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Abstract

The Runt-domain (RD) transcription factors (RUNX genes) are an impor-
tant family of transcriptional mediators that interact with a variety of pro-
teins including the Hippo pathway effector proteins, YAP and TAZ. In this 
chapter we focus on two examples of RUNX-TAZ/YAP interactions that 
have particular significance in human cancer. Specifically, recent evidence 
has found that RUNX2 cooperates with TAZ to promote epithelial to mes-
enchymal transition mediated by the soluble N-terminal ectodomain of 
E-Cadherin, sE-Cad. Contrastingly, in gastric cancer, RUNX3 acts as a 
tumor suppressor via inhibition of the YAP-TEAD complex and disruption 
of downstream YAP-mediated gene transcription and the oncogenic 
 phenotype. The reports highlighted in this chapter add to the growing 
 repertoire of instances of Hippo pathway crosstalk that have been identi-
fied in cancer. Elucidation of these increasingly complex interactions may 
help to identify novel strategies to target Hippo pathway dysregulation in 
human cancer.
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26.1  Introduction – RUNX Genes 
and Hippo Signaling

Identified initially in Drosophila melanogaster 
using genetic mosaic screens to identify novel 
tumor suppressors, the Hippo signaling pathway 
is a crucial regulator of organ size that is fre-
quently dysregulated in human cancers (reviewed 
in Liu et al. 2012). The canonical Hippo pathway 
consists of the serine/threonine kinases Hippo 
(Hpo) and Warts, with their mammalian sterile 
20-like kinases 1 and 2 (MST1/2) and large tumor 
suppressors 1 and 2 (LATS1/2) orthologs.

The respective adaptor proteins include 
Salvador (Sav; SAV1 ortholog) and Mob as 
tumor suppressor (Mats; Mps one binder kinase 
activator-like 1, MOB1 ortholog). These kinases 
center on Yorkie (Yki), a potent transcriptional 
coactivator that associates with the DNA-binding 
protein Scalloped (Sd) to drive transcription of 
genes involved in cell proliferation and survival 
(Justice et al. 1995; Tapon et al. 2002; Harvey 
et al. 2003; Pantalacci et al. 2003; Wu et al. 
2003). The Yes-associated protein (YAP) and 
Transcriptional coactivator with PDZ-binding 
motif (TAZ/WWTR1) are both orthologs of Yki, 
and TEA domain proteins 1–4 (TEAD1–4) are 
the Sd mammalian orthologs. Activated by 
upstream signals, Hpo (MST) phosphorylates 
and activates Warts (LATS1/2), which in turn 
phosphorylates Yki (YAP/TAZ) on a specific ser-
ine residue to generate a 14-3-3 binding site, 
resulting in Yki (YAP/TAZ) cytoplasmic seques-
tration (Huang et al. 2005; Oh and Irvine 2008). 
For simplicity, only the mammalian nomencla-
ture for Hippo components is referred to hereaf-
ter, unless otherwise specified.

In this chapter we explore the interplay 
between the Hippo signaling pathway and 
RUNX2 (oncogenic) and RUNX3 (tumor sup-
pressive) proteins in carcinogenesis. We cover 
both the transcriptional and non-transcriptional 
interactions between RUNX and TAZ/YAP- 
TEAD, and in particular we focus on their contri-
bution to breast and gastric cancers (Brusgard 
et al. 2015). The findings highlighted here may 
lead to the development of useful paradigms that 

integrate novel data with our current understand-
ing of RUNX-Hippo crosstalk to better under-
stand mechanisms driving cancer progression.

26.2  Basic Principles

26.2.1  Oncogenic and Tumor 
Suppressor Functions 
of the RUNX Genes

In addition to their ‘classic’ role as transcrip-
tional regulators during development and tumori-
genesis, transcription-independent functions for 
RUNX proteins have been identified. Indeed 
RUNX has been implicated in the regulation of 
numerous physiological processes including 
DNA damage and cellular stress response, mito-
sis, autophagy, stem cell differentiation, and 
chromatin remodeling (Ito et al. 2015). Several 
studies have identified diverse roles for RUNX 
proteins via their interaction with numerous 
oncogenic and tumor suppressor mediators such 
as TGFβ, p53, Wnt and YAP/TAZ. One unifying 
principle in RUNX crosstalk with other cellular 
components is the ability of RUNX proteins to 
antagonize or enhance tumor suppressor or 
 oncogenic functions. Recent evidence suggests 
RUNX proteins compete with each other to direct 
specific and opposing functions in part because 
they share identical DNA-recognition domains 
on target gene promoters (Chuang et al. 2013). 
For example, interaction of tumor suppressors 
RUNX1 or RUNX3 with p53 up-regulates BAX 
and PUMA to drive apoptosis following DNA 
damage (Ozaki et al. 2013a). Conversely, RUNX2 
acts as a negative regulator of p53-dependent 
apoptosis via formation of a RUNX2/HDAC6/
p53 transcriptional complex that represses BAX 
and PUMA (Ozaki et al. 2013b) (for detailed 
depiction of RUNX-p53 interaction refer to  
Fig. 26.1).

The oncogenic properties of RUNX2 are well 
established. In addition to its anti-apoptotic inter-
action with p53, RUNX2 attenuates the pro- 
apoptotic signaling of TAp73 to confer drug 
resistance (Ozaki et al. 2015), and negatively 
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regulates the long non-coding RNA, MT1DP, a 
known tumor suppressor (Yu et al. 2014b). 
RUNX2 is upregulated during epithelial- 
mesenchymal transition (EMT) in breast and 
prostate cancer (Chimge et al. 2011; Baniwal 
et al. 2010) and increased RUNX2 abundance 
correlates with poor prognosis in luminal and 
triple-negative subtypes of breast cancer 
(Mcdonald et al. 2014; Brusgard et al. 2015). In 
animal models, RUNX2 mediates breast cancer 
metastasis (Barnes et al. 2004; Javed et al. 2005; 
Pratap et al. 2011) and was shown to promote 
drug resistance and escape from apoptosis (Ozaki 
et al. 2013b). Furthermore, RUNX2 negatively 
regulates mitochondrial SIRT6 and pyruvate 
dehydrogenase (PDH) and increases breast can-
cer cell glucose metabolism, which is a hallmark 
of cancer (Choe et al. 2015). Intriguingly, tumor 
suppressive functions for RUNX2 have also been 
described. RUNX2 promotes mammary epithe-
lial cell differentiation (Inman and Shore 2003) 
and in a subset of breast cancers RUNX2 antago-
nizes estrogen receptor growth-stimulation 
(Chimge et al. 2012; Chimge and Frenkel 2013). 

Increased RUNX2 expression may also promote 
a more differentiated phenotype in osteosarco-
mas, providing the “brakes” against further tumor 
progression (Pratap et al. 2003).

26.2.2  The Hippo Signaling Pathway 
in Cancer

Increased activity of the Hippo pathway effectors 
YAP and TAZ has been reported in the majority 
of solid cancer types (Liu et al. 2012; Harvey 
et al. 2013; Plouffe et al. 2015; Zanconato et al. 
2016). Studies in mice revealed that knockout of 
the upstream regulator Neurofibromin 2 (NF2), 
as well as LATS, MST, SAV1, and MOB1 fre-
quently leads to cancer development (reviewed in 
Harvey et al. 2013). Common mechanisms of 
pathway dysregulation in humans include gene 
amplification of YAP/TAZ and epigenetic silenc-
ing of Hippo components, particularly by pro-
moter hypermethylation. Interestingly, with the 
exception of NF2, somatic mutations within 
Hippo components are relatively rare. However 

Fig. 26.1 Disparate regulatory functions of RUNX family 
members on p53 in the DNA damage response. RUNX1 
and RUNX3 act as positive regulators of p53 in response to 

DNA damage. In contrast, the DNA damage- induced 
proapoptotic activity of p53 is inhibited by RUNX2 (Refer 
to Refs. (Ozaki et al. 2013a, b) for more details)
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numerous regulators of the core components of 
the Hippo pathway (MATS, SAV1, LATS and 
MOB1) have been identified that contribute to 
tumorigenesis (Liu et al. 2012). For example, 
hypermethylation (inhibition) of RASSF1A, a 
positive regulator of MST1/2, is commonly 
observed in breast cancer (Mehrotra et al. 2004) 
and may be responsible for inhibition of the 
Hippo pathway. Furthermore, reduced 
E-Cadherin expression downregulates Hippo 
pathway signaling and hence increases nuclear 
translocation and activity of TAZ/YAP (Kim 
et al. 2011; Harvey et al. 2013).

Increased YAP and TAZ abundance and 
nuclear localization is frequently observed in 
breast cancer (Plouffe et al. 2015). Overexpression 
of YAP in breast cancer cell lines promotes tumor 
formation in mouse xenograft models, which can 
be blocked by YAP knockdown (Wang et al. 
2012; Chen et al. 2014). Likewise, increased 
TAZ abundance promotes cell transformation 
and EMT and correlates with a more invasive 
breast cancer phenotype (Lei et al. 2008; Chan 
et al. 2008). Mechanistically, LIFR (Leukemia 
inhibitory factor receptor), a suppressor of metas-
tasis that is frequently lost in breast cancer, inac-
tivates YAP via regulation of Hippo pathway 
signaling (Chen et al. 2012). Similar to RUNX2, 
YAP has also been reported to exhibit tumor sup-
pressive functions. YAP knockdown in breast 
cancer cells increased tumor cell invasion and 
growth in nude mice (Yuan et al. 2008). Notably, 
hyperactivation of YAP alone is insufficient to 
give rise to tumors in normal mammary epithelial 
cells (Chen et al. 2014). From this study the 
authors hypothesize that other genetic disrup-
tions are required to promote YAP-induced onco-
genesis. Dysregulation of YAP activity was also 
reported to produce dysplasia (YAP overexpres-
sion) and hyperplasia (SAV1 conditional knock-
out) of the gastrointestinal epithelium (Harvey 
et al. 2013). Importantly, inactivation of the 
Hippo pathway does not induce gastric carci-
noma, though the pathway is reported to promote 
development of pancreatic and colorectal cancers 
(Plouffe et al. 2015).

26.3  RUNX2 and TAZ 
as Oncogenes in Breast 
Cancer

26.3.1  Breast Cancer Subtypes

Breast cancer is the second leading cause of 
cancer- related death among women (Siegel et al. 
2013). However breast cancer is a heterogeneous 
disease that varies significantly in terms of patho-
logical features, metastatic potential, and 
response to treatment regimens (Eroles et al. 
2012; Cadoo et al. 2013). Breast cancer can be 
divided into four broad subtypes based on their 
molecular signatures, namely luminal A, luminal 
B, triple negative basal-like, and HER2-type. 
Luminal subtypes are more common and gener-
ally have a better prognostic outcome compared 
to basal-like tumors, which tend to be more 
aggressive. As the name would suggest, HER2- 
type tumors are typically HER2 receptor-positive 
and thus can be treated with HER2-targeting 
drugs such as Herceptin or lapatinib.

26.3.2  RUNX2 and TAZ Expression 
in Breast Cancer

RUNX2 is normally expressed in developing 
breast epithelial cells and in the mammary stem 
cell population where it promotes terminal end 
bud differentiation (Ferrari et al. 2013; Mcdonald 
et al. 2014). In breast cancer cell lines however, 
RUNX2 promotes an osteomimetic phenotype 
and metastasis to bone through transcriptional 
activation of osteopontin, matrix metalloprotein-
ases (MMPs), and VEGF (Barnes et al. 2004; 
Pratap et al. 2005, 2006). This is important since 
luminal breast cancers relapse predominantly to 
the bone microenvironment (Eroles et al. 2012; 
Foley et al. 2010) and account for 50 % of all 
metastasis-related breast cancer deaths 
(Ganapathy et al. 2012). As introduced above, 
overexpression of TAZ is observed in breast can-
cer patient samples (Chan et al. 2008) and cell 
lines (Hiemer et al. 2014), correlating with 
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increased cell migration, tumorigenesis, inva-
siveness, and drug resistance (Lei et al. 2008). 
Notably, RUNX2 can bind YAP (Yagi et al. 1999) 
and TAZ (Cui et al. 2003) via interaction of the 
PPxY motif within its C-terminal transactivation 
domain with the WW domain/s of YAP/
TAZ. Cooperation between RUNX and YAP/
TAZ has been shown to promote cell transforma-
tion (Vitolo et al. 2007), osteoblast differentiation 
(Cui et al. 2003) and stem cell renewal (Varelas 
et al. 2008; Cordenonsi et al. 2011).

26.3.3  sE-Cad-Mediated EMT

EMT is typically characterized by downregula-
tion of E-Cadherin and upregulation of vimen-
tin (Lee et al. 2006; Thiery et al. 2009; Valastyan 
and Weinberg 2011). Whilst this ‘classical’ 
EMT is usually required for cancer progres-
sion, cells may also metastasize from the pri-
mary tumor via an alternate mechanism 
involving proteolytic cleavage of E-Cadherin 
(120 kDa) to release the soluble, N-terminal 
ectodomain (sE-Cad; 80 kDa) (David and 
Rajasekaran 2012). MMP2 and -9 and ADAM 
(A Disintegrin and Metalloproteinase) -15 
mediate cleavage of E-Cadherin to sE-Cad 
(David and Rajasekaran 2012; Najy et al. 2008; 
Davies et al. 2001; Huguenin et al. 2008; Noe 
et al. 2001; Symowicz et al. 2007; Zuo et al. 
2011). sE-Cad exhibits autocrine and/or para-
crine activity by binding HER2 (David and 
Rajasekaran 2012; Inge et al. 2011; Najy et al. 
2008; Brouxhon et al. 2013, 2014) and interacts 
with full length E-Cadherin to destabilize adhe-
rens junctions (David and Rajasekaran 2012). 
The effect of sE-Cad signaling is promotion of 
migration, invasion, and proliferation while 
maintaining an epithelial morphology (David 
and Rajasekaran 2012; Grabowska and Day 
2012; Chunthapong et al. 2004; Inge et al. 
2011; Kuefer et al. 2003; Najy et al. 2008). 
Hence sE-Cad is a useful functional metastatic 
biomarker for numerous cancers, including 
breast cancer (David and Rajasekaran 2012; 
Chunthapong et al. 2004; Kuefer et al. 2003; 
Hofmann et al. 2013; Kuefer et al. 2005).

26.3.4  RUNX2 Cooperates with TAZ 
to Promote sE-Cad-Mediated 
EMT

Recently, our group discovered that cooperation 
between RUNX2 and TAZ increases shedding of 
sE-Cad to promote a tumorigenic phenotype 
characterized by anchorage-independent growth 
(tumorsphere formation) in breast cancer cells 
(Brusgard et al. 2015). RUNX2 promotes nuclear 
localization of TAZ, which is a driver for tumori-
genesis since TAZ knockdown reduces tumor-
sphere growth. Intriguingly, given that TAZ and 
YAP are similarly regulated, expression and 
localization of YAP was not affected by RUNX2 
expression in these cells (Brusgard et al. 2015). 
MMP expression (including MMP2, which can 
cleave E-Cadherin) was significantly elevated in 
RUNX overexpressing breast cancer cells and 
could be inhibited by MMP inhibitors. Treatment 
with E-Cadherin neutralizing antibody reduced 
the level of sE-Cad and inhibited tumorsphere 
formation. Binding of sE-Cad to HER2, which is 
expressed in a subset of luminal breast cancers 
(Ithimakin et al. 2013), promotes tumorgenicity 
(Brouxhon et al. 2013). Treatment of RUNX2 
overexpressing cells with the HER2-targeting 
drugs Herceptin or lapatinib inhibited tumor-
sphere proliferation (Brusgard et al. 2015). Taken 
together, these results suggest that RUNX2 and 
TAZ cooperate to upregulate MMP expression in 
breast cancer and promote an sE-Cad/HER2- 
mediated EMT. Our working model is therefore 
as such: E-Cadherin, via its influence on Hippo 
pathway activity (Kim et al. 2011), maintains 
TAZ in a cytoplasmic (inactive), tumor suppres-
sive state. RUNX2-induced cleavage of 
E-Cadherin to sE-Cad inactivates the Hippo path-
way, resulting in nuclear localisation of TAZ and 
oncogenic transformation (Fig. 26.2).

26.3.5  Outstanding Questions 
and Future Directions

Correlation between RUNX2 signaling and 
increased TAZ nuclear localization in breast can-
cer cells suggests that factors which inhibit 
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RUNX2 may restore Hippo signaling and block 
breast cancer progression. Mechanistically, we 
hypothesize that RUNX2 oncogenic activity is 
mediated, at least in part, by increased produc-
tion of sE-Cad. However, whether sE-Cad is 
oncogenic, independent of RUNX2 overexpres-
sion, remains to be determined.

Furthermore, whilst RUNX2-induced TAZ 
nuclear localization suggests attenuation of 
Hippo signaling, a role for the Hippo pathway 
kinases MST1/2 and LATS1/2 in mediating 
RUNX2 oncogenic function has not been 
reported. To address these outstanding questions, 
cells could be treated directly with recombinant 
sE-Cad in vitro and assess the effect on Hippo 
signaling and tumorigenic properties.

Preliminary unpublished data from our lab 
indicate that treatment of breast cancer cells with 
recombinant sE-Cad reduces the abundance of 
active phosphorylated (phospho-) LATS1/2. 
Moreover, treatment of cells with the RUNX2 
small molecule inhibitor CADD522 increased 
phospho-LATS1/2 as well as the total level of 
LATS1 protein. This is consistent with our  
data showing significant reduction of TAZ abun-
dance in the nucleus upon RUNX inhibition 

(Brusgard et al. 2015). Though these data support 
a role for RUNX2 in controlling Hippo pathway 
activity, this does not explain why YAP is not 
similarly regulated by RUNX2 overexpression in 
these cells. This is a curious observation that 
should be addressed in subsequent studies. 
Furthermore, data from the recombinant sE-Cad 
experiments would suggest that TAZ activation 
(nuclear localization) lies downstream of RUNX2 
overexpression, MMP production and increased 
sE-Cad shedding. Therefore the mechanism link-
ing TAZ activation and tumorigenic transforma-
tion of breast cancer cells should be determined.

Identification of TAZ-specific oncogenic tar-
get genes may reveal novel cancer biomarkers 
and therapeutic targets. Since RUNX2 inactivates 
several tumor suppressor pathways including 
p53, E-Cadherin, and SIRT6/PDH metabolic reg-
ulators (Choe et al. 2015), in addition to the 
Hippo pathway as discussed in detail here, 
RUNX2 inhibition could prove very effective as a 
novel cancer targeting strategy. Future effort 
should be employed to determine whether a com-
bination of oncogene/tumor suppressor targeting 
and metabolic reprogramming strategies would 
be effective for other tumorigenic events where 
RUNX2 is a driving factor.

26.4  RUNX3 and TEAD-YAP 
Regulation in Gastric Cancer

26.4.1  RUNX3 Is a Tumor Suppressor 
in Gastric Cancer

Gastric cancer is the second leading cause of 
cancer- related mortality worldwide and is char-
acterized by tumor heterogeneity driven by vari-
ous signaling pathways (Shah and Ajani 2010). 
Consistent with gastric hyperplasia observed in 
Runx3 knockout mice (Ito et al. 2011), loss of 
RUNX3 expression, typically due to hemizygous 
deletion or promoter hypermethylation, is 
observed in 60 % of human gastric cancers. 
Furthermore, reduced RUNX3 is causally linked 
to the initiation and progression of gastric cancer 
(Li et al. 2002; Fan et al. 2011). In gastric epithe-
lial cells, RUNX3 cooperates with Smad/TGFβ 

Fig. 26.2 RUNX2 manifests its oncogenic activity 
through upregulation of a soluble form of E-Cadherin (sE- 
Cad) that inactivates the Hippo tumor suppressor path-
way. Conversely, full-length membrane bound E-Cadherin 
positively regulates the Hippo signaling pathway to keep 
RUNX2 oncogenic function in check
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signaling to drive expression of p21 (CIP1) (Chi 
et al. 2005) and BIM (Yano et al. 2006) to inhibit 
cell division and promote apoptosis, respectively. 
In the colon, RUNX3 attenuates oncogenic WNT 
signaling via inhibitory binding to the TCF4-β- 
catenin complex (Ito et al. 2008), and in the 
mouse lung Runx3 inhibits cellular transforma-
tion via upregulation of p19Arf and p21 in response 
to oncogenic K-Ras signaling (Lee et al. 2013).

26.4.2  The TEAD-YAP Complex Is 
Oncogenic in Gastric Cancer

YAP, in association with TEAD (TEAD-YAP 
complex), promotes cell proliferation by upregu-
lation of target genes including connective tissue 
growth factor (CTGF) and Cysteine-rich angio-
genic inducer 61 (CYR61) (Lai et al. 2011). YAP 
(Zhang et al. 2012; Lam-Himlin et al. 2006) and 
TEAD4 (Lim et al. 2013) have both been reported 
to be upregulated in gastric cancer patient sam-
ples, and expression of YAP target genes posi-
tively correlates with gastric carcinoma 
progression (Jiang et al. 2011; Lin et al. 2005), 
and patient outcome (Qiao et al. 2015). In gastric 
cancer cells, overexpression of a TEAD-YAP 
fusion protein increases anchorage-independent 
growth (Qiao et al. 2015), whilst YAP knock-
down inhibits proliferation and metastasis (Zhang 
et al. 2012) and in some instances induces apop-
tosis (Zhou et al. 2011). Use of a YAP antagonist 
(Super-TDU: an inhibitor peptide mimicking the 
TDU region of VGLL4 that blocks YAP-TEAD 
binding) suppresses gastric cancer cell growth in 
vitro and is proposed as a therapeutic strategy to 
treat gastric cancer (Jiao et al. 2014).

Notably, crosstalk between RUNX and the 
Hippo signaling pathway, independent of direct 
interaction with YAP/TAZ, has been reported. 
Facilitated by MST2, RUNX3 and SAV1 form a 
complex to promote Hippo pathway-mediated 
cell death (Min et al. 2012). Consistent with this, 
expression of RUNX1 and RUNX3 inversely cor-
relate with YAP abundance in cultured gastric 
cancer cells and patient samples (Qiao et al. 
2015). Thus RUNX3 is a negative regulator of 

YAP activity and ‘low RUNX/high YAP’ expres-
sion might be a useful marker of gastric cancer 
progression.

26.4.3  RUNX3, TEAD and YAP Form 
a Ternary Complex

Recently, we showed that RUNX3 is a novel reg-
ulator of the TEAD-YAP complex in gastric car-
cinogenesis whereby RUNX3 physically interacts 
with TEAD, reducing its DNA-binding ability 
and effectively inhibiting downstream YAP sig-
naling (Qiao et al. 2015). Mapping of the TEAD- 
RUNX3 interaction revealed that the Runt 
(DNA-binding) domain (RD) of RUNX3 is 
essential. We also discovered that the TEAD- 
RUNX3 interface overlaps with the TEAD DNA- 
recognition helix (Qiao et al. 2015). Even though 
RUNX family members share a high degree of 
sequence identity in their Runt domains, interac-
tion between TEAD and RUNX2 was signifi-
cantly weaker than that of RUNX1 and RUNX3, 
despite strong interaction between RUNX2 and 
YAP or TAZ (Qiao et al. 2015). Further experi-
ments revealed that RUNX3, TEAD and YAP 
form a ternary complex, in which distinct domains 
mediate direct interaction of RUNX3 and YAP 
with TEAD (Qiao et al. 2015) (Fig. 26.3).

Fig. 26.3 RUNX3, TEAD and YAP form a tripartite pro-
tein complex
RUNX3 binds YAP via interaction of its carboxy terminal 
(C) PPxY motif with the WW domain(s) of YAP. YAP’s 
amino terminal (N) TEAD-binding domain contacts the 
C-terminal region of TEAD. The Runt DNA-binding 
domain of RUNX3 completes the complex, associating 
with the N-terminus of TEAD, overlapping with TEAD’s 
DNA-recognition helix

26 Roles of RUNX in Hippo Pathway Signaling
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26.4.4  RUNX3 Binding Abolishes 
TEAD-YAP Oncogenic Activity 
in Gastric Cancer

The overlap of TEAD’s DNA-recognition helix 
and RUNX binding interface led us to hypothe-
size that RUNX interaction would significantly 
reduce the DNA-binding ability of TEAD (see 
Fig. 26.4). Accordingly, RUNX3 overexpression 
in gastric cancer tissues correlates with downreg-
ulation of TEAD-YAP targets including CTGF, 
CYR61, and GLI2 (Qiao et al. 2015). Further 
analysis in gastric cancer cell lines revealed that 
RUNX3 abundance negatively correlates with 
YAP-induced CTGF expression, and this is asso-
ciated with decreased binding of TEAD to CTGF 
promoters (Qiao et al. 2015). Screening of several 
RUNX3 mutants that are frequently observed in 
gastric cancer revealed that mutation of 
Leucine121 to Histidine (L121H) abolished its 
interaction with TEAD and significantly reduced 
the expression of CTGF (Qiao et al. 2015). In 
terms of biological significance, increased expres-
sion of wild-type RUNX3 (but not the L121H 
mutant) reduced anchorage- independent growth 

of gastric cancer cells in vitro, and tumor growth 
using nude mouse assay in vivo (Qiao et al. 2015). 
Moreover, overexpression of RUNX3 could block 
 TEAD-YAP- induction of colony formation, pro-
viding evidence of a direct tumor suppressor role 
for RUNX3 in gastric carcinoma.

26.4.5  Future Perspectives 
and Potential for Therapeutic 
Application

Our recent report elucidates a novel mechanism 
of RUNX3 tumor suppressor activity in gastric 
cancer that has great potential for application in a 
range of human cancers driven by aberrant 
TEAD-YAP activity. Given the dual role of 
RUNX3 in regulating YAP activity via complex 
formation with SAV1/MST2 (Min et al. 2012) 
and TEAD-YAP (Qiao et al. 2015) it would be 
interesting to ascertain the relative contribution 
of these two mechanisms to RUNX3 anti- 
oncogenic activity in gastric cancer.

Precise control of RUNX3 and YAP expres-
sion is important during embryonic development 

Fig. 26.4 RUNX3 inhibits TEAD/YAP-mediated gene 
transcription
Under conditions of high RUNX3 (left panel) DNA-
binding ability of TEAD is inhibited and transcription of 

TEAD/YAP target genes (e.g., CTGF and CYR61) is 
attenuated. When RUNX3 is inactivated or expressed at 
relatively low levels (right panel) TEAD/YAP drives tran-
scription of oncogenic target genes
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and differentiation of the gastrointestinal tract; 
aberrant expression of RUNX3 (knockout) (Ito 
et al. 2011) or YAP (activation) (Camargo et al. 
2007) promotes gastrointestinal dysplasia. The 
potent inhibition of TEAD-YAP by RUNX3 
raises interesting questions regarding their roles 
and possible interaction during development. 
Preliminary data suggest that transcriptional 
activity of RUNX3 inversely correlates with 
TEAD4 expression (unpublished data). This 
mutual regulation between RUNX3 and TEAD4 
might be a way to fine-tune the balance of prolif-
eration and differentiation both during develop-
ment and tumorigenesis.

Interestingly, only 35 % of TEAD-targeted 
genes were suppressed by RUNX3 overexpres-
sion in gastric cancer cells (Qiao et al. 2015). 
This suggests that inhibition of these targets 
might be due to adjacent RUNX3 and TEAD 
binding sites in their promoters, even though 
DNA binding does not seem to be required for 
RUNX3-TEAD interaction in our assays (Qiao 
et al. 2015). It is possible however that cognate 
DNA stabilizes and enhances the multicompo-
nent RUNX3-TEAD-YAP complex, priming it 
for biological activity. A genome wide ChIP-seq 
experiment analyzing all TEAD-binding sites for 
proximity to RUNX motifs in gastric tissues 
could test this hypothesis.

In support of this, members of the Piccolo 
laboratory recently conducted a comprehensive 
ChIP-seq analysis to identify DNA-binding plat-
forms for YAP and TAZ in breast cancer cells 
(Zanconato et al. 2015). Unsurprisingly, TEAD 
binding motifs were present in the majority of 
YAP/TAZ peaks. Encouragingly however, of the 
various DNA-binding factors proposed to coop-
erate with YAP/TAZ, RUNX-binding sites were 
the only other prominent motif identified. 
Moreover, for some YAP/TAZ target genes, there 
was a physical proximity of TEAD and RUNX 
binding sites in the cells analyzed (Zanconato 
et al. 2015).

Since RUNX3 is such a potent inhibitor of 
YAP in gastric cancer, these findings could lead 
to the development of novel RUNX3 mimicking 
compounds to target TEAD-YAP activity in vivo. 

Support for this proposal comes from studies 
demonstrating the efficacy of using YAP-TEAD 
inhibitors such as verteporfin (Liu-Chittenden 
et al. 2012; Yu et al. 2014a) and Super-TDU (Jiao 
et al. 2014) to suppress the oncogenic activity of 
YAP. Moreover, a publication showing forced 
overexpression of YAP in hematopoietic stem 
cells, in which RUNX1 and RUNX3 were highly 
expressed, did not lead to malignant cell growth 
(Jansson and Larsson 2012).

26.5  Concluding Remarks

The Hippo signaling pathway and its role in con-
trolling the mammalian effector proteins YAP 
and TAZ was elucidated nearly ten years ago, yet 
we are still discovering novel regulators of this 
important signaling pathway. Recent findings 
from our laboratories linking RUNX2/TAZ with 
sE-Cad expression, and RUNX3 with TEAD- 
YAP in different models of cancer highlight the 
potential for development of effective targeting 
strategies for Hippo pathway dysregulation in 
various human pathologies. That being said, 
questions still remain regarding the mechanisms 
of YAP/TAZ regulation by the RUNX protein 
family.

Notably, apparent differences exist between 
the regulation of TAZ and YAP by RUNX2 and 
sE-Cad signaling in breast cancer. The Hippo 
pathway similarly regulates YAP and TAZ in 
terms of phosphorylation and nuclear localiza-
tion (Hao et al. 2008; Kanai et al. 2000). Recently, 
we reported that YAP is a negative regulator of 
TAZ protein abundance in mammalian cells 
(Finch-Edmondson et al. 2015). This is relevant 
since it demonstrates that YAP and TAZ are sub-
jected to discrete forms of regulation. Whether 
this direct relationship between YAP and TAZ 
abundance has implications for RUNX-mediated 
YAP/TAZ regulation remains to be determined.

Multiple isoforms of YAP harboring single 
(YAP1-1) or tandem (YAP1-2) WW domains are 
expressed in mammals (Gaffney et al. 2012). 
Because RUNX bind to YAP/TAZ via this key 
protein interaction domain, differences in the 
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binding efficiency of RUNX to YAP1-1 or 
YAP1-2 isoforms may influence the signaling 
outcome. Especially in gastric cancer, where 
RUNX acts to inhibit TEAD-YAP activity, YAP 
isoforms that exhibit weaker binding to RUNX 
have the potential to be more oncogenic. 
Elucidation of the protein “interactome” of indi-
vidual YAP isoforms may reveal striking differ-
ences in RUNX3 binding. Furthermore, since 
TAZ has only one WW domain, whether the 
number of WW domains influences RUNX inter-
action would be interesting to assess.

Finally, the development of CRISPR/Cas9 
technology for efficient gene editing in vitro and 
in vivo has provided great opportunity for analyz-
ing the effect of point mutations on protein- 
protein interactions. By taking advantage of 
clinical data signposting common mutants 
detected in cancer (e.g., RUNX3 mutant L121H) 
we can measure their effect using a biologically, 
and translationally relevant approach. This will 
enable us to better understand how mutations in 
critical proteins can drive cancer formation and 
progression, and may even pave the way for 
genetic engineering to combat cancer in humans.
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