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Abstract

Epithelial-mesenchymal transition (EMT) is an evolutionary conserved
morphogenetic program necessary for the shaping of the body plan during
development. It is guided precisely by growth factor signaling and a dedi-
cated network of specialised transcription factors. These are supported by
other transcription factor families serving auxiliary functions during EMT,
beyond their general roles as effectors of major signaling pathways. EMT
transiently induces in epithelial cells mesenchymal properties, such as the
loss of cell-cell adhesion and a gain in cell motility. Together, these newly
acquired properties enable their migration to distant sites where they even-
tually give rise to adult epithelia. However, it is now recognized that EMT
contributes to the pathogenesis of several human diseases, notably in tis-
sue fibrosis and cancer metastasis. The RUNX family of transcription fac-
tors are important players in cell fate determination during development,
where their spatio-temporal expression often overlaps with the occurrence
of EMT. Furthermore, the dysregulation of RUNX expression and func-
tions are increasingly linked to the aberrant induction of EMT in cancer.
The present chapter reviews the current knowledge of this emerging field
and the common themes of RUNX involvement during EMT, with the
intention of fostering future research.
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28.1 Introduction targeted during human carcinogenesis. The EMT

Metazoa are composed of three major cell types:
epithelial, mesenchymal and neural. Epithelial
cells are in close contact with one another and
organized in sheets with apico—basal polarity.
Within this arrangement, epithelial cells commu-
nicate with one another through an ordered series
of cell—cell junctional complexes: adherens junc-
tions, desmosomes and tight junctions. Through
these contacts, the epithelium serves its function
as a selective barrier. In contrast, mesenchymal
cells are loosely organized within a three-
dimensional extracellular matrix. Their main pur-
pose is to act as connective tissues that provide
structural support to the epithelia. Unlike epithe-
lial cells, mesenchymal cells can function inde-
pendently and are capable of migration, especially
during development. The process Epithelial-
Mesenchymal Transition (EMT) refers to a cel-
lular program during normal development in
which epithelial cells lose their junctional com-
plexes to acquire mesenchymal properties, such
as migratory and invasive capabilities. Following
EMT, cells will often undergo the reverse pro-
cess, referred to as Mesenchymal-Epithelial
Transition (MET). EMT is a highly conserved
morphogenetic process in evolution for the shap-
ing of the body plan in metazoans. EMT and
MET operate sequentially throughout embryo-
genesis and during organogenesis. A round of
EMT-MET is reactivated in the adult stage dur-
ing wound healing and EMT in the kidney epi-
thelium induces fibrosis in the stroma. An
EMT-MET round has also been proposed to be
activated during the progression of carcinoma.
There is commonality between the process of
EMT and the RUNX transcription factor family.
Like the EMT process, RUNX proteins are also
regulators of development that have been con-
served through evolution and are frequently

process and RUNX participate in both vertebrate
and invertebrate development. However, this
chapter is devoted to describing the many
instances where they intersect in vertebrate
development and human disease.

28.2 Hallmarks and Drivers
of EMT

28.2.1 The EMT Phenotype

Epithelial cells in contact are characterized by a
set of specialized junctions including adherens
junctions, which are established through the
assembly of protein complexes at the site of
E-cadherin clusters. These adhesion structures
are the main targets in the execution of the EMT
program (Huang et al. 2012).

In epithelial cells, the extracellular region of
E-cadherin forms an interface between two adja-
cent epithelial cells, through cis and trans inter-
actions. The E-cadherin adhesome consists of
numerous proteins interacting directly or indi-
rectly with the actin cytoskeleton. p-catenin
bound to the carboxy-terminal region of the
E-cadherin  cytoplasmic  domain  anchors
a-catenin, a crucial protein acting as a mechano-
sensor. P120-catenins also plays a major role in
the dynamics of the junctional complexes (Engl
et al. 2014; Yonemura et al. 2010). Although
EMT occurs in different tissue context during
development, these occurrences share a core set
of common features. A principal mark of EMT is
the reduction or complete loss of E-cadherin at
the cell surface leading to the remodelling or dis-
appearance of adherens junctions. From the onset
of EMT to the full-blown mesenchymal stage,
the disassembly of the adherens complex is timed
with the dissolution of other epithelial junctional
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complexes, namely tight junctions and the des-
mosomes (Yilmaz and Christofori 2009; Huang
et al. 2012; Lamouille et al. 2014). The initial
stages of EMT include the transcriptional repres-
sion of E-cadherin and protein degradation (Cano
et al. 2000; Batlle et al. 2000; van Roy and Berx
2008). As the cell takes on a more mesenchymal
phenotype, E-cadherin is typically replaced by
other cadherins, such as N-cadherin, cadherin-7
and cadherin 11 (Nakagawa and Takeichi 1995;
Vallin et al. 1998). These cadherins sustain
weaker intercellular adhesion (Chu et al. 2006).
Collectively, the release from rigid epithelial
junctional network and the switch to weaker cell-
cell adhesion enables more temporal contacts
suitable for greater cell motility (Theveneau and
Mayor 2012). Furthermore, a cell that has under-
gone EMT commonly expresses vimentin, a
cytoskeletal protein necessary for migration and
the condensation of actin stress fibres that power
its movement (Mendez et al. 2010). The migra-
tory cell expresses metalloproteinases (e.g.
MMP-2, -9 and -13) for the breaking down of the
extracellular matrix as it migrates (Nistico et al.
2012).

The detachment of epithelial cells would trig-
ger a form of program cell death, termed anoikis,
which is a critical mechanism that safeguards
them against anchorage-independent cell growth
(Paoli et al. 2013). During EMT, this program is
momentarily silenced through the activation of a
pro-survival genetic program, rendering cells
resistant to anoikis and apoptosis (De Craene and
Berx 2013).

28.2.2 Coordinators of EMT

EMT is controlled by several evolutionarily con-
served signaling pathways during development,
which collaborate to achieve precise spatio-
temporal coordination. The best characterized
among these are the transforming growth factor-
beta/bone morphogenic protein (TGF-f/BMP),
Notch, wingless-Int (Wnt), Hedgehog (Hh), epi-
dermal growth factor (EGF), Fibroblast growth
factor (FGF) pathways. The importance of these
cardinal developmental signals in the regulation

of EMT has been extensively studied using in
vitro and in vivo models and reviewed in depth in
dedicated reviews (Thiery et al. 2009; Lamouille
et al. 2014). Reflecting their central roles, muta-
tions or disruptions of these pathways would
result in the aberrant activation of EMT in human
diseases, such as cancer (De Craene and Berx
2013).

Acting downstream of these principal growth
signals is an integrated network of specialized
transcription factors, which executes the tran-
scriptomic and epigenetic changes as the cells
passage through EMT. Like the upstream signal-
ing cascades, molecular mechanisms employed
by these EMT drivers have been studied in detail
(reviewed in (Lamouille et al. 2014)). A concise
summary is provided here for the purpose of the
current discussion.

28.2.2.1 SNAIL

In the vertebrate, the SNAIL family of zinc finger
transcription factors are represented by SNAI1
(also called SNAIL), SNAI2 (also called SLUG)
and SNAI3. SNAIL transcription factors repress
epithelial genes through the binding of an E-box
binding sequence, which has been extensively
characterised on the E-cadherin (CDHI)
promoter (Cano et al. 2000; Batlle et al. 2000). In
additional to their transcriptional effects, SNAIL
proteins recruit the polycomb repressor complex
2 to target gene loci to repress gene expression
epigenetically via histone modification (Herranz
et al. 2008; Lamouille et al. 2014). Importantly,
this would leave epithelial genes actively
repressed but poised for reactivation. It is specu-
lated that the maintenance of a bivalent state is
key to the prompt reversion to an epithelial phe-
notype during MET, and the inherent plasticity
associated with cells undergoing EMT (Lamouille
et al. 2014).

28.2.2.2 TWIST

A number of basic helix-loop-helix (bHLH)
transcription factors participate in EMT, includ-
ing TWIST1, TWIST2, E12, E47 and inhibitor
of differentiation (ID). These activating and
deactivating bHLH proteins form homo- and
heterodimers with one another to mediate sig-



474

D.C.-C.Voon and J.P. Thiery

nals from diverse pathways (Peinado et al. 2007).
This includes the HIF-1a pathway, which pro-
motes EMT in a hypoxic environment, such as in
a tumor (Yang et al. 2008). Of the bHLH pro-
teins, TWIST1/2 are best studied and mediate
the repression of epithelial genes while activat-
ing mesenchymal ones (reviewed in (Castanon
and Baylies 2002; Thiery et al. 2009; Lamouille
et al. 2014)). TWIST proteins are highly con-
served in evolution and are essential for the ini-
tiation of mesoderm development during
gastrulation (Castanon and Baylies 2002).
TWISTI recruits epigenetic modifiers such as
SET8 and BMI-1 to silence the E-cadherin while
activating N-cadherin promoters (Yang et al.
2010, 2012). A further important function of
TWIST proteins is their repression of the INK4A
tumor suppressor gene, which is part of the pro-
survival effects of EMT (Ansieau et al. 2008;
Yang et al. 2010). Importantly, this pro-survival
mechanism is often hijacked by cancer cells dur-
ing tumorigenesis.

28.2.2.3 ZEB
The zinc finger E-box-binding homeobox (ZEB)
transcription factors, ZEB1 and 2, also target the
E-boxes in gene promoters to repress epithelial
and activate mesenchymal genes (Peinado et al.
2007). In addition, ZEB1/2 remodel the chroma-
tin structure of target loci by interacting with co-
repressor CtBP, which recruits the chromatin
remodelling complex SNFI/SWI to silence their
target genes (Sanchez-Tillo et al. 2010).
Conversely, ZEB1/2 interact with co-activators
such as p300 and p300/CBP associated factors to
activate transcription (Postigo et al. 2003).
Functionally, an important feature of SNAIL,
TWIST and ZEB proteins is the sharing of a core
set of key target genes, which allows these tran-
scription factors to individually initiate EMT. In
addition to functional redundancy, complex cross
regulations exist between these transcription fac-
tors, for example ZEB] is directly regulated by
SNAII and this could be further enhanced in part-
nership with TWIST1 (Dave et al. 2011). Lastly, it
bears highlighting that the EMT inducers are not
functionally identical, as was revealed in the dis-
tinct EMT programs driven by Snai2 and Snail in

normal mammary stem cells and tumor-initiating
cells, respectively (Ye et al. 2015).

28.2.2.4 Secondary Regulators
of EMT

The primary EMT inducing transcription factors
are supported by several evolutionarily conserved
transcription factor families functioning as auxil-
iary regulators of EMT. Typically, these support-
ing transcription factors serve broader functions
downstream of major signaling pathways, such
as Smad (BMP/TGF-f pathway) and TCF
(canonical Wnt pathway) (Derynck et al. 2014;
Nawshad et al. 2007). However, the relationship
between their general and EMT-promoting roles
is often obscure, as is whether these roles are
demarcated by spatio-temporal parameters or
directed by alternative signaling routes. In this
regard, a considerable body of evidence points to
the involvement of the RUNX transcription fac-
tors during EMT, beyond their established roles
in cell fate determination (Fig. 28.1). In the ensu-
ing sections, these evidences are examined in
light of normal development and human cancers,
where common traits of RUNX involvement in
EMT will be discussed.

28.3 RUNXand EMT
During Development
and Morphogenesis

28.3.1 Formation of Atrioventricular
Valve in the Cardiac Canal

A clear example of RUNX’s participation in
EMT during normal development is that of
RUNX?2 during the formation of cardiac valves in
the embryonic heart. The heart is unique amongst
organs in that it is derived from three successive
rounds of EMT-MET (reviewed in (Thiery et al.
2009; Kovacic et al. 2012)). Cardiac mesodermal
cells are specified during gastrulation, and these
cells undergo MET to become a transient, two-
layered epithelium called the splanchnopleure.
During the second round of EMT, the splanchno-
pleure folds on itself, while an endothelial lining
is formed from the dissociated mesenchymal
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Fig.28.1 RUNX proteins as a focal point of key signal-
ing pathways and their partnership with key EMT-inducers
to confer the attributes of EMT in normal development

cells. The subsequent MET gives rise to two con-
centric tubes within which the primordial atrio-
ventricular compartments are formed. During
tertiary EMT, cells from the endocardial cushion
undergo EMT to invade the underlying cardiac
jelly. These mesenchymal cells then proliferate,
thicken the endocardiac cushion, and give rise to
the atrioventricular (AV) and ventricular outflow
tract (OT) valves. This process is dependent on
the interplay among Notch (Garg et al. 2005;
Nigam and Srivastava 2009), TGFf2/p3 (Brown
et al. 1999), ALK (Mercado-Pimentel et al.
2007), RhoA (Tavares et al. 2006), ErbB
(Erickson et al. 1997; Camenisch et al. 2002),
and PDGF (Schatteman et al. 1992; Van Den
Akker et al. 2005) pathways.

and cancer. RTKs receptor tyrosine kinases, Erkl/2 extra-
cellular response kinase 1 and 2, NRs nuclear receptors,
R-Smad receptor Smad, NICD Notch intracellular domain

Akin to developmental EMT elsewhere, act-
ing downstream of these pathways is a network
of transcription factors that include Snail/2,
RBP-Jk/CBF1 and Runx2. In the embryonic
mouse heart, Runx2 is detectable in the endocar-
dial cells and the mesenchyme of both the AV and
OT cushions from 9.5 days post-coitum (d.p.c.;
E9.5), and is maintained throughout the mesen-
chymal transformation (Gitler et al. 2003). The
role of Runx?2 in the development of the AV canal
was investigated in the context of bone morpho-
genetic protein (BMP) signaling using chicken
heart explants (Tavares et al. 2006; Mercado-
Pimentel et al. 2007). Runx2 is regulated by
Alk2/5 and endoglin early in the development of
the AV canal. The knockdown of endoglin by
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RNAi downregulates Runx2 in the AV cushion
but has an opposite effect in the OT cushion,
indicative of a complex regulatory mechanism of
multiple modulators (Mercado-Pimentel et al.
2007). Other members of the BMP/TGF-p fam-
ily, namely BMP2 and TGF-p, also participate in
the EMT of cardiac endothelial cells (Brown
et al. 1999; Boyer et al. 1999; Ma et al. 2005).
RUNX2 collaborates with these two signaling
pathways in pluripotent mesenchymal precursors
and therefore may act as focal points for multiple
BMP/TGF-f signals in the development of car-
diac valves (Lee et al. 2000). However, despite
the dynamic and prominent expression of
Runx2 in this tissue, cardiac valvular defects
have not been observed in various Runx2-
deficient mouse models. It is possible that func-
tional compensation exists with the other Runx
family members. Indeed, Runx3 expression is
detected in the mouse AV cushion at E10.5.
Runx3 is transcriptionally regulated by the Notch
pathway and its nuclear effectors, CBF-1/
Suppressor of Hairless/Lag-1 (CSL) and
mastermind-like protein-1 (MAML-1) (Fu et al.
2011). Once induced, Runx3 sustains the long-
term expression of Snai2 to maintain EMT-
transformed endothelial cells in a mesenchymal
state (Fu et al. 2011). Therefore, Runx3 is enlisted
by the Notch pathway to prolong the expression
of Snai2 during Notch-induced EMT in the AV
cushion.

Interestingly, RUNX2 is also a positive regu-
lator of Snai2 in multiple tissues and may also
support Snai2 expression in the AV canal
(Lambertini et al. 2010; Niu et al. 2012).
However, in the cardiac valve, Notch represses
RUNX2 activities via its target genes, Hes1 and
Hrt2/Hey2 (Garg et al. 2005; Nigam and
Srivastava 2009; McLarren et al. 2000). These
Notch effectors physically interact with
RUNX2 to prevent the differentiation of valvu-
lar cells into osteoblast-like cells, which is
causal to calcification in aortic valves
(Rajamannan et al. 2003; Garg et al. 2005;
Nigam and Srivastava 2009). Collectively, these
observations suggest a complex involvement of
the Runx proteins in the overall development of
the cardiac valves.

28.3.2 Emergence of Hematopoietic
Stem Cells During Definitive
Hematopoiesis

Closely related to the EMT of the cardiac endo-
thelial cells is the dissociation of endothelial cells
during their transition into hematopoietic stem
cells (HSCs) (Kovacic et al. 2012; Kissa and
Herbomel 2010). This process, termed
Endothelial-Hematopoietic Transition (EHT),
occurs in a specialized subpopulation of hemo-
genic endothelial cells, best characterized at the
dorsal aortic floor in the embryonic aortic-
gonadal-mesonephric (AGM) region (Medvinsky
and Dzierzak 1996; Cumano et al. 1996; Taoudi
and Medvinsky 2007). The emergence of HSCs
is similarly observed in the vitelline and umbili-
cal arteries (Chen et al. 2009).

Although the regulatory mechanisms underly-
ing EHT are not fully understood, the process
nevertheless bears strong resemblance to EMT,
wherein is the dissolution of tight junctions (Yue
et al. 2012; Zhang et al. 2014), a loss of cell
polarity (Wilkinson et al. 2009), and a gain of cell
motility and stem cell-like properties (Eilken
et al. 2009; Kissa and Herbomel 2010; Boisset
et al. 2010; Yue et al. 2012; Kovacic et al. 2012).
Furthermore, a similar array of developmental
signals is involved in coordinating EHT, includ-
ing Notch (Hadland et al. 2004; Burns et al. 2005;
Richard et al. 2013), TGF-f/BMP (Durand et al.
2007; Wilkinson et al. 2009; Zhang et al. 2014),
Wnt (Clements et al. 2011), FGF (Pouget et al.
2014; Lee et al. 2014), ERK (Lan et al. 2014;
Zhang et al. 2014), F2r-RhoA/ROCK (Yue et al.
2012) and Hedgehog (Gering and Patient 2005;
Wilkinson et al. 2009).

In the mouse, the appearance of adult-
repopulating HSCs during definitive hematopoi-
esis coincides with the spatial-temporal
expression of Runx1, which begins at 9.5-10.5
d.p.c. (E9.5-10.5). Runx1 is necessary for the
proper maintenance of adult HSCs and is a mas-
ter regulator of adult hematopoiesis (Voon et al.
2015). Genetic ablation of Runxl in mouse
results in embryonic lethality at E11.5-12.5,
characterized by a complete loss of HSC-
populated definitive hematopoiesis, and the
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impairment of vascularization (Okuda et al.
1996; Wang et al. 1996). Numerous studies have
shown that Runx1 is indispensable for the emer-
gence of HSCs from the hemogenic endothelium
of the dorsal aorta via EHT (North et al. 1999;
Yokomizo et al. 2001; Chen et al. 2009; Kissa
and Herbomel 2010; Lancrin et al. 2009; North
et al. 2009; Adamo et al. 2009; Lam et al. 2010).
Here, Runx1 is induced in hemogenic endothe-
lial cells by the Notch signal from sub-aortic
mesenchymal cells via Gata2, in order to act in
tandem with Notch (Burns et al. 2005; Richard
et al. 2013; Kobayashi et al. 2014; Gao et al.
2013). In addition, a number of other signals
induce Runx1 in vivo through yet undetermined
mechanisms, including BMP (Wilkinson et al.
2009) and mechanical shear force (Adamo et al.
2009; North et al. 2009). The induction of Runxl
in hemogenic endothelial cells coincides strictly
with their EHT. In the absence of Runx/, nascent
HSCs initially emerge but succumb to a sudden
death while exiting the aortic floor (Kissa and
Herbomel 2010). Despite its apparent impor-
tance in EHT, the precise transcriptional pro-
gram maintained by Runxl remains to be
elucidated, as is its relationship with the EMT
regulators, such as Snail, Twist and Zeb tran-
scription factors. Of note, Snai2 protects hema-
topoietic  stem/progenitors  cells  against
radiation-induced apoptosis by negating the
effects of p53/Puma. It is also necessary for
modulating the proliferation of HSCs during
stress and regeneration (Inoue et al. 2002; Wu
et al. 2005). It would be of interest to determine
if these EMT-like protective roles trace back to
an involvement of Snai2 during EHT in coopera-
tion with Runx1.

28.3.3 RUNX and EMT in Other Tissue
Contexts

RUNX proteins and EMT feature prominently in
anumber of other tissues both during development
and in the adult. Although direct evidence is still
lacking, RUNX proteins are likely part of the
EMT genetic program in these tissue contexts.
Here we describe two examples.

28.3.3.1 Mammary Gland

In recent years, compelling evidence points to the
involvement of RUNX proteins in embryonic
mammary development, postnatal mammary
gland morphogenesis, and human breast cancer
(Ferrari et al. 2013). Notably, this is a tissue in
which EMT is prominent in organogenesis and
disease. The mammary epithelium is unique in
that much of its development occurs postnatally
and its embryonic development is halted with
rudimentary glands present at birth. During
embryonic development, Runx2 is expressed
transiently in the nascent mouse mammary buds
at E12-12.5, during lineage segregation (Otto
et al. 1997; Ferrari et al. 2015). This is replaced
by the expression of Runx1 at E16 before their
co-expression in the adult mammary glands
(Ferrari et al. 2013).

Postnatal, mammary development resumes
through branching morphogenesis and ductal
elongation to form the mature mammary gland
for milk production. During this period, the tem-
poral and reversible activation of EMT, also
termed “partial EMT”, endows stem/progenitor
cells at the terminal end buds (TEB) with tran-
sient motility to drive ductal elongation (Ewald
et al. 2012; Nakaya and Sheng 2013). This is an
precisely controlled process that is promoted by
EMT inducers, such as Snail and Snai2; and
restricted by EMT inhibitors, such as Ovol2 (Guo
et al. 2012; Ye et al. 2015; Watanabe et al. 2014).
In addition to the potential regulation of Snai2, a
functional contribution by Runx2 in the “partial
EMT” in the TEB is hinted by the co-expression
of Runx2 with Snail, Twistl, Twist2 and other
components of the EMT program (Kouros-Mehr
and Werb 2006; Lambertini et al. 2010; Niu et al.
2012). Indeed, recent studies have demonstrated
that the strict regulation of Runx2 is necessary
for proper mammary gland development (Otto
et al. 1997; McDonald et al. 2014; Owens et al.
2014; Ferrari et al. 2015). The targeting of Runx2
in mouse mammary glands impaired ductal out-
growth at puberty and disrupted progenitor cell
differentiation during pregnancy (Owens et al.
2014). On the other hand, the ectopic expression
of Runx?2 altered differentiation and led to a gain
of EMT phenotype (McDonald et al. 2014;
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Owens et al. 2014; Ferrari et al. 2015). Although
the signaling pathways acting via Runx2 during
osteoblast differentiation are well understood,
little is known of the cooperating signals in this
tissue that could explain these paradoxical phe-
notypes  (Franceschi and Xiao  2003).
Nevertheless, these observations are consistent
with the need for a strict control of EMT during
mammary morphogenesis.

Runx1 is likewise important in the mainte-
nance of mammary gland homeostasis, which is
reflected in its recurrent deletion in human lumi-
nal breast cancer (Banerji et al. 2012; Network
2012; Ellis et al. 2012). In the mouse, Runx! is
the most highly expressed amongst Runx genes
and is present in all subpopulations of mammary
epithelial cells except secretary alveolar luminal
cells (McDonald et al. 2014; van Bragt et al.
2014). The mammary-specific deletion of Runx!
by MMTV-Cre reduces the proportion of estrogen
receptor (ER)-positive luminal cells in virgin
adult mice, and this is likely mediated via the
interaction between Runxl and ERa (van Bragt
et al. 2014; Stender et al. 2010). Furthermore,
Runx1 promotes a mature luminal phenotype
while suppressing alveolar luminal cell differen-
tiation through its repression of EIf5 (van Bragt
et al. 2014). In addition to being a key driver of
alveolar luminal cell differentiation during lacta-
tion, EIf5 is an important regulator of Snai2 and
EMT of mammary epithelial cells (Chakrabarti
et al. 2012). Therefore, it is likely that Runx1 also
exerts an influence in partial EMT during mam-
mary gland morphogenesis. Collectively, the
associations described herein provide clear rea-
sons to precisely eluciate the roles of Runx pro-
teins during mammary development, especially
with respect to “partial EMT”, in future studies.

28.3.3.2 Lacrimal Gland

The lacrimal gland (LG) is a tubuloacinar exo-
crine gland that generates most of the aqueous
preocular tear film. It is composed of three main
cell types: acinar, ductal, and myoepithelial cells.
The development of the LG shares common fea-
tures with that of the mammary gland, with an
analogous branching morphogenesis that is gov-
erned by factors such as Sox9, fibroblast growth

factor (FGF) and BMP signaling (Chen et al.
2014; Dean et al. 2004; Lu et al. 2006).
Furthermore, it is likely that LG development
progresses by way of a “partial EMT” similar to
that seen in the mammary gland. Indeed, EMT is
observed during LG tissue repair following acute
inflammation, giving rise to nestin-positive mes-
enchymal stem-like cells at the sites of the injury,
which also expressed vimentin and Snail
(Zoukhri et al. 2007, 2008; You et al. 2012).

Runx proteins are also similarly involved dur-
ing LG development and regeneration (Voronov
et al. 2013). All Runx proteins are expressed in
the developing LG epithelium and their
down-regulation in organoid culture has been
shown to reduce LG growth, branching and pro-
liferation (Voronov et al. 2013). Of the Runx pro-
teins, Runx1 is highly expressed and its targeting
in vivo can impair the timing of LG bud out-
growth during development (Voronov et al.
2013). Of particular note, Runx1 and Runx3 are
induced during tissue regeneration and are cor-
related with epithelial cell proliferation following
injury (Voronov et al. 2013); however, it is cur-
rently unclear if Runx proteins contribute to the
EMT program during LG regeneration. Future
studies on this topic will serve as helpful com-
parisons to understand the involvement of Runx
during EMT in exocrine tissues.

28.4 RUNXand EMT in Disease

28.4.1 RUNX2 and Bone Metastasis
of Cancers

Parallel to its involvement in EMT during develop-
ment, RUNX proteins have been implicated in the
aberrant activation of EMT in cancer in different
tissues. The best characterized of these phenom-
ena is the involvement of RUNX2 in the metasta-
ses of breast and prostate cancers (Fig. 28.1).
Metastatic breast and prostate cancers are typ-
ified by their tropism for the bone, with skeletal
colonization accounting for approximately 70%
of metastases (Roodman 2004). During dissemi-
nation, metastatic carcinoma cells acquire an
EMT-like phenotype characterized by increased
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cell migration and the expression of mesenchy-
mal markers and EMT-promoting transcription
factors. Metastatic breast cancer (BCa) and pros-
tate cancer (PCa) cells display osteocyte-like
properties that enhance their survival at distant
osseous niches, such as the expression of osteo-
pontin (OPN), osteocalcin, bone sialoprotein
(BSP) and, importantly, RUNX2 (Koeneman
et al. 1999; Barnes et al. 2003; Brubaker et al.
2003; Javed et al. 2005) (Table 28.1).

RUNX2 is a key regulator of osteogenesis
(Lian and Stein 2003; Ito et al. 2015). Therefore,
its over-expression in breast cancer (BCa) cells
offers a mechanistic explanation to the skeletal
tropism and osteomimicry of BCa cells (Barnes
et al. 2003; Inman and Shore 2003; Khalid et al.
2008; Selvamurugan et al. 2004; Javed et al. 2005;
Lau et al. 2006). Indeed, RUNX2 expression is
required for the metastasis of BCa in vivo and cor-
relates with the increased grade and poor progno-
sis in the clinic (Barnes et al. 2004; Javed et al.
2005; Das et al. 2009; Onodera et al. 2010; Ferrari
etal. 2013). RUNX2 and its binding partner CBFf}
promote BCa cell migration in vitro (Pratap et al.
2005; Chimge et al. 2011; Mendoza-Villanueva
et al. 2010), likely via its regulation of invasion-
associated genes, such as matrix metalloprotein-
ase (MMP)-13 (Selvamurugan et al. 2004;
Mendoza-Villanueva et al. 2010), MMP-9 (Pratap
et al. 2005; Mendoza-Villanueva et al. 2010), vas-
cular endothelial growth factor (VEGF) (Zelzer
et al. 2001) and BSP (Barnes et al. 2003). In par-
ticular, RUNX2 is necessary for the induction of
SNAI2, a central coordinator of mammary epithe-
lial stemness and EMT during branch morpho-
genesis (Chimge et al. 2011; Guo et al. 2012). In
metastatic BCa cells, RUNX2 also regulates
S100A4, a well-established marker of motility
and invasion implicated in cancer EMT and
exosome-mediated metastasis (Xu et al. 2015;
Hoshino et al. 2015).

Analogous to these observations, RUNX2
enables the osteomimicry of PCa cells, promotes
the formation of a pro-surviving osseous niche
and is similarly associated with the EMT meta-
static phenotype (Yang et al. 2001; Zayzafoon
et al. 2004; Baniwal et al. 2009; Lim et al. 2010;
Akech et al. 2010; Baniwal et al. 2010; Little

et al. 2012). RUNX2 positively regulates EMT
drivers such as SMAD3, SNAI2 and SOX9
(Baniwal et al. 2010; Little et al. 2012, 2014).
Notably, RUNX?2 and androgen receptor cooper-
atively activate SNAI2 expression to induce EMT-
like properties in PCa cells in vitro (Little et al.
2014). The association of RUNX2 with cancer
metastasis and aberrant EMT is also observed in
thyroid cancers. In this context, the RNAi
targeting of RUNX2 suppressed known target
genes, such as SNAI2 and VEGF, as well as other
EMT-related genes, including TWISTI and
MMP2 (Niu et al. 2012). Interestingly, Twistl
and 2 are shown to functionally antagonize
Runx2 during osteoblast differentiation, raising
the possibility of intricate cross regulation
between Runx2 and the EMT transcription fac-
tors during bone metastasis (Bialek et al. 2004).

Collectively, the major lesson from these studies
is that the aberrant expression of RUNX2 is key to
the concurrent activation of EMT and osteomim-
icry, especially in BCa and PCa. These insights
could be instructive in interpreting the involvement
of RUNX proteins in other cancer types.

28.4.2 RUNX3 and EMT -
Suppression or Promotion?

In contrast, other RUNX proteins appear to exert
an opposite effect to RUNX2. In hepatocellular
carcinoma (HCC), RUNX3 is frequently silenced
due to promoter methylation, hemizygous dele-
tion and loss of heterozygosity (Mori et al. 2005;
Nakanishi et al. 2011; Xiao and Liu 2004). The
re-introduction of RUNX3 in EMT-prone HCC
cell lines would promote an epithelial-like cell
morphology and increased E-cadherin, as well as
suppressing mesenchymal markers, N-cadherin
and vimentin (Tanaka et al. 2012). In a Runx3-
knockout mouse model, increased EMT features
and ERK1/2 phosphorylation were associated
with defects in the intra-alveolar septa. These
phenotypes were partially ameliorated when
mice were treated with a pharmacological inhibi-
tor of ERK1/2 (Lee et al. 2011).

Further evidence of a protective role for
RUNX3 against aberrant EMT was reported in
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Table 28.1 Known and potential involvement of RUNX proteins in EMT during development and disease

Tissue context

RUNX

Signal

Description of involvement

References

1. Involvement of RUNX in EMT during development and organogenesis

Atrioventricular Canal | Runx2 Alk2/AIKS Invasion of mesenchymal cells | Tavares et al. (2006)
into cardiac cushions. and Mercado-Pimentel
et al. (2007)
Runx3 Notch Sustain the expression of Snai2 | Fuet al. (2011)
to maintain mesenchymal state
Hemogenic endothelial | Runx1 The emergence of HSC via North et al. (1999),
cells of the dorsal aorta endothelial-hematopoietic Yokomizo et al. (2001),
transition Chen et al. (2009),
Kissa and Herbomel
(2010) and Lam et al.
(2010)
Shear force | Induced by blood flow together | Adamo et al. (2009),
with Myb to induce NO and North et al. (2009) and
direct EHT Gao et al. (2013)
Notch Induced in endothelial cells by | Burns et al. (2005),
Notch signal from sub-aortic Richard et al. (2013)
mesenchymal cells via Gata2, and Gao et al. (2013)
to partner Notch.
Mammary gland Runx2 Necessary for ductal outgrown | Otto et al. (1997),
development at puberty and progenitor cell McDonald et al. (2014),
differentiation during Owens et al. (2014) and
pregnancy Ferrari et al. (2015)
Runx1 Estrogen Support ERa* luminal cells and | van Bragt et al. (2014)
receptor suppress alveolar luminal cells
via repressing EIf5
Lacrimal gland Runx1 Control timing of bud Voronov et al. (2013)
regeneration outgrowth. Needed for
regeneration and LG
branching.
Runx3 Induced during regeneration
and needed for LG branching
Runx2 Needed for LG branching in

organoid cultures

II. Involvement of RUNX in EMT in cancer

Breast cancer
metastasis

RUNX2/
CBFp

ERa, Wnt Promotes bone metastasis of Barnes et al. (2003),
breast carcinoma cells via Javed et al. (2005),
IBSP and sclerostin Khalid et al. (2008) and
Mendoza-Villanueva
et al. (2010)
Wnt, TGFB | Promotes cell migration via Inman and Shore

SNAI2, OPN, MMP-13,
MMP-9, VEGF & S100A4

(2003), Selvamurugan
et al. (2004), Pratap
et al. (2005), Zelzer
et al. (2001) and
Chimge et al. (2011)

(continued)
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Table 28.1 (continued)

Tissue context RUNX Signal Description of involvement References

Prostate cancer RUNX2 TGFp/BMP; | Induces invasive phenotype via | Baniwal et al. (2009,

metastasis Androgen SNAI2, SMAD3, and SOX9. 2010) and Little et al.

receptor (2012, 2014)

Thyroid cancer RUNX2 Unclear Postive regulation of SNAI2, Niu et al. (2012)
TWISTI1, VEGF, MMP2

Hepatocellular RUNX3 Reverts HCC cells to an Tanaka et al. (2012)

carcinoma epithelial-like phenotype

Lung carcinogenesis RUNX3 Kras/ERK Gain of EMT-like features Lee et al. (2011)
following the loss of Runx3
in vivo

Gastric carcinogenesis | Runx3 TGFpB, Wnt | Protects cells against Voon et al. (2013) and
EMT-induced plasticity and Voon et al. (2012)
tumorigenicity.

RUNX3 Inhibits cell migration by Cheng et al. (2013)

suppressing OPN

Pancreatic ductal Runx3 Kras, TGF/ | Inhibits cell proliferation via Whittle et al. (2015)

adenocarcinoma BMP suppression of p2/ at low dose.

metastasis Promotes metastasis via
induction of Opn and Col6al
at high dose

two independent studies in gastric carcinogene-
sis. The first reported an inverse correlation
between RUNX3 and OPN expression in gastric
tumors and cell lines. Concordant with the pro-
metastatic role of OPN, RUNX3 expression was
associated with better clinical outcome (Cheng
et al. 2013). This relationship was confirmed in
vitro where RUNX3 suppressed OPN expression
and gastric cancer cell migration (Cheng et al.
2013). In the second study, immortalized
p53-null/Runx3-deficient gastric cells were found
prone to spontaneous EMT due to increased sen-
sitivity to TGF-p, Wnt and EGFR/Ras signaling
(Voon et al. 2012; 2013). This led to increased
epithelial plasticity, reflected in the expression of
the gastric stem cell marker Lgr5, which ampli-
fies canonical Wnt signal (Li et al. 2002; Voon
et al. 2012; de Lau et al. 2014). Interestingly, the
Runx3-deficient cells were refractory to TGF-f-
induced apoptosis but sensitive to TGF-f-
mediated EMT, highlighting the importance of
RUNX proteins in the context-specific interpreta-
tion of TGF-f signaling (Voon et al. 2012).
Overall, the current evidence in the literature
supports the notion that RUNX?2 promotes cancer
metastasis by inducing EMT and osteomimicry,
whereas RUNX3 exerts a protective effect.
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However, there are exceptions to this general
observation, underscoring the complexity of can-
cer biology. For example, a recent study has
found that RUNX3 acts as a “metastatic switch”
in an oncogenic Kras/p53 mutant mouse model
of pancreatic ductal adenocarcinoma (PDA/
PDAC) (Whittle et al. 2015). Here, a high expres-
sion of Runx3 was correlated with lung and liver
metastases and promoted PDA cell migration
through its positive regulation of Opn.
Intriguingly, Runx3 had the opposite effect on
Opn in gastric carcinoma (Cheng et al. 2013;
Whittle et al. 2015). This is likely a result of the
context-specific nature of Runx protein func-
tions, which stems from their ability to partner a
diverse range of transcription factors and co-
factors (reviewed in (Blyth et al. 2005; Ito et al.
2015)). These permutations are further com-
pounded by the interplay and cross-regulations
between co-expressed Runx family members.
Lastly, the proper execution of Runx function is
often dependent on gene dosage (Osato and Ito
2005; Ben-Ami et al. 2013; McDonald et al.
2014; Owens et al. 2014; Whittle et al. 2015).
Indeed, Whittle et al. observed that Runx3 could
serve tumor suppressive oOr tumor promoting
functions in PDAC cells depending on its dosage



482

D.C.-C.Voon and J.P. Thiery

and the availability of its binding partner, Smad4
(Whittle et al. 2015). In this regard, the dose-
dependency of Runx3 function in PDAC is simi-
lar to the varied levels of Twistl required to drive
distinct stages of skin carcinogenesis (Beck et al.
2015).

In the clinic, the challenge of combating can-
cer metastasis is intimately linked to tumor che-
moresistance. It is becoming clear that these
seemingly distinct phenomena are in fact driven
by the same cellular plasticity afforded by aber-
rant EMT. Furthermore, recent studies have
raised the possibility that EMT promotes the
spread and survival of cancer cells via a combina-
tion of mechanisms, some of which become
prominent in the context of medical intervention,
such as chemoresistance. As such, it would be
profitable to determine the contribution of Runx
proteins to these additional EMT-enabled capa-
bilities in future research.

28.5 Concluding Remarks

The RUNX family of transcription factors and
the process of EMT are often regarded as being at
the “crossroads of development and disease”.
This Chapter undertakes a collation of the pub-
lished literature where the two topics have over-
lapped to reveal an intimate connection between
RUNX and EMT. In particular, as nuclear effec-
tors of key developmental signals, RUNX pro-
teins function in partnership with EMT initiators,
notably SNAI2, to modulate tissue morphogene-
sis. Consequently, a disruption to normal RUNX
functionality often accompanies the aberrant
activation of EMT in disease. It remains to be
seen if this hypothesis is supported by future
findings. In any case, these early impressions
provide a framework upon which more definitive
studies can be designed to show that RUNX and
EMT are in fact working in arms, on the same
intersection between development and disease.
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