transcriptional coactivator of GLI1 to strongly empower
the expression of specific SHh target genes, suggesting that
MAML1 may be considered as a novel therapeutic target for
developing innovative cancer treatment to contrast cancer
growth and proliferation (Quaranta et al., 2017).

The Hippo Pathway
The Hippo pathway, firstly discovered in Drosophila, is extremely
conserved in mammals and acts as a key regulator of organ
size and tissue homeostasis (Yu et al., 2015). The main effector
of the Hippo signaling cascade is YAP/TAZ (Yes-associated
protein/transcriptional coactivator with PDZ binding motif)
that acts in cooperation with MST1/2 (Mammalian sterile
20-like 1/2 kinases), SAV1 (Salvador1) and LATS1/2 (Large
tumor suppressor homolog 1/2 (Pan, 2010; Halder and Johnson,
2011; Yu et al., 2015) core kinase cassette, which shows
phosphorylation ability on YAP/TAZ proteins. In particular, YAP
and TAZ proteins act as transcriptional co-factors to regulate
the expression of target genes. Noteworthy, YAP/TAZ is unable
to directly bind onto DNA and the TEAD transcription factors
(TEAD1-4), by acting as mediators of YAP/TAZ activity, allow
the regulation of YAP/TAZ target genes expression (Zhao et al.,
2008). To note, the Hippo pathway, through YAP/TAZ activity,
enhances the expression of genes involved in cell proliferation,
cell adhesion and cell migration. Different reports highlight
the role of Hippo pathway in development, regeneration, and
stem cell biology. Alterations in the regulation of the signaling
cascade are correlated with the onset and progression of several
tumors, such as hepatocellular carcinoma (HCC), pancreatic
cancer, colorectal cancer, lung and breast cancer (Lin et al., 2018).
Kim and colleagues demonstrate a significant role for MAML
proteins to promote YAP/TAZ nuclear localization, showing
also the ability to work as YAP/TAZ transcriptional co-factors,
sustaining the transcriptional activity (Kim et al., 2020; Figure 3).
Both MAML1 and MAML2 enhance nuclear localization and
transcriptional activity of YAP/TAZ. Interestingly, MAML1 and
MAML2 interaction with YAP/TAZ occurs between the WW
domains of YAP/TAZ and an evolutionarily conserved PPxY
motif of MAML1 and MAML2 at the C-terminal domain.
Notably, MAML1 and MAML2 act as transcriptional coactivators
through a trimeric complex with YAP/TAZ and the DNA-binding
protein TEAD at the promoters of target genes, such as ANKRD1
and CTFG. A further mechanism of control for MAML1 nuclear
localization is given by cell-density. The authors observe a major
nuclear abundance of MAML1 and consequently of YAP/TAZ
at low cell density (Kim et al., 2020). In particular, miR-30c,
induced by high cell density, shows the capability to inversely
regulate the expression of MAML1 inside the cell, impairing
the nuclear localization and transcriptional activity of YAP/TAZ.
Intriguingly, these observations may suggest that the miR-30c-
MAML1-YAP/TAZ axis may be a potential therapeutic target for
developing novel cancer treatment (Kim et al., 2020).

The role of MAML1 and MAML2, as novel regulators of
YAP/TAZ, impinges on the oncogenic properties of the Hippo
pathway, involved in the onset and progression of different
human cancers (Lin et al., 2018), including colon and lung cancer,
where the high levels of MAML1 and MAML2 positively correlate
with poor prognosis, emphasizing the MAML1 and MAML2
ability to promote YAP-mediated tumorigenesis. Altogether, the
experimental evidence identifies a novel role for MAML1 and
MAML2 as transcriptional coactivators of the Hippo pathway.

MAML1 INTERACTION WITH OTHER
TRANSCRIPTION FACTORS

Beyond the recently identified role played by MAML1 in SHh
and YAP/TAZ signaling pathways, it is known that MAML1
can also functionally collaborate with different transcription
factors involved in cell differentiation and cancer development,
as described below.

MEF2C
In mammals, MEF2C is a member of MEF2 (Myocyte enhancer
factor 2) gene family, key transcription factors involved in
myogenic program during muscle differentiation. MEF2 proteins
belong to the MADS box family, characterized by a DNA
binding domain, the MADS-box, in the N-terminal region (Black
and Olson, 1998). The myogenic program is regulated through
MEF2s and MRFs (myogenic regulatory factors) activity. In
particular, MEF2C regulates skeletal muscle-specific genes such
as MCK, desmin, and myogenin (Black and Olson, 1998). It is
reported that MAML1 is able to act as a coactivator for MEF2C
transcription factor and to control MEF2C post-translational
events to permit the recruitment of other factors, which may
contribute to potentiate MEF2C-induced transcription (Shen
et al., 2006). The binding site between MAML1 and MEF2C is
mapped at the N-terminal domain of MAML1, the same region
implicated in the interaction with Notch (Kitagawa et al., 2001;
Fryer et al., 2002; Nam et al., 2003). In MAML1-null mice,
Shen et colleagues observe muscle defects with a decrease of
myogenin that results in muscular dystrophy, with a failure of
MyoD-induced myogenic differentiation in embryonic fibroblast.
The authors suggest a model for MAML1 activity, where in
the absence of an activated Notch pathway, MAML1 serves
as a transcriptional coactivator for MEF2C to enhance the
transcription of genes involved in muscle development, such as
muscle creatine kinase (MCK). Upon activation of the Notch
signaling, caused by muscle injury, MAML1 switches its role to
transcriptional coactivator for Notch, resulting in the expression
of the Notch specific target genes, functioning as a molecule with
a functional switch property (Shen et al., 2006).

Experimental evidence supports a role for micro RNAs
in muscle differentiation (Rao et al., 2006). Actually, the
miRNAs contribute to muscle homeostasis regulation and
alterations in their expression pattern are found in several
muscle disease, such as Duchenne muscular dystrophy and
Becker muscular dystrophy (Eisenberg et al., 2007). Additionally,
the role of long non-coding RNAs (lncRNA) seems to be
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very interesting. Notably, it is demonstrated that linc-MD1,
a muscle-specific cytoplasmatic lncRNA, is able to regulate
MEF2C and MAML1 expression during myoblast differentiation.
In particular, linc-MD1 presents miRNA recognition motifs
for miR-133 and miR-135 that target MAML1 and MEF2C,
respectively (Cesana et al., 2011). In physiological condition,
linc-MD1 acts as a decoy for miR-133 and miR-135, providing
a positive modulation for MAML1 and MEF2C. By contrast, a
depletion of linc-MD1 results in the binding of miR-133 and miR-
135 to MAML1 and MEF2C with a consequent down-modulation
of their expression levels. On the other side, the overexpression of
linc-MD1 induces an up-regulation of MCK, a target of MEF2C
and the rescue of linc-MD1 in Duchenne muscle cell results in an
increase of MAML1 and MEF2C activity and a partial recovery
of the myogenic differentiation program (Cesana et al., 2011).
The results suggest a novel regulatory network for MAML1 and
its interactors in muscle development. A better knowledge of the
mechanisms involved in the MAML1 regulation may improve the
therapeutic approach in muscular dystrophies.

p53
p53 is a tumor suppressor involved in cell responses to genotoxic
stresses through the modulation of cell cycle, apoptosis and
senescence expression genes (Lakin and Jackson, 1999; Vousden
and Lu, 2002; Dimri, 2005). Upon DNA damage or stress stimuli,
the p53 protein expression levels and its activity are regulated
by post-translational modifications, including ubiquitination,
acetylation, phosphorylation, SUMOylation and methylation
(Brooks and Gu, 2003; Bode and Dong, 2004). An additional
level of regulation is mediated by the activity of coactivators with
histone acetyltransferase activity, such as p300, CBP, PCAF, or
others as ADA3, able to regulate p53-mediated transcriptional
responses (Sakaguchi et al., 1998; Grossman, 2001; Wang et al.,
2001; Kumar et al., 2002; Mazzà et al., 2013). Among the
different interactors, MAML1 is recognized as a transcriptional
coactivator of p53 and the MAML1/p53 interaction is identified
both in vivo and in vitro (Zhao et al., 2007). Specifically, the
N-terminal region of MAML1 (1–302 aa) binds to the DNA
binding domain (102–292 aa) of p53 and the ectopic expression
of MAML1 enhances the p53-mediated transactivation of specific
target genes, as Bax, Gadd45 and p21, in a dose-dependent
manner. Notably, MAML1 plays a double role on p53, both as
a transcriptional coactivator and as a protein modifier to stabilize
the half-life of p53 protein upon DNA damage, by promoting
phosphorylation and acetylation events (Zhao et al., 2007).
Recent reports suggest a crosstalk between MAML1 and p53 in
breast cancer development. Interestingly, it is suggested a model
where p53 associates with the Notch-driven transcriptional
complex, in a MAML1-dependent fashion, to inhibit the Notch-
dependent transcription (Yun et al., 2015). Moreover, Shariat
Razavi and colleagues demonstrate that the ectopic expression
of MAML1 affects the EMT (epithelial mesenchymal transistion)
markers expression, which results in an increased E-cadherin
expression. This effect decreases the rate of migration in breast
cancer cell lines, assuming a cooperation of MAML1 with other
pathways, in particular p53, which is able to down-regulate
the EMT markers expression (Shariat Razavi et al., 2019). The

molecular mechanisms involved in this process have to be further
clarified, but these data highlight an interesting role for MAML1
in allowing different outcomes, based on the crosstalk among
different pathways and on the cellular context considered.

EGR1
The transcription factor Early Growth Response-1 (EGR1)
is expressed in response to various extracellular signals and
diverse stress stimuli. Stimulation by growth factors rapidly
induces expression of EGR1, which subsequently leads to the
activation of downstream growth pathways (Gitenay and Baron,
2009). EGR1 activity may vary in response to different cellular
stimuli: EGR1 can induce apoptosis by stimulating either p53
or PTEN or can promote survival by counteracting p53-
dependent apoptosis (Yu et al., 2006). In breast, brain and
lung cancers EGR1 acts as a tumor suppressor (Liu et al.,
1998). In contrast, in prostate and kidney cancers, EGR1
promotes tumor growth (Yu et al., 2004). The coactivator
MAML1 is involved in the regulation of EGR1 mRNA and
protein expression (Hansson et al., 2012). MAML1 physically and
functionally interacts with EGR1 and together they colocalize
in the nuclear bodies. The N-terminal domain of MAML1 (75–
127 aa) is important in mediating the synergistic effect with
EGR1. EGR1 is a substrate for acetylation process mediated
by p300 (Yu et al., 2004), and MAML1 is able to regulate
p300 activity by increasing p300 autoacetylation (Hansson et al.,
2009). The acetylation process determines increased levels of
EGR1 protein, which can strongly stimulate the expression of
genes involved in cell growth and survival, playing a crucial
role in prostate and kidney cancers (Yu et al., 2004; Gitenay
and Baron, 2009). Furthermore, MAML1 may be involved
in regulating the stability of EGR1, possibly by increasing
the acetylation of EGR1 via p300. Finally, public data set
reveal a positive correlation among an altered expression
of MAML1, EGR1, and p300 in renal clear cell carcinoma
(Hansson et al., 2012).

RelA/NF-κB
The mammalian nuclear factor-κB (NF-κB) family consists of five
transcription factors, p50, p52, p65 (RelA), c-Rel, and RelB, which
couple with each other to form hetero- and/or homo-dimers
(Hayden and Ghosh, 2008). NF-κB regulates different cellular
responses, such as proliferation, differentiation, programmed cell
death, tumorigenesis, and plays a major role in inflammation
and immunity (Chen and Greene, 2004). In the canonical
pathway, NF-κB activity is inhibited by IκB regulatory proteins.
Different cell stimuli (e.g., pro-inflammatory cytokines, growth
factors, or antigen receptor triggering) activate IκB kinases (IKK)
that phosphorylate IκB. The inhibitor complex is targeted to
the 26S proteasome, resulting in the release of NF-κB that
can enter the nucleus and activates the transcription of target
genes (Chen and Greene, 2004). Interestingly, MAML1 regulates
directly the NF-κB signaling (Jin et al., 2010) by interacting
with p65/RelA and enhancing the NF-κB transcriptional activity.
On the other side, MAML1 can induce IκBα phosphorylation,
with its subsequent ubiquitination and degradation, affecting in
this way the stability of the NF-κB inhibitor. These processes
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lead to an increase in NF-κB transcriptional activity via a
RelA/MAML1 functional complex. Indeed, when co-expressed
with MAML1, RelA switches its subcellular localization, from the
cytoplasm to the nuclear bodies. The TAD2 domain, located at
the C-terminus of MAML1 is involved in the binding with NF-
κB (Jin et al., 2010). Notably, MAML1-deficient mice present
a high degree of cell death in the liver that correlates with
an increase in apoptotic cells, suggesting a defective NF-κB
pathway in response to TNFα. Indeed, a normal NF-κB activity
is required to protect cells from TNFα-induced cytotoxicity
(Beg et al., 1995; Li et al., 1999). These data demonstrate
that MAML1 is a p65/NF-κB interactor, able to regulate cell
survival. Of note, a crosstalk between MAML1 and NF-κB is
also required to control the cell viability in cervical cancer
(Kuncharin et al., 2011).

RUNX2
Runt-related transcription factor 2 (Runx2) is involved in
osteoblast differentiation and chondrocyte maturation during
bone development. Runx2 belongs to the Runx transcription
factor family and is characterized by a DNA-binding runt
domain involved in the transcription of target genes (Komori,
2018). Differentiation from mesenchymal cells to osteoblasts is
a finely regulated process that is coordinated through Runx2,
Sp7, and Wnt signaling. In particular, Sp7 and Wnt control
Runx2 enhancer activity to promote expansion of osteoblast
progenitors (Kawane et al., 2014). Conversely, the Notch
signaling inhibits Runx2-mediated transcription through Hes
and Hey proteins, which act as Runx2 repressors (Hilton
et al., 2008). A screening system for Runx2 transcriptional co-
factors identifies MAML family members as enhancers of Runx2
activity (Watanabe et al., 2013). In particular, residues 343-
711aa of MAML1 are essential for Runx2-mediated transcription
of osteoblastic differentiation markers in vitro. The analysis
of MAML1−/− mice long bones reveals a smaller mineralized
region, when compared to the wild type mice. Moreover,
histological sections of the area of primary spongiosa of the
femoral diaphysis suggest skeletal defects in MAML1-null mice,
due to an impairment of chondrocyte maturation. Interestingly,
the inhibition of the Notch pathway do not affect MAML1-
dependent Runx2 transcription, suggesting a Notch-independent
role for MAML1 in Runx2 activity in bone development
(Watanabe et al., 2013).

GENETIC ALTERATIONS OF MAML
FAMILY MEMBER IN CARCINOGENESIS

Starting from the observation that MAML transcriptional
coactivators play a critical role in activating Notch canonical
signaling and in sustaining the crosstalk among the major
signaling pathways, it is not surprising that MAML proteins
deregulation is associated with a number of cancers. Notably, the
most common genetic alteration in mucoepidermoid carcinoma
(MEC) of the salivary and bronchial glands is a recurrent t(11;19)
(q21;p13) chromosomal translocation, resulting in a fusion
transcript containing the exon 1 of the N-terminus of the MEC

translocated 1 gene (MECT1) with the transactivation domain of
MAML2 (corresponding to exons two through five) (Nordkvist
et al., 1994; Tonon et al., 2003; Bell and El-Naggar, 2013). The
MECT1-MAML2 chimeric transcript product is able to activate
Notch specific target genes in the absence of any Notch specific
ligand (Kaye, 2006; Bell and El-Naggar, 2013), leading to the
disruption of normal cell cycle, of differentiation processes and
promoting the tumorigenesis (O’Neill, 2009). MECT1-MAML2
fusion is also found in other types of glandular benign tumors,
as Warthin’s tumors (Enlund et al., 2004) and in clear cell
hidradenoma of the skin (Behboudi et al., 2005). Likewise,
MLL is a fusion partner of MAML2, resulting from inv(11)
(q21q23), in secondary acute myeloid leukemia (AML) and in
myelodysplastic syndrome (MDS). In the chimeric protein, the
exon seven of MLL is fused to exon two of MAML2. The MLL-
MAML2 fusion protein contributes to carcinogenesis in AML
and MDS, by disrupting the Notch signaling pathway (Nemoto
et al., 2007). Interestingly, a recurrent YAP1-MAML2 chimeric
transcript is the result of the fusion between TEAD-binding
domain of YAP1 region with the transcriptional activation
domain of MAML2. YAP1-MAML2 fusion proteins play a role
as activators of the Hippo pathway in several cancers, including
glioblastoma, ovarian carcinoma, head and neck carcinoma,
nasopharyngeal carcinoma and skin cancer (Valouev et al.,
2014; Picco et al., 2019). Interestingly, YAP1-MAML2 chimeric
transcript works as oncogenic driver gene, able to trigger the
onset/progression of the tumors (Picco et al., 2019). YAP1-
MAML2 fused transcript is also identified in poromas and
porocarcinoma, where the chimeric protein promotes anchorage-
independent growth in epithelial cells (Sekine et al., 2019).
Interestingly, high levels of expression of MAML2 are detectable
in B cell-derived lymphoma types, when compared to normal
tonsillar B cells. An aberrant expression of MAML2 provides an
alternative mechanism able to force Notch signaling activation
in human lymphoma cells, finally promoting carcinogenesis
(Köchert et al., 2011).

MAML3 is also directly involved in the process of
carcinogenesis. Notably, MAML3 plays an important
role in neuroblastoma progression, where it mediates the
resistance to retinoic acid (RA), a drug largely used in
neuroblastoma treatment, promoting hyperproliferation
of tumoral cells (Heynen et al., 2016). A novel PAX3-
MAML3 chimeric protein is found in Biphenotypic sinonasal
sarcoma (SNS), a tumor of the nasal and paranasal areas. The
translocation t(2;4) (q35;q31.1) leads to fusion transcript that
associates exon 1–7 of PAX3 with exon 2–5 of MAML3. The
chimeric protein works as a potent transactivator of PAX3
response elements with a forced expression of target genes
involved in neuroectodermal and myogenic differentiation
(Wang et al., 2014).

In addition, an aberrant expression of MAML1 is described
in esophageal squamous cell carcinoma (ESCC), human HCC
and in head and neck squamous cell carcinoma, where it
correlates with the clinicopathological features of tumors,
predicting poor prognosis (Forghanifard et al., 2012; Wang
et al., 2016; Hashemi Bidokhti et al., 2017; Ardalan Khales
et al., 2018; Moghbeli et al., 2019). Recently, novel reports
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identify a role for MAML1 in T-cell acute lymphoblastic leukemia
(T-ALL) in the axis MAML1-SP1-TRIM59, and in breast
cancer through the miR-133a-3p/MAML1/DNMT3A positive
feedback loop, indicating MAML1 as a potential therapeutic
target for these pathological contexts (Cheng et al., 2019;
Shi et al., 2019).

Finally, it is noteworthy that in silico analysis reveals the
presence of some MAML1 mutations in several cancer cell
lines. These aberrations are mainly represented by nonsense and
frameshift mutations and they could affect both the stability and
the folding of MAML1 with functional consequences for Notch
signaling (Farshbaf et al., 2015).

ROLE OF MAML FAMILY MEMBERS IN
VIRAL CARCINOGENESIS

Mastermind-like 1 is an interactor of E6 oncoproteins, encoded
by bovine papillomavirus type 1 (BPV-1) and by β-human
papillomavirus (β-HPV), through the binding mediated by the
acid LXXLL α-helical motif, located at the C-terminal acid
domain (Brimer et al., 2012; Tan et al., 2012). E6 proteins
preferentially associate with MAML1, only BPV1 E6 interacts
with MAML3 in addition to MAML1, and CPV7 E6 prefers
to bind to MAML2, with respect to MAML1 (Brimer et al.,
2017). The E6/MAML interaction determines a viral antagonism
on Notch pathway, repressing the transcriptional activation of
Notch target genes in epithelial cells. Interestingly, BPV-1 and
β-HPV can sequester MAML1 through E6/MAML1 interaction,
able to inhibit epithelial differentiation and to promote cancer
progression in epithelial cells (Brimer et al., 2012; Tan et al., 2012;
South et al., 2014). Accordingly, Notch pathway inactivation
is reported in squamous cell carcinoma of the head and neck
(Stransky et al., 2011; Wang et al., 2011), suggesting a crucial
role of Notch signaling as a tumor suppressor in squamous
epithelial cells. In addition, β-HPV5 and β-HPV8 are also
associated with lesions and skin cancers in patients suffering
of epidermodysplasia verruciformis or in immunosuppressed
patients following organ transplantation (Orth et al., 1978).
In addition, in neuroblastoma cells, MAML1 cooperates with
ORF2, a protein encoded by latency-related (LR)-RNA by bovine
herpesvirus 1 (BoHV-1), to stabilize β-catenin and enhance
the transcription of target genes. ORF2 and MAML1 co-
expression induces cell survival of latently infected neurons
with BoHV-1. The stabilization of β-catenin through ORF2
and MAML1 promotes neuronal survival and differentiation,
suggesting that MAML1/Wnt signaling relationship is important
to maintain BoHV-1 latency and its oncogenic potential
(Liu et al., 2016).

CONCLUSION

Notch, Wnt/β-catenin, Hh and Hippo are essential transduction
pathways that play pleiotropic roles during vertebrate
development and their deregulation may sustain the process
of tumorigenesis. Each of these major pathways responds

to distinct external/internal cellular stimuli that result in a
coordinated set of molecular events, whose endpoint is a
tight regulation of gene transcription. The broadly accepted
paradigm of transcription regulation in eukaryotic cell
is a multistep process, strictly controlled by a concerted
action of transcription factors and coactivators that build
protein assemblies, following a precise sequence for mediating
gene activation.

Despite the original identification of MAML1 as a component
of Notch signaling pathway, MAML1 may be considered as
“master regulator,” showing the ability to integrate different
signaling pathways and to activate distinct biological programs
in different tissues. Accordingly, MAML1 may activate several
other co-regulators inside the canonical Notch signaling, such
as p300 and CycC:CDK8, to amplify the signaling process, or
interact with components of other signaling pathways, as GLI1/2,
β-catenin, and YAP/TAZ (Figure 2). Indeed, the MAML1
coactivator shows an outstanding ability to transcriptionally
regulate factors belonging to major signaling pathways,
governing important developmental processes. Altogether these
observations strongly suggest a central role for MAML1 in
coordinating the crosstalk among important signaling pathways,
functioning as a master dynamic transcriptional “switch” to
sustain biological processes (Figure 3). The crosstalk may result
in the recruitment of different coactivators or corepressors
following mechanisms of competition or synergy with factors
belonging to different signaling pathways and supporting
the fine-tuned transcriptional responses, by sustaining
the organization of an active multiprotein transcriptional
complex. How MAML1 can integrate the external cellular
stimuli and address them toward a specific outcome, it is not
fully known. Unlike, it is well known that MAML proteins
dysregulation is strongly associated with several kinds of human
cancers. In this regard, it is intriguing the observation that
an aberrant MAML1 expression/activation may disrupt not
only the directly related pathway, but also the interconnected
signaling cascades, leading to an unbalanced crosstalk that
culminates in a series of disorders or cancer development.
Certainly, additional investigations are required to better
characterize functions of MAML proteins in the different
human malignancies where they are involved. Important
questions remain to be addressed regarding the molecular
characteristics/mechanisms that sustain the MAML1 versatility
in coordinating different signaling pathways. This accurate
characterization will open numerous possibilities toward new
therapeutic approaches by using MAML members as targets in
the treatment of cancer.

AUTHOR CONTRIBUTIONS

SZ and MP conduced the systematic literature search, wrote
the manuscript, and prepared the figures. FN contributed to
the literature search and prepared the manuscript. IS and MF
reviewed draft of the manuscript. DB put forward the idea of the
manuscript and helped with editing. All authors contributed to
the article and approved the submitted version.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 December 2020 | Volume 8 | Article 613557

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-613557 December 23, 2020 Time: 11:21 # 12

Zema et al. MAML1: Balancing Development and Cancer

FUNDING

This work was supported by the following grants:
Sapienza University (Progetti H2020 collaborativi)
#PH118164340087CF (to IS) and Sapienza University 2018
project #RP1181643121DD86 (to DB); MIUR PNR 2015-2020
ARS01_00432 (to IS).

ACKNOWLEDGMENTS

This work is dedicated to the memory of Alberto Gulino,
an outstanding scientist and mentor. This work has
been supported by the Italian Ministry of Education,
University and Research—Dipartimenti di Eccellenza,
L. 232/2016.

REFERENCES
Alves-Guerra, M.-C., Ronchini, C., and Capobianco, A. J. (2007). Mastermind-like

1 is a specific coactivator of β-catenin transcription activation and is essential
for colon carcinoma cell survival. Cancer Res. 67, 8690–8698. doi: 10.1158/0008-
5472.CAN-07-1720

Anderson, L. M., and Gibbons, G. H. (2007). Notch: a mastermind of vascular
morphogenesis. J. Clin. Invest. 117, 299–302. doi: 10.1172/JCI31288

Antila, C. J. M., Rraklli, V., Blomster, H. A., Dahlström, K. M., Salminen, T. A.,
Holmberg, J., et al. (2018). Sumoylation of Notch1 represses its target gene
expression during cell stress. Cell Death Differ. 25, 600–615. doi: 10.1038/
s41418-017-0002-6

Ardalan Khales, S., Ebrahimi, E., Jahanzad, E., Ardalan Khales, S., and
Forghanifard, M. M. (2018). MAML1 and TWIST1 co-overexpression promote
invasion of head and neck squamous cell carcinoma. Asia. Pac. J. Clin. Oncol.
14, e434–e441. doi: 10.1111/ajco.12843

Artavanis-Tsakonas, S., Rand, M. D., and Lake, R. J. (1999). Notch signaling:
cell fate control and signal integration in development. Science 284, 770–776.
doi: 10.1126/science.284.5415.770

Astudillo, L., Da Silva, T. G., Wang, Z., Han, X., Jin, K., VanWye, J., et al. (2016).
The small molecule IMR-1 inhibits the notch transcriptional activation complex
to suppress tumorigenesis. Cancer Res. 76, 3593–3603. doi: 10.1158/0008-5472.
CAN-16-0061

Bazzoni, R., and Bentivegna, A. (2019). Role of notch signaling pathway in
glioblastoma pathogenesis. Cancers 11:292. doi: 10.3390/cancers11030292

Beg, A. A., Sha, W. C., Bronson, R. T., Ghosh, S., and Baltimore, D. (1995).
Embryonic lethality and liver degeneration in mice lacking the RelA component
of NF-κB. Nature 376, 167–170. doi: 10.1038/376167a0

Behboudi, A., Winnes, M., Gorunova, L., van den Oord, J. J., Mertens, F., Enlund,
F., et al. (2005). Clear cell hidradenoma of the skin—a third tumor type with
a t(11;19)-associated TORC1–MAML2 gene fusion. Genes Chromosom. Cancer
43, 202–205. doi: 10.1002/gcc.20168

Behrens, J., von Kries, J. P., Kühl, M., Bruhn, L., Wedlich, D., Grosschedl, R.,
et al. (1996). Functional interaction of beta-catenin with the transcription factor
LEF-1. Nature 382, 638–642. doi: 10.1038/382638a0

Bell, D., and El-Naggar, A. K. (2013). Molecular heterogeneity in mucoepidermoid
carcinoma: conceptual and practical implications. Head Neck Pathol. 7, 23–27.
doi: 10.1007/s12105-013-0432-5

Bellavia, D., Mecarozzi, M., Campese, A. F., Grazioli, P., Gulino, A., and Screpanti,
I. (2007). Notch and Ikaros: not only converging players in T cell leukemia. Cell
Cycle 6, 2730–2734. doi: 10.4161/cc.6.22.4894

Bellavia, D., Palermo, R., Felli, M. P., Screpanti, I., and Checquolo, S. (2018). Notch
signaling as a therapeutic target for acute lymphoblastic leukemia. Expert Opin.
Ther. Targets 22, 331–342. doi: 10.1080/14728222.2018.1451840

Bettler, D., Pearson, S., and Yedvobnick, B. (1996). The nuclear protein encoded by
the Drosophila neurogenic gene mastermind is widely expressed and associates
with specific chromosomal regions. Genetics 143, 859–875.

Black, B. L., and Olson, E. N. (1998). Transcriptional control of muscle
development by myocyte enhancer factor-2 (MEF2) proteins. Annu. Rev. Cell
Dev. Biol. 14, 167–196. doi: 10.1146/annurev.cellbio.14.1.167

Bode, A. M., and Dong, Z. (2004). Post-translational modification of p53 in
tumorigenesis. Nat. Rev. Cancer 4, 793–805. doi: 10.1038/nrc1455

Borggrefe, T., and Oswald, F. (2009). The Notch signaling pathway: transcriptional
regulation at Notch target genes. Cell. Mol. Life Sci. 66, 1631–1646. doi: 10.1007/
s00018-009-8668-7

Brimer, N., Drews, C. M., and Vande Pol, S. B. (2017). Association of
papillomavirus E6 proteins with either MAML1 or E6AP clusters E6 proteins

by structure, function, and evolutionary relatedness. PLoS Pathog. 13:e1006781.
doi: 10.1371/journal.ppat.1006781

Brimer, N., Lyons, C., Wallberg, A. E., and Vande Pol, S. B. (2012).
Cutaneous papillomavirus E6 oncoproteins associate with MAML1 to repress
transactivation and NOTCH signaling. Oncogene 31, 4639–4646. doi: 10.1038/
onc.2011.589

Brooks, C. L., and Gu, W. (2003). Ubiquitination, phosphorylation and acetylation:
the molecular basis for p53 regulation. Curr. Opin. Cell Biol. 15, 164–171.
doi: 10.1016/S0955-0674(03)00003-6

Bufalieri, F., Infante, P., Bernardi, F., Caimano, M., Romania, P., Moretti, M., et al.
(2019). ERAP1 promotes Hedgehog-dependent tumorigenesis by controlling
USP47-mediated degradation of βTrCP. Nat. Commun. 10:3304. doi: 10.1038/
s41467-019-11093-0

Bürglin, T. R. (2008). The Hedgehog protein family. Genome Biol. 9:241. doi:
10.1186/gb-2008-9-11241

Campese, A. F., Grazioli, P., Colantoni, S., Anastasi, E., Mecarozzi, M., Checquolo,
S., et al. (2009). Notch3 and pTα/pre-TCR sustain the in vivo function of
naturally occurring regulatory T cells. Int. Immunol. 21, 727–743. doi: 10.1093/
intimm/dxp042

Campos-Ortega, J. A., Lehmann, R., Jiminez, F., and Dietrich, U. (1984). “A genetic
analysis of early neurogenesis in Drosophila BT,” in Organizing principles of
neural development,” in, ed. S. C. Sharma (Boston, MA: Springer), 129–143.
doi: 10.1007/978-1-4684-4802-3_7

Catanzaro, G., Sabato, C., Russo, M., Rosa, A., Abballe, L., Besharat, Z. M., et al.
(2017). Loss of miR-107, miR-181c and miR-29a-3p promote activation of
Notch2 signaling in pediatric high-grade gliomas (pHGGs). Int. J. Mol. Sci.
18:2742. doi: 10.3390/ijms18122742

Cavallo, R. A., Cox, R. T., Moline, M. M., Roose, J., Polevoy, G. A., Clevers, H.,
et al. (1998). Drosophila Tcf and Groucho interact to repress wingless signalling
activity. Nature 395, 604–608. doi: 10.1038/26982

Ceccarelli, S., Megiorni, F., Bellavia, D., Marchese, C., Screpanti, I., and Checquolo,
S. (2019). Notch3 targeting: a novel Weapon Against Ovarian cancer stem cells.
Stem Cells Int. 2019:6264931. doi: 10.1155/2019/6264931

Cesana, M., Cacchiarelli, D., Legnini, I., Santini, T., Sthandier, O., Chinappi,
M., et al. (2011). A long noncoding RNA controls muscle differentiation by
functioning as a competing endogenous RNA. Cell 147, 358–369. doi: 10.1016/
j.cell.2011.09.028

Cheng, H., Chen, L., Hu, X., Qiu, H., Xu, X., Gao, L., et al. (2019). Knockdown
of MAML1 inhibits proliferation and induces apoptosis of T-cell acute
lymphoblastic leukemia cells through SP1-dependent inactivation of TRIM59.
J. Cell. Physiol. 234:51865195. doi: 10.1002/jcp.27323

Chen, L.-F., and Greene, W. C. (2004). Shaping the nuclear action of NF-κB. Nat.
Rev. Mol. Cell Biol. 5, 392–401. doi: 10.1038/nrm1368

Choi, J.-H., Park, J. T., Davidson, B., Morin, P. J., Shih, I.-M., and Wang, T.-L.
(2008). Jagged-1 and Notch3 juxtacrine loop regulates ovarian tumor growth
and adhesion. Cancer Res. 68, 5716–5723. doi: 10.1158/0008-5472.CAN-08-
0001

Cialfi, S., Palermo, R., Manca, S., Checquolo, S., Bellavia, D., Pelullo, M., et al.
(2013). Glucocorticoid sensitivity of T-cell lymphoblastic leukemia/lymphoma
is associated with glucocorticoid receptor-mediated inhibition of Notch1
expression. Leukemia 27, 485–488. doi: 10.1038/leu.2012.192

Cialfi, S., Palermo, R., Manca, S., De Blasio, C., Vargas Romero, P., Checquolo, S.,
et al. (2014). Loss of Notch1-dependent p21(Waf1/Cip1) expression influences
the Notch1 outcome in tumorigenesis. Cell Cycle 13, 2046–2055. doi: 10.4161/
cc.29079

Clevers, H. (2006). Wnt/β-Catenin Signaling in Development and Disease. Cell
127, 469–480. doi: 10.1016/J.CELL.2006.10.018

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 December 2020 | Volume 8 | Article 613557

https://doi.org/10.1158/0008-5472.CAN-07-1720
https://doi.org/10.1158/0008-5472.CAN-07-1720
https://doi.org/10.1172/JCI31288
https://doi.org/10.1038/s41418-017-0002-6
https://doi.org/10.1038/s41418-017-0002-6
https://doi.org/10.1111/ajco.12843
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1158/0008-5472.CAN-16-0061
https://doi.org/10.1158/0008-5472.CAN-16-0061
https://doi.org/10.3390/cancers11030292
https://doi.org/10.1038/376167a0
https://doi.org/10.1002/gcc.20168
https://doi.org/10.1038/382638a0
https://doi.org/10.1007/s12105-013-0432-5
https://doi.org/10.4161/cc.6.22.4894
https://doi.org/10.1080/14728222.2018.1451840
https://doi.org/10.1146/annurev.cellbio.14.1.167
https://doi.org/10.1038/nrc1455
https://doi.org/10.1007/s00018-009-8668-7
https://doi.org/10.1007/s00018-009-8668-7
https://doi.org/10.1371/journal.ppat.1006781
https://doi.org/10.1038/onc.2011.589
https://doi.org/10.1038/onc.2011.589
https://doi.org/10.1016/S0955-0674(03)00003-6
https://doi.org/10.1038/s41467-019-11093-0
https://doi.org/10.1038/s41467-019-11093-0
https://doi.org/10.1186/gb-2008-9-11241
https://doi.org/10.1186/gb-2008-9-11241
https://doi.org/10.1093/intimm/dxp042
https://doi.org/10.1093/intimm/dxp042
https://doi.org/10.1007/978-1-4684-4802-3_7
https://doi.org/10.3390/ijms18122742
https://doi.org/10.1038/26982
https://doi.org/10.1155/2019/6264931
https://doi.org/10.1016/j.cell.2011.09.028
https://doi.org/10.1016/j.cell.2011.09.028
https://doi.org/10.1002/jcp.27323
https://doi.org/10.1038/nrm1368
https://doi.org/10.1158/0008-5472.CAN-08-0001
https://doi.org/10.1158/0008-5472.CAN-08-0001
https://doi.org/10.1038/leu.2012.192
https://doi.org/10.4161/cc.29079
https://doi.org/10.4161/cc.29079
https://doi.org/10.1016/J.CELL.2006.10.018
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-613557 December 23, 2020 Time: 11:21 # 13

Zema et al. MAML1: Balancing Development and Cancer

Cliffe, A., Hamada, F., and Bienz, M. (2003). A role of dishevelled in relocating
axin to the plasma membrane during wingless signaling. Curr. Biol. 13, 960–966.
doi: 10.1016/S0960-9822(03)00370-1

Corrales, J. D., Blaess, S., Mahoney, E. M., and Joyner, A. L. (2006). The level
of sonic hedgehog signaling regulates the complexity of cerebellar foliation.
Development 133, 1811–1821. doi: 10.1242/dev.02351

Corrales, J. D., Rocco, G. L., Blaess, S., Guo, Q., and Joyner, A. L. (2004).
Spatial pattern of sonic hedgehog signaling through Gli genesduring
cerebellum development. Development 131, 5581–5590. doi: 10.1242/DEV.
01438

Dahmane, N., and Ruiz-i-Altaba, A. (1999). Sonic hedgehog regulates the growth
and patterning of the cerebellum. Development 126, 3089–3100.

Davis, R. L., and Turner, D. L. (2001). Vertebrate hairy and Enhancer of split
related proteins: transcriptional repressors regulating cellular differentiation
and embryonic patterning. Oncogene 20, 8342–8357. doi: 10.1038/sj.onc.
1205094

De Falco, F., Del Papa, B., Baldoni, S., Sabatini, R., Falzetti, F., Di Ianni, M.,
et al. (2018). IL-4-dependent Jagged1 expression/processing is associated with
survival of chronic lymphocytic leukemia cells but not with Notch activation.
Cell Death Dis. 9:1160. doi: 10.1038/s41419-018-1185-6

de-la-Concha, A., Dietrich, U., Weigel, D., and Campos-Ortega, J. A. (1988).
Functional interactions of neurogenic genes of Drosophila melanogaster.
Genetics 118, 499–508.

Di Marcotullio, L., Ferretti, E., Greco, A., De Smaele, E., Po, A., Sico, M. A.,
et al. (2006). Numb is a suppressor of Hedgehog signalling and targets Gli1
for Itch-dependent ubiquitination. Nat. Cell Biol. 8, 1415–1423. doi: 10.1038/
ncb1510

Di Marcotullio, L., Greco, A., Mazzà, D., Canettieri, G., Pietrosanti, L., Infante, P.,
et al. (2011). Numb activates the E3 ligase Itch to control Gli1 function through
a novel degradation signal. Oncogene 30, 65–76. doi: 10.1038/onc.2010.394

Diluvio, G., Del Gaudio, F., Giuli, M. V., Franciosa, G., Giuliani, E., Palermo,
R., et al. (2018). NOTCH3 inactivation increases triple negative breast cancer
sensitivity to gefitinib by promoting EGFR tyrosine dephosphorylation and its
intracellular arrest. Oncogenesis 7:42. doi: 10.1038/s41389-018-0051-9

Dimri, G. P. (2005). What has senescence got to do with cancer? Cancer Cell 7,
505–512. doi: 10.1016/J.CCR.2005.05.025

Eisenberg, I., Eran, A., Nishino, I., Moggio, M., Lamperti, C., Amato, A. A.,
et al. (2007). Distinctive patterns of microRNA expression in primary muscular
disorders. Proc. Natl. Acad. Sci. U.S.A. 104, 17016–17021. doi: 10.1073/PNAS.
0708115104

Enlund, F., Behboudi, A., Andrén, Y., Öberg, C., Lendahl, U., Mark, J., et al. (2004).
Altered Notch signaling resulting from expression of a WAMTP1-MAML2
gene fusion in mucoepidermoid carcinomas and benign Warthin’s tumors. Exp.
Cell Res. 292, 21–28. doi: 10.1016/j.yexcr.2003.09.007

Farshbaf, M., Lindberg, M. J., Truong, A., Bevens, Z., Chambers, E., Pournara, A.,
et al. (2015). Mastermind-like 1 is ubiquitinated: functional consequences for
notch signaling. PLoS One 10:e0134013. doi: 10.1371/journal.pone.0134013

Fiedler, M., Mendoza-Topaz, C., Rutherford, T. J., Mieszczanek, J., and Bienz, M.
(2011). Dishevelled interacts with the DIX domain polymerization interface of
Axin to interfere with its function in down-regulating β-catenin. Proc. Natl.
Acad. Sci. U.S.A. 108, 1937–1942. doi: 10.1073/pnas.1017063108

Forghanifard, M. M., Moaven, O., Farshchian, M., Montazer, M., Raeisossadati,
R., Abdollahi, A., et al. (2012). Expression analysis elucidates the roles of
MAML1 and twist1 in esophageal squamous cell carcinoma aggressiveness and
metastasis. Ann. Surg. Oncol. 19:743749. doi: 10.1245/s10434-011-2074-8

Fryer, C. J., Lamar, E., Turbachova, I., Kintner, C., and Jones, K. A. (2002).
Mastermind mediates chromatin-specific transcription and turnover of the
Notch enhancer complex. Genes Dev. 16, 1397–1411. doi: 10.1101/gad.991602

Fryer, C. J., White, J. B., and Jones, K. A. (2004). Mastermind recruits CycC:CDK8
to phosphorylate the Notch ICD and coordinate activation with turnover. Mol.
Cell 16, 509–520. doi: 10.1016/j.molcel.2004.10.014

Giebel, B., and Wodarz, A. (2012). Notch signaling: numb makes the difference.
Curr. Biol. 22, R133–R135. doi: 10.1016/j.cub.2012.01.006

Gitenay, D., and Baron, V. T. (2009). Is EGR1 a potential target for prostate cancer
therapy? Future Oncol. 5, 993–1003. doi: 10.2217/fon.09.67

Giuli, M. V., Giuliani, E., Screpanti, I., Bellavia, D., and Checquolo, S. (2019). Notch
signaling activation as a hallmark for triple-negative breast cancer subtype.
J. Oncol. 2019:8707053. doi: 10.1155/2019/8707053

Gorojankina, T. (2016). Hedgehog signaling pathway: a novel model and molecular
mechanisms of signal transduction. Cell. Mol. Life Sci. 73, 1317–1332. doi:
10.1007/s00018-015-2127-4

Grossman, S. R. (2001). p300/CBP/p53 interaction and regulation of the p53
response. Eur. J. Biochem. 268, 2773–2778. doi: 10.1046/j.1432-1327.2001.
02226.x

Gulino, A., Di Marcotullio, L., Canettieri, G., De Smaele, E., and Screpanti, I.
(2012). Hedgehog/gli control by ubiquitination/acetylation interplay. Vitam.
Horm. 88, 211–227. doi: 10.1016/B978-0-12-394622-5.00009-2

Halder, G., and Johnson, R. L. (2011). Hippo signaling: growth control and beyond.
Development 138, 9–22. doi: 10.1242/dev.045500

Hansson, M. L., Behmer, S., Ceder, R., Mohammadi, S., Preta, G., Grafström,
R. C., et al. (2012). MAML1 acts cooperatively with EGR1 to activate EGR1-
regulated promoters: implications for nephrogenesis and the development of
renal cancer. PLoS One 7:e46001. doi: 10.1371/journal.pone.0046001

Hansson, M. L., Popko-Scibor, A. E., Saint Just Ribeiro, M., Dancy, B. M., Lindberg,
M. J., Cole, P. A., et al. (2009). The transcriptional coactivator MAML1 regulates
p300 autoacetylation and HAT activity. Nucleic Acids Res. 37, 2996–3006. doi:
10.1093/nar/gkp163

Harris, P. J., Speranza, G., and Dansky Ullmann, C. (2012). Targeting embryonic
signaling pathways in cancer therapy. Expert Opin. Ther. Targets 16, 131–145.
doi: 10.1517/14728222.2011.645808

Hasanovic, A., and Mus-Veteau, I. (2018). Targeting the multidrug
transporter ptch1 potentiates chemotherapy efficiency. Cells 7:107.
doi: 10.3390/cells7080107

Hashemi Bidokhti, M., Abbaszadegan, M. R., Sharifi, N., Abbasi Sani, S., and
Forghanifard, M. M. (2017). Contribution of MAML1 in esophageal squamous
cell carcinoma tumorigenesis. Ann. Diagn. Pathol. 27:7982. doi: 10.1016/j.
anndiagpath.2017.01.010

Hayden, M. S., and Ghosh, S. (2008). Shared principles in NF-kappaB signaling.
Cell 132, 344–362. doi: 10.1016/j.cell.2008.01.020

He, X., Semenov, M., Tamai, K., and Zeng, X. (2004). LDL receptor-related proteins
5 and 6 in Wnt/β-catenin signaling: arrows point the way. Development 131,
1663–1677. doi: 10.1242/dev.01117

Heemskerk, J., and DiNardo, S. (1994). Drosophila hedgehog acts as a morphogen
in cellular patterning. Cell 76, 449–460. doi: 10.1016/0092-8674(94)90110-4

Helms, W., Lee, H., Ammerman, M., Parks, A. L., Muskavitch, M. A., and
Yedvobnick, B. (1999). Engineered truncations in the Drosophila mastermind
protein disrupt notch pathway function. Dev. Biol. 215, 358–374. doi: 10.1006/
DBIO.1999.9477

Heynen, G. J. J. E., Nevedomskaya, E., Palit, S., Basheer, N. J., Lieftink, C., Schlicker,
A., et al. (2016). Mastermind-Like 3 controls proliferation and differentiation in
neuroblastoma. Mol. Cancer Res. 14, 411–422. doi: 10.1158/1541-7786.MCR-
15-0291-T

Hilton, M. J., Tu, X., Wu, X., Bai, S., Zhao, H., Kobayashi, T., et al. (2008). Notch
signaling maintains bone marrow mesenchymal progenitors by suppressing
osteoblast differentiation. Nat. Med. 14, 306–314. doi: 10.1038/nm1716

Hooper, J. E., and Scott, M. P. (2005). Communicating with Hedgehogs. Nat. Rev.
Mol. Cell Biol. 6, 306–317. doi: 10.1038/nrm1622

Hui, C., and Angers, S. (2011). Gli proteins in development and disease. Annu. Rev.
Cell Dev. Biol. 27, 513–537. doi: 10.1146/annurev-cellbio-092910-154048

Huntzicker, E. G., Estay, I. S., Zhen, H., Lokteva, L. A., Jackson, P. K., and Oro,
A. E. (2006). Dual degradation signals control Gli protein stability and tumor
formation. Genes Dev. 20, 276–281. doi: 10.1101/gad.1380906

Jin, B., Shen, H., Lin, S., Li, J.-L., Chen, Z., Griffin, J. D., et al. (2010). The
mastermind-like 1 (MAML1) co-activator regulates constitutive NF-kappaB
signaling and cell survival. J. Biol. Chem. 285, 14356–14365. doi: 10.1074/jbc.
M109.078865

Jin, K., Zhou, W., Han, X., Wang, Z., Li, B., Jeffries, S., et al. (2017). Acetylation of
mastermind-like 1 by p300 drives the recruitment of NACK to initiate Notch-
dependent transcription. Cancer Res. 77, 4228–4237. doi: 10.1158/0008-5472.
CAN-16-3156

Kageyama, R., and Ohtsuka, T. (1999). The Notch-Hes pathway in mammalian
neural development. Cell Res. 9, 179–188. doi: 10.1038/sj.cr.7290016

Kawane, T., Komori, H., Liu, W., Moriishi, T., Miyazaki, T., Mori, M., et al.
(2014). Dlx5 and Mef2 regulate a novel Runx2 enhancer for osteoblast-
specific expression. J. Bone Miner. Res. 29, 1960–1969. doi: 10.1002/jbmr.
2240

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 December 2020 | Volume 8 | Article 613557

https://doi.org/10.1016/S0960-9822(03)00370-1
https://doi.org/10.1242/dev.02351
https://doi.org/10.1242/DEV.01438
https://doi.org/10.1242/DEV.01438
https://doi.org/10.1038/sj.onc.1205094
https://doi.org/10.1038/sj.onc.1205094
https://doi.org/10.1038/s41419-018-1185-6
https://doi.org/10.1038/ncb1510
https://doi.org/10.1038/ncb1510
https://doi.org/10.1038/onc.2010.394
https://doi.org/10.1038/s41389-018-0051-9
https://doi.org/10.1016/J.CCR.2005.05.025
https://doi.org/10.1073/PNAS.0708115104
https://doi.org/10.1073/PNAS.0708115104
https://doi.org/10.1016/j.yexcr.2003.09.007
https://doi.org/10.1371/journal.pone.0134013
https://doi.org/10.1073/pnas.1017063108
https://doi.org/10.1245/s10434-011-2074-8
https://doi.org/10.1101/gad.991602
https://doi.org/10.1016/j.molcel.2004.10.014
https://doi.org/10.1016/j.cub.2012.01.006
https://doi.org/10.2217/fon.09.67
https://doi.org/10.1155/2019/8707053
https://doi.org/10.1007/s00018-015-2127-4
https://doi.org/10.1007/s00018-015-2127-4
https://doi.org/10.1046/j.1432-1327.2001.02226.x
https://doi.org/10.1046/j.1432-1327.2001.02226.x
https://doi.org/10.1016/B978-0-12-394622-5.00009-2
https://doi.org/10.1242/dev.045500
https://doi.org/10.1371/journal.pone.0046001
https://doi.org/10.1093/nar/gkp163
https://doi.org/10.1093/nar/gkp163
https://doi.org/10.1517/14728222.2011.645808
https://doi.org/10.3390/cells7080107
https://doi.org/10.1016/j.anndiagpath.2017.01.010
https://doi.org/10.1016/j.anndiagpath.2017.01.010
https://doi.org/10.1016/j.cell.2008.01.020
https://doi.org/10.1242/dev.01117
https://doi.org/10.1016/0092-8674(94)90110-4
https://doi.org/10.1006/DBIO.1999.9477
https://doi.org/10.1006/DBIO.1999.9477
https://doi.org/10.1158/1541-7786.MCR-15-0291-T
https://doi.org/10.1158/1541-7786.MCR-15-0291-T
https://doi.org/10.1038/nm1716
https://doi.org/10.1038/nrm1622
https://doi.org/10.1146/annurev-cellbio-092910-154048
https://doi.org/10.1101/gad.1380906
https://doi.org/10.1074/jbc.M109.078865
https://doi.org/10.1074/jbc.M109.078865
https://doi.org/10.1158/0008-5472.CAN-16-3156
https://doi.org/10.1158/0008-5472.CAN-16-3156
https://doi.org/10.1038/sj.cr.7290016
https://doi.org/10.1002/jbmr.2240
https://doi.org/10.1002/jbmr.2240
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-613557 December 23, 2020 Time: 11:21 # 14

Zema et al. MAML1: Balancing Development and Cancer

Kaye, F. J. (2006). Emerging biology of malignant salivary gland tumors offers new
insights into the classification and treatment of mucoepidermoid cancer. Clin.
Cancer Res. 12, 3878–3881. doi: 10.1158/1078-0432.CCR-06-0791

Kim, J., Kwon, H., Shin, Y. K., Song, G., Lee, T., Kim, Y., et al. (2020). MAML1/2
promote YAP/TAZ nuclear localization and tumorigenesis. Proc. Natl. Acad. Sci.
U.S.A. 117, 13529–13540. doi: 10.1073/PNAS.1917969117

Kishida, S., Yamamoto, H., Hino, S., Ikeda, S., Kishida, M., and Kikuchi, A.
(1999). DIX domains of Dvl and Axin are necessary for protein interactions
and their ability to regulate β-catenin stability. Mol. Cell. Biol. 19, 4414–4422.
doi: 10.1128/mcb.19.6.4414

Kitagawa, M., Oyama, T., Kawashima, T., Yedvobnick, B., Kumar, A., Matsuno,
K., et al. (2001). A human protein with sequence similarity to Drosophila
mastermind coordinates the nuclear form of notch and a CSL protein to build
a transcriptional activator complex on target promoters. Mol. Cell. Biol. 21,
4337–4346. doi: 10.1128/MCB.21.13.4337-4346.2001

Köchert, K., Ullrich, K., Kreher, S., Aster, J. C., Kitagawa, M., Jöhrens, K., et al.
(2011). High-level expression of Mastermind-like 2 contributes to aberrant
activation of the NOTCH signaling pathway in human lymphomas. Oncogene
30, 1831–1840. doi: 10.1038/onc.2010.544

Komori, T. (2018). Runx2, an inducer of osteoblast and chondrocyte
differentiation. Histochem. Cell Biol. 149, 313–323. doi: 10.1007/s00418-
018-1640-6

Kovall, R. A., and Hendrickson, W. A. (2004). Crystal structure of the nuclear
effector of Notch signaling, CSL, bound to DNA. EMBO J. 23, 3441–3451.
doi: 10.1038/sj.emboj.7600349

Krasnov, A. N., Mazina, M. Y., Nikolenko, J. V., and Vorobyeva, N. E. (2016).
On the way of revealing coactivator complexes cross-talk during transcriptional
activation. Cell Biosci. 6:15. doi: 10.1186/s13578-016-0081-y

Kumar, A., Zhao, Y., Meng, G., Zeng, M., Srinivasan, S., Delmolino, L. M., et al.
(2002). Human Papillomavirus Oncoprotein E6 inactivates the transcriptional
coactivator human ADA3. Mol. Cell. Biol. 22, 5801–5812. doi: 10.1128/MCB.22.
16.5801-5812.2002

Kuncharin, Y., Sangphech, N., Kueanjinda, P., Bhattarakosol, P., and Palaga, T.
(2011). MAML1 regulates cell viability via the NF-κB pathway in cervical
cancer cell lines. Exp. Cell Res. 317, 1830–1840. doi: 10.1016/j.yexcr.2011.
05.005

Lakin, N. D., and Jackson, S. P. (1999). Regulation of p53 in response to DNA
damage. Oncogene 18, 7644–7655. doi: 10.1038/sj.onc.1203015

Larivière, L., Seizl, M., and Cramer, P. (2012). A structural perspective on Mediator
function. Curr. Opin. Cell Biol. 24, 305–313. doi: 10.1016/j.ceb.2012.01.007

Lasky, J. L., and Wu, H. (2005). Notch signaling, brain development, and human
disease. Pediatr. Res. 57, 104–109. doi: 10.1203/01.PDR.0000159632.70510.3D

Lehmann, R., Jiménez, F., Dietrich, U., and Campos-Ortega, J. A. (1983). On the
phenotype and development of mutants of early neurogenesis inDrosophila
melanogaster. Wilhelm Roux. Arch. Dev. Biol. 192, 62–74. doi: 10.1007/
BF00848482

Lewis, P. M., Gritli-Linde, A., Smeyne, R., Kottmann, A., and McMahon, A. P.
(2004). Sonic hedgehog signaling is required for expansion of granule neuron
precursors and patterning of the mouse cerebellum. Dev. Biol. 270, 393–410.
doi: 10.1016/J.YDBIO.2004.03.007

Li, Q., Van Antwerp, D., Mercurio, F., Lee, K.-F., and Verma, I. M. (1999). Severe
Liver degeneration in mice lacking the IκB Kinase 2 Gene. Science 284, 321–325.
doi: 10.1126/science.284.5412.321

Lin, K. C., Park, H. W., and Guan, K.-L. (2018). Deregulation and therapeutic
potential of the hippo pathway in cancer. Annu. Rev. Cancer Biol. 2, 59–79.
doi: 10.1146/annurev-cancerbio-030617-050202

Lin, S.-E., Oyama, T., Nagase, T., Harigaya, K., and Kitagawa, M. (2002).
Identification of new human mastermind proteins defines a family that consists
of positive regulators for notch signaling. J. Biol. Chem. 277, 50612–50620.
doi: 10.1074/jbc.M209529200

Lindberg, M. J., Popko-Scibor, A. E., Hansson, M. L., and Wallberg, A. E. (2010).
SUMO modification regulates the transcriptional activity of MAML1. FASEB J.
24, 2396–2404. doi: 10.1096/fj.09-149401

Liu, C., Rangnekar, V. M., Adamson, E., and Mercola, D. (1998). Suppression of
growth and transformation and induction of apoptosis by EGR-1. Cancer Gene
Ther. 5, 3–28.

Liu, Y., Hancock, M., Workman, A., Doster, A., and Jones, C. (2016). β-Catenin,
a transcription factor activated by canonical Wnt signaling, is expressed in

sensory neurons of calves latently infected with bovine herpesvirus 1. J. Virol.
90, 3148–3159. doi: 10.1128/JVI.02971-15

Lowell, S., Jones, P., Le Roux, I., Dunne, J., and Watt, F. M. (2000). Stimulation of
human epidermal differentiation by Delta-Notch signalling at the boundaries
of stem-cell clusters. Curr. Biol. 10, 491–500. doi: 10.1016/S0960-9822(00)
00451-6

Luo, D., Renault, V. M., and Rando, T. A. (2005). The regulation of Notch signaling
in muscle stem cell activation and postnatal myogenesis. Semin. Cell Dev. Biol.
16, 612–622. doi: 10.1016/j.semcdb.2005.07.002

Mao, J., Wang, J., Liu, B., Pan, W., Farr, G. H., Flynn, C., et al. (2001). Low-
density lipoprotein receptor-related protein-5 binds to Axin and regulates the
canonical Wnt signaling pathway. Mol. Cell 7, 801–809. doi: 10.1016/S1097-
2765(01)00224-6

Mazzà, D., Infante, P., Colicchia, V., Greco, A., Alfonsi, R., Siler, M., et al.
(2013). PCAF ubiquitin ligase activity inhibits Hedgehog/Gli1 signaling in p53-
dependent response to genotoxic stress. Cell Death Differ. 20, 1688–1697. doi:
10.1038/cdd.2013.120

McElhinny, A. S., Li, J.-L., and Wu, L. (2008). Mastermind-like transcriptional
co-activators: emerging roles in regulating cross talk among multiple signaling
pathways. Oncogene 27, 5138–5147. doi: 10.1038/onc.2008.228

Moellering, R. E., Cornejo, M., Davis, T. N., Del Bianco, C., Aster, J. C., Blacklow,
S. C., et al. (2009). Direct inhibition of the NOTCH transcription factor
complex. Nature 462, 182–188. doi: 10.1038/nature08543

Moghbeli, M., Mosannen Mozaffari, H., Memar, B., Forghanifard, M. M.,
Gholamin, M., and Abbaszadegan, M. R. (2019). Role of MAML1 in targeted
therapy against the esophageal cancer stem cells. J. Transl. Med. 17:126. doi:
10.1186/s12967-019-1876-5

Moon, R. T., Kohn, A. D., De Ferrari, G. V., and Kaykas, A. (2004). WNT and
β-catenin signalling: diseases and therapies. Nat. Rev. Genet. 5, 691–701. doi:
10.1038/nrg1427

Mumm, J. S., and Kopan, R. (2000). Notch signaling: from the outside in. Dev. Biol.
228, 151–165. doi: 10.1006/dbio.2000.9960

Nam, Y., Sliz, P., Song, L., Aster, J. C., and Blacklow, S. C. (2006). Structural basis
for cooperativity in recruitment of MAML coactivators to Notch transcription
complexes. Cell 124, 973–983. doi: 10.1016/j.cell.2005.12.037

Nam, Y., Weng, A. P., Aster, J. C., and Blacklow, S. C. (2003). Structural
requirements for assembly of the CSL·intracellular Notch1·Mastermind-like
1 transcriptional activation complex. J. Biol. Chem. 278, 21232–21239. doi:
10.1074/jbc.M301567200

Nemoto, N., Suzukawa, K., Shimizu, S., Shinagawa, A., Takei, N., Taki, T., et al.
(2007). Identification of a novel fusion gene MLL-MAML2 in secondary acute
myelogenous leukemia and myelodysplastic syndrome with inv(11)(q21q23).
Genes Chromosom. Cancer 46, 813–819. doi: 10.1002/gcc.20467

Nordkvist, A., Gustafsson, H., Juberg-Ode, M., and Stenman, G. (1994). Recurrent
rearrangements of 11q14-22 in mucoepidermoid carcinoma. Cancer Genet.
Cytogenet. 74, 77–83. doi: 10.1016/0165-4608(94)90001-9

Nusse, R., and Clevers, H. (2017). Wnt/β-catenin signaling, disease, and emerging
therapeutic modalities. Cell 169, 985–999. doi: 10.1016/j.cell.2017.05.016

Nüsslein-Volhard, C., and Wieschaus, E. (1980). Mutations affecting segment
number and polarity in Drosophila. Nature 287, 795–801. doi: 10.1038/
287795a0

O’Neill, I. D. (2009). t(11;19) translocation and CRTC1-MAML2 fusion
oncogene in mucoepidermoid carcinoma. Oral Oncol. 45, 2–9. doi: 10.1016/j.
oraloncology.2008.03.012

Orth, G., Jablonska, S., Favre, M., Croissant, O., Jarzabek-Chorzelska, M., and
Rzesa, G. (1978). Characterization of two types of human papillomaviruses in
lesions of epidermodysplasia verruciformis. Proc. Natl. Acad. Sci. U.S.A. 75,
1537–1541. doi: 10.1073/pnas.75.3.1537

Oyama, T., Harigaya, K., Muradil, A., Hozumi, K., Habu, S., Oguro, H., et al. (2007).
Mastermind-1 is required for Notch signal-dependent steps in lymphocyte
development in vivo. Proc. Natl. Acad. Sci. U.S.A. 104, 9764–9769. doi: 10.1073/
pnas.0700240104

Oyama, T., Harigaya, K., Sasaki, N., Okamura, Y., Kokubo, H., Saga, Y., et al.
(2011). Mastermind-like 1 (MamL1) and mastermind-like 3 (MamL3) are
essential for Notch signaling in vivo. Development 138, 5235–5246. doi: 10.1242/
dev.062802

Palermo, R., Checquolo, S., Bellavia, D., Talora, C., and Screpanti, I.
(2014). The molecular basis of notch signaling regulation: a complex

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 December 2020 | Volume 8 | Article 613557

https://doi.org/10.1158/1078-0432.CCR-06-0791
https://doi.org/10.1073/PNAS.1917969117
https://doi.org/10.1128/mcb.19.6.4414
https://doi.org/10.1128/MCB.21.13.4337-4346.2001
https://doi.org/10.1038/onc.2010.544
https://doi.org/10.1007/s00418-018-1640-6
https://doi.org/10.1007/s00418-018-1640-6
https://doi.org/10.1038/sj.emboj.7600349
https://doi.org/10.1186/s13578-016-0081-y
https://doi.org/10.1128/MCB.22.16.5801-5812.2002
https://doi.org/10.1128/MCB.22.16.5801-5812.2002
https://doi.org/10.1016/j.yexcr.2011.05.005
https://doi.org/10.1016/j.yexcr.2011.05.005
https://doi.org/10.1038/sj.onc.1203015
https://doi.org/10.1016/j.ceb.2012.01.007
https://doi.org/10.1203/01.PDR.0000159632.70510.3D
https://doi.org/10.1007/BF00848482
https://doi.org/10.1007/BF00848482
https://doi.org/10.1016/J.YDBIO.2004.03.007
https://doi.org/10.1126/science.284.5412.321
https://doi.org/10.1146/annurev-cancerbio-030617-050202
https://doi.org/10.1074/jbc.M209529200
https://doi.org/10.1096/fj.09-149401
https://doi.org/10.1128/JVI.02971-15
https://doi.org/10.1016/S0960-9822(00)00451-6
https://doi.org/10.1016/S0960-9822(00)00451-6
https://doi.org/10.1016/j.semcdb.2005.07.002
https://doi.org/10.1016/S1097-2765(01)00224-6
https://doi.org/10.1016/S1097-2765(01)00224-6
https://doi.org/10.1038/cdd.2013.120
https://doi.org/10.1038/cdd.2013.120
https://doi.org/10.1038/onc.2008.228
https://doi.org/10.1038/nature08543
https://doi.org/10.1186/s12967-019-1876-5
https://doi.org/10.1186/s12967-019-1876-5
https://doi.org/10.1038/nrg1427
https://doi.org/10.1038/nrg1427
https://doi.org/10.1006/dbio.2000.9960
https://doi.org/10.1016/j.cell.2005.12.037
https://doi.org/10.1074/jbc.M301567200
https://doi.org/10.1074/jbc.M301567200
https://doi.org/10.1002/gcc.20467
https://doi.org/10.1016/0165-4608(94)90001-9
https://doi.org/10.1016/j.cell.2017.05.016
https://doi.org/10.1038/287795a0
https://doi.org/10.1038/287795a0
https://doi.org/10.1016/j.oraloncology.2008.03.012
https://doi.org/10.1016/j.oraloncology.2008.03.012
https://doi.org/10.1073/pnas.75.3.1537
https://doi.org/10.1073/pnas.0700240104
https://doi.org/10.1073/pnas.0700240104
https://doi.org/10.1242/dev.062802
https://doi.org/10.1242/dev.062802
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-08-613557 December 23, 2020 Time: 11:21 # 15

Zema et al. MAML1: Balancing Development and Cancer

simplicity. Curr. Mol. Med. 14, 34–44. doi: 10.2174/1566524013666131118
105216

Palomero, T., Wei, K. L., Odom, D. T., Sulis, M. L., Real, P. J., Margolin, A., et al.
(2006). NOTCH1 directly regulates c-MYC and activates a feed-forward-loop
transcriptional network promoting leukemic cell growth. Proc. Natl. Acad. Sci.
U.S.A. 103, 18261–18266. doi: 10.1073/pnas.0606108103

Pan, D. (2010). The hippo signaling pathway in development and cancer. Dev. Cell
19, 491–505. doi: 10.1016/j.devcel.2010.09.011

Pelullo, M., Nardozza, F., Zema, S., Quaranta, R., Nicoletti, C., Besharat, Z. M.,
et al. (2019a). Kras/ADAM17-dependent Jag1-ICD reverse signalling sustains
colorectal cancer progression and chemoresistance. Cancer Res. 79, 5575–5586.
doi: 10.1158/0008-5472.CAN-19-0145

Pelullo, M., Quaranta, R., Talora, C., Checquolo, S., Cialfi, S., Felli, M. P., et al.
(2014). Notch3/Jagged1 circuitry reinforces notch signaling and sustains T-ALL.
Neoplasia 16, 1007–1017. doi: 10.1016/j.neo.2014.10.004

Pelullo, M., Zema, S., Nardozza, F., Checquolo, S., Screpanti, I., and Bellavia, D.
(2019b). Wnt, Notch, and TGF-β pathways impinge on hedgehog signaling
complexity: an open window on cancer. Front. Genet. 10:711. doi: 10.3389/
fgene.2019.00711

Petcherski, A. G., and Kimble, J. (2000a). LAG-3 is a putative transcriptional
activator in the C. elegans Notch pathway. Nature 405, 364–368. doi: 10.1038/
35012645

Petcherski, A. G., and Kimble, J. (2000b). Mastermind is a putative activator for
Notch. Curr. Biol. 10, R471–R473. doi: 10.1016/S0960-9822(00)00577-7

Picco, G., Chen, E. D., Alonso, L. G., Behan, F. M., Gonçalves, E., Bignell, G.,
et al. (2019). Functional linkage of gene fusions to cancer cell fitness assessed
by pharmacological and CRISPR-Cas9 screening. Nat. Commun. 10:2198. doi:
10.1038/s41467-019-09940-1

Quaranta, R., Pelullo, M., Zema, S., Nardozza, F., Checquolo, S., Lauer, D. M., et al.
(2017). Maml1 acts cooperatively with Gli proteins to regulate sonic hedgehog
signaling pathway. Cell Death Dis. 8:e2942. doi: 10.1038/cddis.2017.326

Radtke, F., Wilson, A., and MacDonald, H. R. (2005). Notch signaling in
hematopoiesis and lymphopoiesis: lessons from Drosophila. Bioessays 27, 1117–
1128.doi: 10.1002/bies.20315

Rangarajan, A., Talora, C., Okuyama, R., Nicolas, M., Mammucari, C., Oh, H., et al.
(2001). Notch signaling is a direct determinant of keratinocyte growth arrest
and entry into differentiation. EMBO J. 20, 3427–3436. doi: 10.1093/emboj/20.
13.3427

Rao, P. K., Kumar, R. M., Farkhondeh, M., Baskerville, S., and Lodish, H. F. (2006).
Myogenic factors that regulate expression of muscle-specific microRNAs. Proc.
Natl. Acad. Sci. U.S.A. 103, 8721–8726. doi: 10.1073/pnas.0602831103

Reedijk, M., Odorcic, S., Zhang, H., Chetty, R., Tennert, C., Dickson, B. C., et al.
(2008). Activation of Notch signaling in human colon adenocarcinoma. Int. J.
Oncol. 33, 1223–1229. doi: 10.3892/ijo_00000112

Regl, G., Neill, G. W., Eichberger, T., Kasper, M., Ikram, M. S., Koller, J., et al.
(2002). Human GLI2 and GLI1 are part of a positive feedback mechanism in
Basal Cell Carcinoma. Oncogene 21, 5529–5539. doi: 10.1038/sj.onc.1205748

Rogers, J. M., Guo, B., Egan, E. D., Aster, J. C., Adelman, K., and Blacklow, S. C.
(2020). MAML1-dependent notch-responsive genes exhibit differing cofactor
requirements for transcriptional activation. Mol. Cell. Biol. 40:e00014-20. doi:
10.1128/mcb.00014-20

Ronchini, C., and Capobianco, A. J. (2001). Induction of Cyclin D1 transcription
and CDK2 activity by Notchic: implication for cell cycle disruption in
transformation by Notchic. Mol. Cell. Biol. 21, 5925–5934. doi: 10.1128/mcb.
21.17.5925-5934.2001

Rosati, E., Sabatini, R., Rampino, G., Tabilio, A., Di Ianni, M., Fettucciari, K., et al.
(2009). Constitutively activated Notch signaling is involved in survival and
apoptosis resistance of B-CLL cells. Blood 113, 856–865. doi: 10.1182/blood-
2008-02-139725

Rosenfeld, M. G., Lunyak, V. V., and Glass, C. K. (2006). Sensors and signals:
a coactivator/corepressor/epigenetic code for integrating signal-dependent
programs of transcriptional response. Genes Dev. 20, 1405–1428. doi: 10.1101/
gad.1424806

Saint Just Ribeiro, M., Hansson, M. L., Lindberg, M. J., Popko-Ścibor, A. E., and
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