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ABSTRACT 

Hippo signaling is a tumor suppressive signaling pathway that controls 

organ size by regulating cellular proliferation, apoptosis, and differentiation during 

development, regeneration, and homeostasis. The Hippo pathway inhibits 

transcriptional co-activators and Hippo pathway effectors YAP/TAZ, activation of 

which is often seen in cancer. Within the adult mammalian intestine, homeostasis 

of which requires intricate reciprocal interaction between the gut epithelium and 

adjacent mesenchyme, the Hippo-YAP pathway is crucial for intestinal epithelial 

homeostasis and regeneration. However, its role in adult mesenchymal 

homeostasis remains poorly understood. Here, I genetically dissect the role of 

mesenchymal Hippo-YAP signaling in adult intestinal homeostasis. I find that 

deletion of core kinases LATS1/2 or YAP activation in mesenchymal progenitor 

cells, but not terminally differentiated cells, disrupts signaling in the stem cell niche 

and mesenchymal homeostasis by inducing mesenchymal overgrowth and 

suppressing smooth muscle actin expression. Furthermore, inhibition of Hippo 

signaling in Gli1+ mesenchymal progenitors, the main source of Wnt ligands within 

the stem cell niche, stimulates Wnt ligand production and subsequent epithelial 

Wnt pathway activation, thereby driving epithelial regeneration following DSS-

mediated injury as well as exacerbating APC-mediated tumorigenesis. Altogether, 

our data reveal a previously underappreciated requirement and the underlying 

mechanism for stromal Hippo-YAP signaling in adult intestinal homeostasis.  
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Mammalian Hippo Signaling Pathway 

 

 The Hippo signaling pathway is a tumor suppressive signaling cascade that 

controls organ size by regulating cellular proliferation, apoptosis, and 

differentiation during development, regeneration, and homeostasis (Hong et al., 

2016; Ma et al., 2019; Yu and Guan, 2013; Yu et al., 2015b). The Hippo pathway 

was initially discovered in Drosophila melanogaster through genetic mosaic 

screens for genes implicated in clonal overgrowth phenotypes. This led to the 

discovery of the serine-threonine kinases that form the core kinase cascade of the 

pathway, named for the Hippo (Hpo) mutation in Drosophila, which caused animals 

to develop overgrown heads, eyes, and antennae (Halder and Johnson, 2011). 

The cascade consists of NDR family protein kinase Warts (Wts), a WW domain-

containing protein Salvador (Sav), the Ste20-like protein kinase Hippo (Hpo), and 

adaptor protein Mob as tumor suppressor (Mats) (Udan et al., 2003). This core 

kinase cascade is highly conserved from Drosophila to mammals (Halder and 

Johnson, 2011; Ma et al., 2019; Pan, 2010; Yu et al., 2015b).  

 In humans, the core kinase cascade consists of MST1/2 (Hpo orthologs, 

also referred to as STK4/3) that bind to SAV1 (Sav ortholog, also called WW45) 

via their respective C-terminal SARAH (sav/Rassf/Hpo) domains, forming 

heterodimers (Callus et al., 2006; Halder and Johnson, 2011). This interaction 

allows MST1/2 to phosphorylate and activate SAV1 as well as downstream 

kinases MOB1 (Mats ortholog), and LATS1/2 (Wts orthologs) (Callus et al., 2006; 
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Chan et al., 2005). MST1/2 bind and phosphorylate the hydrophobic motif of 

LATS1/2, which, along with the interaction between LATS1/2 and phosphorylated 

MOB1, activates LATS1/2 (Halder and Johnson, 2011; Pan, 2010; Yu and Guan, 

2013; Yu et al., 2015a). Upon activation, LATS1/2 directly bind and inhibit 

transcriptional co-activators YAP (yes-associated protein) and its paralog TAZ 

(WW domain-containing transcription regulator protein 1) (orthologs of Yorkie in 

Drosophila), the major effectors of the Hippo pathway (Ma et al., 2019; Yu et al., 

2015b) (Figure 1.1).  

 

Hippo-YAP signaling 

 

 The Hippo pathway regulates tissue homeostasis and organ size by 

regulating key effectors YAP/TAZ. YAP/TAZ share 50% sequence identity, 

possess WW domains (YAP contains tandem WW domains whereas TAZ contains 

one) as well as a C-terminal transactivation domain, both of which are important 

for the transcriptional roles of YAP/TAZ (Lei et al., 2008; Varelas, 2014; Webb et 

al., 2011).  WW domains consist of two tryptophan residues separated by 23 amino 

acids that bind to the PPxY motif present in many types of proteins, including those 

that regulate YAP/TAZ stability and activity (Liu et al., 2010; Salah et al., 2012; 

Varelas, 2014).  

 YAP/TAZ localization and activity are regulated by active Hippo signaling 

via LATS1/2. YAP and TAZ have five and four HxRxxS LATS phosphorylation  
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Figure 1.1. Comparison between Drosophila and human core components of 
the Hippo pathway.  
Color denotes orthologs between Drosophila and humans. Figure created by 
BioRender. 
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consensus motifs, respectively, which allows for LATS1/2-mediated inhibition. 

Specifically, LATS1/2-mediated phosphorylation on YAP residue S127 results in 

cytoplasmic sequestration by 14-3-3 proteins, whereas phosphorylation of S381 

readies YAP for subsequent phosphorylation by CK1𝛅/ε on S384 in the 

phosphodegron, a single or series of phosphorylated residues on a substrate that 

directly interacts with an E3 Ubiquitin-ligase via its protein-protein interaction 

domain. This recruits SCF-β-TRCP E3 ubiquitin ligase and ultimately results in YAP 

degradation via proteasome (Ang and Wade Harper, 2005; Zhao et al., 2010; Zhao 

et al., 2007). Similarly, phosphorylation on TAZ S89 by LATS1/2 results in 

cytoplasmic sequestration by 14-3-3 proteins, while phosphorylation on TAZ S311 

promotes CK1ε-mediated phosphorylation on S314 in the phosphodegron. This 

phosphodegron then recruits β-TRCP, a F-box protein and the substrate binding 

subunit for SCF-β-TRCP E3 ubiquitin ligase, resulting in TAZ proteasomal 

degradation (Kanai et al., 2000; Liu et al., 2010; Zhao et al., 2007).  

If YAP/TAZ are dephosphorylated, or if inhibition by LATS1/2 does not occur 

(in other words, the Hippo pathway is inactive or “off”), YAP/TAZ are able to 

translocate into the nucleus to regulate downstream gene transcription. Due to the 

lack of DNA-binding domains, YAP/TAZ must bind transcriptional factors in order 

to modulate gene expression (Ma et al., 2019; Pan, 2010; Yu et al., 2015b).  

The TEAD family of transcription factors (TF) (TEAD1-4) (orthologs of 

Scalloped in Drosophila) are the main binding partners of YAP/TAZ, although 

YAP/TAZ have been shown to bind other transcription factors, such as Smads, 
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Runx1/2, p73, Erb34, Pax3, AP-1, and TBX5 (Stein et al., 2015). TEADs possess 

a N-terminal DNA binding domain and a C-terminal YAP binding domain (Zhao et 

al., 2008), and are highly homologous and diversely expressed in mammals, from 

embryonic to adult tissues (Kaneko and DePamphilis, 1998). When unbound by 

YAP/TAZ, TEAD represses gene expression and is bound by VGLL4 (transcription 

cofactor vestigial-like protein 4) (Ma et al., 2019). However, when YAP/TAZ can 

translocate to the nucleus, it outcompetes VGLL4 for TEAD binding in order to 

stimulate the genes responsible for cellular growth and proliferation (Zhang et al., 

2009; Zhao et al., 2008) YAP/TAZ are capable of binding all four members of the 

TEAD family, but TEAD1/3/4 are most critical for modulating downstream 

YAP/TAZ target gene expression (Zhao et al., 2008) (Figure 1.2). 

 It should be noted that Hippo-YAP/TAZ signaling is dynamic and does not 

purely exist in an “on” or “off” state. In fact, YAP/TAZ constantly shuttle between 

the cytoplasm and nucleus. Accumulation of YAP/TAZ in either the cytoplasm or 

nucleus only occurs when the appropriate signals are present (Ma et al., 2019). 

There are a variety of upstream cues that can trigger Hippo signaling, such as 

mechanical signals, soluble factors, as well as intrapathway signaling.  
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Figure 1.2. The mammalian Hippo signaling pathway.  
When Hippo signaling is “off,” YAP/TAZ are uninhibited and able to translocate into 
the nucleus, bind to TEAD, and modulate expression of downstream target genes. 
Contrastingly, when Hippo signaling is “on,” MST1/2, along with SAV1, bind and 
phosphorylate LATS1/2 with the help of MOB1. Phosphorylated LATS1/2 then 
phosphorylate and inhibit YAP/TAZ, which is either sequestered in the cytoplasm 
by 14-3-3 proteins or ubiquitinated for degradation. In the nucleus, VGLL4 binds 
TEAD and inhibits downstream gene expression. Figure created by BioRender.  
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Upstream regulators of Hippo-YAP signaling  

 

 Mechanical Cues 

  

 Cells of multicellular organisms must be intricately coordinated for proper 

organ development and tissue homeostasis. These processes involve mechanical 

signals which have great potential to affect cellular properties and fate through 

mechanotransduction, the process in which physical or mechanical forces are 

translated into biochemical signals within the cell (Dasgupta and McCollum, 2019; 

Halder et al., 2012). This in turn dictates downstream gene transcription and 

subsequent cellular proliferation, morphogenesis, migration, and death. YAP/TAZ 

are implicated as major mechanoregulated transcriptional effectors, and while 

there are LATS1/2-independent mechanisms of YAP/TAZ regulation following 

mechanical cues, I will focus on those that implicate canonical Hippo-YAP/TAZ 

signaling (Halder et al., 2012; Yu and Guan, 2013).  

 Many cells exhibit cellular polarity, which infers specialized cellular 

functions. Epithelial cells, for example, exhibit apical-basal polarity, which 

regulates Hippo-YAP/TAZ signaling via polarity-associated proteins and 

complexes (Halder et al., 2012; Ma et al., 2019; Yu et al., 2015a). In mammals, 

NF2 binds and recruits LATS1/2 to the plasma membrane for subsequent 

phosphorylation and activation by MST/Sav complex (Yin et al., 2013). This is 

made possible by another Hippo pathway component, Angiomotin (AMOT), which 
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binds NF2 and releases the auto-inhibitory tail blocking the LATS1/2 binding site 

(Li et al., 2015). From the basolateral domain, Scribble (SCRIB) directly interacts 

with both MST1/2 and LATS1/2 and results in LATS1/2 activation (Skouloudaki et 

al., 2009; Yang et al., 2015).  

 Cellular junctions play important roles in establishing cellular polarity. 

Cellular junctions allow for cell-cell contact, the first upstream mechanical cue of 

Hippo-YAP/TAZ signaling to be discovered, and includes tight junctions (TJ), 

adherens junctions (AJ), and desmosomes. Proteins present at these junctions, 

such as AMOT proteins which localize at tight junctions, can communicate contact 

signals to and interact with components of the Hippo pathway (Ma et al., 2019; 

Zhao et al., 2007). All members of the AMOT family (AMOT, AMOT1, and AMOT2) 

can promote LATS2 activation, especially AMOT2. AMOT2 directly binds and 

promotes LATS2 kinase activity, though not to the same level as MST1/2 

(Paramasivam et al., 2011).  

Similarly, cell density and contact inhibition are also potent activators of 

Hippo-YAP/TAZ signaling. When cell density is high in cell culture, contact 

inhibition is activated and cells halt proliferation, even in the presence of growth 

factors and nutrients. This process is important during development, organ size 

control, and inhibition of tumorigenesis (Halder et al., 2012; Kim et al., 2011; Ota 

and Sasaki, 2008). YAP localization within the cell is dictated by cell density: when 

cell density is low, YAP is predominantly in the nucleus, and when cell density is 

high, YAP is predominantly in the cytoplasm. Unsurprisingly, this is determined by 
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Hippo signaling in which LATS1/2 kinase activity is upregulated when cell density 

is high (Zhao et al., 2007). This is certainly the case during mouse trophectoderm 

development, wherein outside cells, which only experience cell contact on one 

side, exhibit increased YAP activation and TEAD function while inside cells, which 

are surrounded by other cells, exhibit increased LATS1/2-mediated YAP inhibition 

(Nishioka et al., 2009). 

One mechanism by which contact inhibition occurs via Hippo-YAP/TAZ 

signaling is through E-cadherin. Cadherins are significant in embryonic 

development and tissue homeostasis due to their role in mediating cell junction 

formation and cytoskeletal signaling through interactions with catenins (Harris and 

Tepass, 2010). Previous studies have shown that E-cadherin inhibits cell growth 

through density-dependent contact inhibition (Perrais et al., 2007); however, more 

recent studies show that components of the Hippo pathway play critical roles in 

this process. E-cadherin, through required interactions with β-catenin and 

LATS1/2, regulates nuclear YAP localization, thus promoting contact inhibition in 

a Hippo-dependent manner (Kim et al., 2011).  

In addition to cell-cell contact, cells also interact with and adhere to the 

extracellular matrix (ECM). The ECM plays several important roles, including 

providing physical support and growth signals through ECM elasticity and stiffness 

(Halder et al., 2012; Ma et al., 2019). When cells are plated onto a soft substrate, 

YAP/TAZ localizes to the cytoplasm whereas on a stiff substrate, YAP localizes to 

the nucleus. At low ECM stiffness, cytoplasmic localization of YAP/TAZ is driven 
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by RAP2, a Ras-related GTPase, a signal transducer that relays signals from the 

ECM to YAP/TAZ in order to regulate mechanosensitive cellular processes. RAP2 

is activated by low ECM stiffness via phospholipase C𝛾1, and once activated, 

RAP2 stimulates LATS1/2 phosphorylation and activation through MAP4K4, 

MAP4K6, MAP4K7, and ARHGAP29, thereby inhibiting YAP/TAZ (Meng et al., 

2018).  

Cell morphology and shape are also dictated by the ECM. One contributing 

factor is cell stretch, which varies depending on substrate stiffness. Through 

studies in which cells were cyclically stretched, YAP phosphorylation by LATS1/2 

on S127 (required for cytoplasmic sequestration) decreased when cells were 

stretched, indicating YAP activation. Stretch, a form of stress upon the cell, can 

activate c-Jun N-terminal kinase (JNK), a stress-activated kinase. Under high 

stretch conditions, JNK promotes LATS1/2 inhibitor LIMD1 binding to LATS1/2, 

thus promoting YAP/TAZ activity and establishing a mechanism by which 

mechanical forces regulate Hippo-YAP/TAZ signaling (Codelia et al., 2014).  

Perhaps the most important component of Hippo-YAP/TAZ regulation by 

mechanical signals is the cytoskeleton. Cell shape, spreading, adhesion, as well 

as how cells sense mechanical signals converge upon the actin cytoskeleton. In 

addition to their critical role in shuttling YAP/TAZ between the cytoplasm and 

nucleus, reorganization of the actin cytoskeleton has regulatory effects on Hippo-

YAP/TAZ signaling (Halder et al., 2012). For example, when a cell detaches from 

the ECM (anoikis), its cytoskeleton is rearranged, which activates LATS1/2 and 
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results in YAP/TAZ inhibition (Zhao et al., 2012). Furthermore, changes in the actin 

cytoskeleton, such as an increase in F-actin polymerization due to high cell 

density, increases nuclear YAP/TAZ and transcriptional levels of YAP/TAZ targets 

(Sansores-Garcia et al., 2011). Similarly, stress fibers composed of F-actin 

induced by cell morphology also dictate YAP localization in a LATS1/2-dependent 

manner (Wada et al., 2011). Lastly, in addition to their role in promoting LATS1/2 

activation, AMOT proteins, specifically isoform Angiomotin p130 (AMOTp130), are 

also LATS1/2 targets. LATS2 phosphorylates AMOTp130 on S175 and inhibits its 

interaction with F-actin, which disrupts stress fiber and focal adhesion formation—

both of which are important for cellular migration (Dai et al., 2013). Altogether, this 

demonstrates the significance of the actin cytoskeleton as an upstream 

mechanical regulator of Hippo-YAP/TAZ signaling.  

 

Soluble Factors 

 

Soluble factors, such as hormones and growth factors, mediate 

communication intercellularly as well as with the extracellular environment to affect 

cellular processes. Many of these factors are ligands for G-protein-coupled 

receptors (GPCR), protease-activated receptors, or the angiotensin II type I 

receptor, and have been implicated in Hippo-YAP/TAZ regulation (Mo et al., 2012; 

Yu et al., 2015b). Some examples of ligands include lysophosphatidic acid (LPA), 
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sphingosine 1-phosphophate (S1P), cyclic adenosine monophosphate (cAMP), 

and mitogenic growth factors.  

GPCRs are integral membrane cell surface receptors that relay extracellular 

signals inwards in order to mediate cellular processes. The Hippo-YAP pathway is 

one of many downstream branches of GPCR signaling, and a variety of GPCR 

signals are direct modulators, both inhibitory and activating (Luo and Yu, 

2019). LPA and S1P, both cell culture serum components, were amongst the first 

GPCR-associated ligands to be linked to Hippo-YAP/TAZ regulation. Both LPA 

and S1P signal through G12/13-coupled receptors to inhibit LATS1/2 kinase 

activity through Rho GTPases and actin cytoskeleton remodeling. This has 

consequential implications since LPA promotes cellular migration, proliferation, 

and tumor metastasis (Yu et al., 2012). In the same vein, protease-activated 

receptor 1 (PAR1) also acts through G12/13-coupled receptors and Rho GTPases 

to activate YAP/TAZ by inhibiting LATS1/2 (Mo et al., 2012).  

Angiotensin type 1 receptor (AT1R) is another upstream regulator of Hippo-

YAP signaling. AT1R belongs to the G⍺q/11 subclass and is important for water 

homeostasis. Angiotensin II (Ang II), its ligand, dephosphorylates both LATS1/2 

(at residue T1079, required for activation) and YAP (at residue S127), and this 

process, as is the case for LPA and S1P, is dependent on the actin cytoskeleton 

(Wennmann et al., 2014). GPCR-mediated signaling does not only promote 

YAP/TAZ activity, however. Certain metabolites and hormones, such as 

epinephrine and glucagon, result in an increase in LATS1/2 kinase activity, thus 
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inhibiting YAP/TAZ. Whether the effect of a GPCR signal on YAP/TAZ activity is 

inhibitory or activating hinges on the specific downstream receptors. GPCRs that 

signal through G12/13, Gq/11, or Gi/o tend to activate YAP/TAZ whereas GPCRs 

that activate Gs signaling inhibit YAP/TAZ (Yu et al., 2012).  

 Cyclic adenosine monophosphate (cAMP), a second messenger of G⍺-

coupled receptors, negatively regulates YAP/TAZ. Elevated cAMP levels within the 

cell triggers increased phosphorylation of the cAMP response element-binding 

protein (CREB), which is crucial for downstream cAMP-mediated signaling. Protein 

kinase A (PKA) is one of two main effectors of cAMP. PKA contains C and R 

subunits, which form a complex under basal conditions, thereby limiting kinase 

activity. However, cAMP can bind the R subunits, change its conformation, and 

promote PKA kinase activity. Interestingly, activation of LATS1/2 via cAMP and 

PKA is two-fold: PKA suppresses RhoA, a Rho GTPase, which damages the 

cytoskeleton and induces LATS1/2-mediated YAP/TAZ phosphorylation on S381. 

Additionally, PKA can directly phosphorylate LATS1/2, which is required for 

YAP/TAZ inhibition triggered by cytoskeletal damage (Kim et al., 2013; Yu et al., 

2013).  

 GPCR-mediated signaling isn’t the only avenue for soluble factors to 

influence cellular processes. Like Hippo, the epidermal growth factor receptor 

(EGFR) pathway is a well-established pathway implicated in the control of cellular 

proliferation and growth. In fact, the EGFR pathway was recently implicated as an 

upstream regulator of Hippo-YAP signaling via Ras, a G protein and downstream 
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signaling effector of the EGFR pathway. When the EGFR-Ras pathway is 

activated, YAP phosphorylation is reduced. Ras activates the mitogen-activated 

protein kinase (MAPK) pathway, which phosphorylates an Ajuba family protein 

called Wilms tumor 1-interacting protein (WTIP) and promotes its binding to 

LATS1, thus establishing a regulatory role for EGFR-MAPK signaling in Hippo-

YAP pathway activity (Reddy and Irvine, 2013).  

 Finally, mitogenic growth factors can also influence Hippo-YAP signaling by 

promoting YAP dephosphorylation. Mitogenic growth factors can antagonize 

contact inhibition by inhibiting Hippo signaling. This is made possible by epidermal 

growth factor (EGF), which activates PI3 kinase (PI3K) and phosphoinositide-

dependent kinase (PDK1). PI3K-PDK1 signaling disrupts binding of the core Hippo 

kinases SAV1, MST, and LATS, thus inactivating LATS kinase activity and 

promoting YAP activity (Fan et al., 2013).  

 

 Intrapathway Feedback  

 

 Negative feedback mechanisms exist to ensure accurate and robust 

signaling in many signaling pathways, including the Hippo pathway (Chen et al., 

2015). In both cultured cells and tissues, elevated YAP levels induce LATS1/2 

phosphorylation and activity. LATS2 levels are consistently elevated across cell 

lines, whereas LATS1 and its upstream regulator NF2 are elevated in a cell-

dependent manner. Elevated YAP levels also induce AMOT2, a known target of 
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LATS1/2 activity. Furthermore, YAP-mediated activation of LATS1/2 and AMOT2 

is TEAD-dependent. Specifically, YAP and TEAD bind the proximal regions of the 

LATS2 and AMOT2 promoters, thus activating mechanisms by which YAP levels 

are regulated. Physiologically, loss of cell-cell junctions or serum-induced YAP 

activation triggers this LATS1/2 and AMOT2-dependent negative feedback loop 

(Dai et al., 2015; Moroishi et al., 2015).  

 A negative feedback mechanism was also discovered in mice in which an 

activating YAP mutation, YAPS112A, promotes aberrant subcellular localization of 

endogenous YAP. A mutation in S112, a residue homologous to S127 in human 

YAP, eliminates cytoplasmic sequestration by 14-3-3 proteins and is seen in 

multiple tissue types within the mouse. Subsequent YAP activation triggers 

increased phosphorylation of residue S366 (homologous to S381 in human YAP) 

in the phosphodegron responsible for LATS1/2 binding and inhibition (Chen et al., 

2015).  

 Evidence of an elevated YAP-mediated feedback mechanism was also 

found in human ovarian surface epithelial cells (hOSEs). Within this cell type, 

hyperactivated YAP promotes senescence. This in turn activates LATS2, elevated 

levels of which were found under both normal replicative-triggered and YAP-

induced senescence. Loss of LATS2 in hOSEs decreases both types of 

senescence and promotes the cell toward malignant transformation—an example 

of how a YAP-mediated feedback mechanism can inhibit tumorigenesis (He et al., 

2019). While the study of upstream regulation of Hippo signaling is ongoing, 
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several well-established regulators provide a glimpse into the intricate 

mechanisms that exist to control YAP/TAZ activity, which, if left unchecked, has 

potentially devastating ramifications. 
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Adult Vertebrate Mammalian Intestine 

The adult vertebrate mammalian intestine, a highly organized and complex 

organ, is involved in nutrient absorption, endocrine function, and immunity. 

Although I will discuss in greater detail the adult mammalian intestine, as it is the 

most relevant to this work, I believe it is valuable to briefly describe intestinal 

development. In broad strokes, the intestine, through a series of carefully 

orchestrated developmental events, develops from the endoderm following 

gastrulation, extensive folding of the proximal endoderm, and the formation of the 

embryonic gut tube. Eventually, the stratified epithelia of the mid and hindgut will 

undergo drastic reorganization to create villus and crypt structures, thus creating 

the premature intestine which will mature until birth. The intestine is comprised of 

two major components: epithelia and mesenchyme, both of which have specific 

structure and function (Fawkner-Corbett et al., 2021; Spence et al., 2011).  

Adult vertebrate mammalian intestinal epithelia  

 Homeostasis and Regeneration 

The intestinal epithelium of the small intestine is the most rapidly self-

renewing tissue in adult mammals and is comprised of a monolayer of different 

columnar cell types that form luminal projections called villi and cup-like crypts 

(Clevers, 2013). The intestinal epithelium has two main cell types: secretory cells 

that secrete hormones and mucus to protect against microbes, toxins, and 
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antigens, and absorptive cells that absorb nutrients. Due to constant exposure to 

the intestinal lumen, the intestinal epithelium constantly undergoes cell repair and 

regeneration driven by ISCs, specifically Lgr5+ ISCs, located at the crypt bottom. 

Wedged between Lgr5+ stem cells are Paneth cells that support ISCs by providing 

essential Wnt, Notch, and epidermal growth factor (EGF) signals (these pathways, 

along with others implicated in intestinal stem cell biology, will be described in a 

following section) (van Es et al., 2012b). Moving toward the villus top and past the 

ISCs and Paneth cells at what is referred to at the +4 position are quiescent ISCs 

and transit-amplifying (TA) cells. TA cells give rise to all cell types of the epithelia: 

absorptive enterocytes and secretory enteroendocrine (EE), tuft, and goblet cells. 

These cells migrate upwards from the crypt-villus junction, the site of 

differentiation, to form the villus. The colonic epithelium does not have villi but 

contains crypts and most of the cell types found in the small intestine epithelium, 

including Lgr5+ ISCs, EE and Paneth-like cells (Barker et al., 2007; Santos et al., 

2018) (Figure 1.3).  

Intestinal Stem Cell Niche Signaling Pathways 

Intestinal stem cells are surrounded by a microenvironment referred to as 

the stem cell niche. The stem cell niche, which includes adjacent epithelial, 

stromal, and smooth muscle cells, supports stem cell renewal and maintenance by 

providing niche ligands, growth factors, and cytokines. These factors support 

several niche signaling pathways, including Wnt, Notch, bone morphogenic  
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Figure 1.3. Cellular composition and regulatory signaling pathways of the 
intestinal epithelium during homeostasis.  
The intestinal crypt is comprised of Lgr5+ CBC stem, Paneth, +4 stem, and transit-
amplifying (TA) cells. The villus is mainly comprised of enterocytes, 
enteroendocrine, and goblet cells. Several signaling pathways regulate intestinal 
epithelial homeostasis. Descending gradients of Hippo, BMP, and Hedgehog 
signaling from the villus to the crypt prevents overproliferation of crypt cells and 
the formation of the villus. Ascending gradients of Wnt and Notch signaling from 
the crypt to the crypt-villus axis supports stem and progenitor cell proliferation. 
Figure partly created by BioRender. 
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pathway (BMP), Hedgehog, and of course, Hippo (Sailaja et al., 2016; Santos et 

al., 2018) (Figure 1.3). The relevant aforementioned pathways will be discussed in 

this section with the exception of Hippo, which will be discussed in its own section. 

The stem cell niche, of which a major part is the intestinal mesenchyme, will be 

discussed in more detail in “Adult Vertebrate Mammalian Intestinal Mesenchyme.”  

The canonical Wnt pathway plays a critical role in development by 

regulating cell proliferation, differentiation, and migration. It is highly conserved 

across multicellular organisms, from Xenopus to humans. Most mammalian 

genomes, including the human genome, encode 19 Wnt genes that fall into 12 

conserved Wnt subfamilies. Wnts are cysteine-rich glycoproteins and are 

approximately 40 kDa in size (Clevers and Nusse, 2012; Janda et al., 2012). 

Furthermore, Wnt ligands are lipid modified via acylation with either mono-

unsaturated fatty acid palmitoleic acid or palmitate attached to one or two 

conserved serine residues, which encourages secretion and signaling (Clevers 

and Nusse, 2012; Takada et al., 2006; Willert et al., 2003).  

The addition of lipid modifications to Wnt occurs through Porcupine (Porc), 

a highly conserved multi-pass O-acyltransferase crucial for Wnt palmitoylation, 

maturation, and secretion. Loss of Porc in mice leads to Wnt3a retention in the 

endoplasmic reticulum (ER) due to the absence of acylation of a palmitic acid 

group on conserved residues cysteine-77 (Cys77) and serine 209 (Ser209), both 

of which are required for intracellular and extracellular transport of Wnt (Hofmann, 
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2000; Takada et al., 2006). Wntless (Wls), a seven-transmembrane protein, also 

plays a critical role in promoting Wnt secretion. Wls accumulates at the Golgi 

apparatus where it traffics Wnt proteins from the Golgi to the plasma membrane; 

this role is mediated by the protein complex retromer (Port et al., 2008).  

Wnt proteins signal by binding a cell surface heterodimeric complex 

comprised of Frizzled (Fz), a seven-pass membrane protein essential for Wnt 

pathway functionality, and co-receptors low-density lipoprotein receptor-related 

proteins 5 and 6 (LRP5/6). Specifically, Wnt proteins bind the N-terminal Fz 

cysteine-rich domain (CRD). Structural studies of the Xenopus Wnt8 (XWnt8) 

molecule complexed with the CRD of mouse receptor Frizzled-8 (Fz8) revealed a 

novel two-domain binding structure wherein XWnt8 grasps Fz8 with two opposing 

sites referred to as the “thumb” and “index finger.” A palmitoleic acid lipid acid 

group projecting from residue S287 in the “thumb” of XWnt8 and crucial 

hydrophobic amino acids on the “index finger” allows for binding to a hydrophobic 

groove on Fz8 CRD. Furthermore, these interactions between Wnt and Fz-CRD 

are conserved and promiscuous (Clevers and Nusse, 2012; Janda et al., 2012).  

Once bound, at least three downstream signaling programs are activated: 

the “canonical” β-catenin pathway or the “noncanonical” planar cell polarity and 

Ca2+ pathways. Canonical Wnt signaling primarily acts to inhibit the glycogen 

synthase kinase 3 (GSK3)-dependent phosphorylation of β-catenin via Dishevelled 

(Dvl), resulting in its stabilization. Stabilized β-catenin interacts with and promotes 
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the activity of transcriptions factors leukocyte enhance factor-1 (LEF-1) and T cell 

factors (TCF), two effectors of the Wnt pathway, and trans-activation of Wnt target 

genes. When GSK3 is active, or when Wnt signaling is “off,” it forms the destruction 

complex with scaffolding protein Axin, tumor suppressors adenomatous polyposis 

coli (APC), Wilms tumor-associated tumor suppressor gene (WTX), and 

constitutively active casein kinase 1 ⍺ and 𝛾 (CK1⍺/𝛾). GSK3 phosphorylates β-

catenin from within this complex and tags β-catenin for proteasomal degradation 

(Clevers and Nusse, 2012; Mao et al., 2001) (Figure 1.4). In active Wnt signaling, 

LRP5/6 co-receptors play a pivotal role. Wnt protein binding triggers a 

conformation change in the heterodimeric complex, which then promotes 

downstream protein-protein interactions with the complex. This once again 

implicates Axin, which binds the intracellular domain of LRP5 and facilitates Wnt 

signal transduction by activating LEF-1 (Mao et al., 2001). Once activated, 

LEF/TCF TFs promote transcription of Wnt target genes, which are numerous and 

critical for many cellular processes, including stem cell renewal and maintenance 

(Komiya and Habas, 2008; Willert et al., 2003).  

Wnt signaling is the main driving force behind ISC proliferation and self-

renewal. Within the stem cell crypts, Wnt proteins and pathway components are 

readily expressed. For example, Wnt proteins Wnt-3, Wnt6, and Wnt-9b and Wnt 

receptors Frizzled 4, Frizzled 6, Frizzed 7, LRP5, and secreted Frizzled-related 

protein 5 are highly expressed in stem cells. Wnt-2b, Wnt-4, Wnt-5a, Wnt-5b, 

Frizzled 4, and Frizzled 6 are expressed in terminally differentiated epithelial cells  
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Figure 1.4. Canonical mammalian Wnt signaling pathway.  
In the absence of Wnt ligand binding, the Wnt signaling pathway is “off.” The 
destruction complex, comprised of tumor suppressor APC, GSK3, Axin, and CK1, 
binds and tags β-catenin for proteasomal degradation via CK1 and GSK3-
mediated phosphorylation. Wnt signaling is “on” when Wnt binds Fz with the 
assistance of the LRP5/6 co-receptor complex (Axin, APC, GSK3), Dvl is also 
recruited to the plasma membrane. The formation of this complex at the plasma 
membrane results in an accumulation of β-catenin in the cytoplasm, where it can 
translocate into the nucleus, bind LEF/TCF transcription factors and modulate 
downstream gene expression. Figure created by BioRender. 
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(Gregorieff et al., 2005). Wnt proteins are morphogens and from concentration 

gradients that influence signaling at a distance in the stem cell crypt. Wnt3, for 

example, is produced by Paneth cells and localizes on the cell surface. Wnt3 is 

unable to diffuse but can be transferred from the Paneth cell to its neighboring cell, 

a Lgr5+ ISC, where Frizzled receptors tether Wnt3 at the membrane. Through stem 

cell division, the number of Wnt3 tethered on the membrane is diluted as it is 

retained by subsequent daughter cells, thus creating a short-range gradient (Farin 

et al., 2016).  

Canonical Wnt/β-catenin signaling is essential for the homeostasis of the 

stem cell crypt, including TCFs, the DNA-binding effectors of the Wnt pathway. 

TCF-4 specifically seems to have an essential role in maintaining intestinal 

homeostasis. TCF-4 expression is seen throughout the crypt-villus axis (Gregorieff 

et al., 2005), and are crucial for proliferation of intestinal epithelial cells. Studies 

conducted by van Es et al. in Tcf4-ablated (VillinCreERT2_Tcf4LoxP/LoxP) mice show 

major loss of Olfm4+ and Lgr5+ stem cells. Inspection of the fate of reserve stem 

cells expressing Bmi1, itself not a Wnt target, showed that Bmi1 expression was 

retained long after that of Lgr5 and was only eliminated after crypts vanished. 

Paneth cells, in which Tcf4 expression is high, were eliminated upon Tcf4 loss (van 

Es et al., 2012a). Altogether, this illustrates the importance of Wnt/β-catenin 

signaling in intestinal epithelial homeostasis.  
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Before I move onto the other notable signaling pathways present in the 

intestinal stem cell niche, I would be remiss not to mention the non-canonical (or 

β-catenin-independent) Wnt signaling pathways that exist: the planar cell polarity 

(PCP) pathway and the Wnt/Ca2+ pathway. What is known about the PCP pathway 

came from studies done primarily in Drosophila. The PCP pathway stimulates 

small GTPases Ras-related C3 botulinum toxin substrate 1 (Rac1) and ras 

homolog gene family member A (RhoA). Protein kinases rho-associated, coiled-

coil-containing protein kinase (ROCK) and JNK have also been implicated in the 

PCP pathway. Activated Rac1 and RhoA induce cytoskeletal remodeling whereas 

ROCK and JNK affect gene transcription in order to mediate cell polarity 

establishment and cell migration (Wu et al., 2013; Zallen, 2007). The Wnt/Ca2+ 

pathway, on the other hand, stimulates phospholipase C (PLC), which mobilizes 

intracellular Ca2+ and activates Ca2+-dependent effectors, such as protein kinase 

C (PKC) and calcineurin (Krausova and Korinek, 2014). Other alternative Wnt 

pathways exist; however, more studies are needed to elucidate their roles and 

components.  

R-spondins are an important group of niche factors that serve as Wnt 

agonists. R-spondins belong to a superfamily of thrombospondin type-1 repeat 

(TSR-1)-containing proteins. In vertebrates, there are four secreted R-spondins, 

RSPO1-4. R-spondins are approximately 35 kDa in size and contain two defining 

structural features: furin-like repeats (located at the amino-terminus) that are 

necessary and sufficient for Wnt signal propagation and a thrombospondin domain 
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(carboxy-terminus) that bind matrix glycosaminoglycans and/or proteoglycans (de 

Lau et al., 2012). R-spondins upregulate Wnt signaling by binding orphan 

receptors LGR4 and LGR5, which bind R-spodins with high affinity and promotes 

Wnt signaling by increasing LRP6 phosphorylation and β-catenin stabilization 

(Carmon et al., 2011). Additionally, R-spodin inhibits E3 ubiquitin ligase zinc and 

ring finger 3 (ZNRF3) and its homologue ring finger 43 (RNF43), Wnt pathway 

inhibitors. ZNRF3 and RNF43 regulate the stability of Wnt receptors LRP6 and 

Frizzled by promoting receptor turnover, thus dampening Wnt signaling. To 

counteract this, R-spondin inhibits ZNRF3 and RNF43 by binding their extracellular 

domains and induces membrane clearance via LGR4, thus stabilizing Wnt 

receptors and signaling (Hao et al., 2012). Within the stem cell crypt, R-spondins 

regulate Lgr5+ ISCs, and Wnt and R-spondins work cooperatively to induce stem 

cell renewal and proliferation (Yan et al., 2017).  

The Notch pathway regulates many aspects of development in multicellular 

eukaryotes, including determining cell fate. Notch signaling facilitates short-range 

communication between cells and in most cellular contexts, Notch signaling 

requires physical cell-cell contact. In a context-dependent manner, Notch signaling 

may either promote or inhibit cell proliferation, death, and differentiation. 

Proteolysis is a major component of canonical Notch signaling. Intracellular 

proteolysis of Notch1 or Notch2 receptors, brought upon by ligand binding (Dll1 

and Dll4), results in the release of the Notch intracellular domain (NICD). The NICD 

travels to the nucleus where it interacts with a DNA-binding protein (transcription 
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factor RBP-J𝜅) to create a transcription complex that regulates target genes 

(Kopan and Ilagan, 2009). Within the intestinal stem cell crypt, Notch1 and Notch2 

are expressed exclusively by crypt stem cells; however, Notch1 specifically is 

expressed in multipotent cells capable of generating all differentiated cell types of 

the intestine. The Notch pathway supports the rapidly dividing crypt base columnar 

(CBC) cells, or ISCs, by promoting proliferation and differentiation into absorptive 

cell types, such as enterocytes, rather than into secretory cell types. Inhibition of 

the Notch pathway resulted in CBC cell loss, decreased proliferation and 

apoptosis, and differentiation of epithelial progenitor cells into secretory lineage 

cells, thus illustrating the significance of Notch signaling in stem cell fate 

determination and intestinal homeostasis (VanDussen et al., 2012).  

Like other developmental pathways, the Hedgehog (Hh) signaling pathway 

plays a critical role during both development and homeostasis by regulating 

cellular differentiation and proliferation. Three Hh ligands exist within the 

mammalian Hh pathway: Sonic hedgehog (Shh), Indian hedgehog (Ihh), and 

Desert hedgehog (Dhh). All three can bind the receptor Patched (Ptch1), which 

inhibits the 7-transmembrane receptor Smoothened (Smo) and restricts Hh 

signaling. However, if a ligand binds Ptch1, Smo inhibition is released and the Gli1 

proteins that had amassed at the cytoplasmic tail of Smo can translocate into the 

nucleus and bind Hh target genes (Lum et al., 2003). Hh signaling is strictly 

paracrine and plays an enormous role in gastrointestinal patterning, villus 

formation, and crypt-axis establishment during development (van den Brink, 2007). 
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Previous studies have shown that ablation of Hh ligands Ihh and Shh in mice 

resulted in gastrointestinal abnormalities, such as malrotation, decreased 

muscularity, and aberrant neuronal development (Litingtung et al., 1998; Madison 

et al., 2005; Ramalho-Santos et al., 2000). Ablation of Hh signaling in the adult 

intestine induces abnormal crypt structure and disrupted lipid transport (Wang et 

al., 2002). Ihh is readily expressed in and by mature Paneth cells at the crypt base 

to maintain undifferentiated Paneth cell precursors. It was discovered that 

peroxisome proliferator-activated receptor β (PPARβ) acts as an important 

regulator of Ihh signaling to promote Paneth cell differentiation and maturation 

(Varnat et al., 2006). Thus, Hedgehog signaling is important for maintaining crypt 

homeostasis and determining cell fate.  

Lastly, the bone morphogenetic protein (BMP) pathway has the 

instrumental role of directly counteracting Wnt/β-catenin activity in the stem cell 

crypt. BMPs are members of the transforming growth factor β (TGF-β) superfamily 

who signal through serine-threonine kinase receptors and Smad proteins. To 

transduce signaling, BMPs bind type II (i.e., BMP type II receptor, BMPR-II, activin 

type II receptor, ActR-II, and activin type IIB receptor, ActR-IIB) and type I 

receptors (i.e., activin receptor-like kinases ALK-2, ALK-3, and ALK-6). Upon BMP 

ligand binding, type II serine-threonine kinase receptors (whose kinase domains 

are constitutively active) phosphorylate the Glycine-Serine (GS) domains on type 

I serine-threonine receptors and activate downstream signaling through Smad-

dependent or Smad-independent pathways (Miyazono et al., 2005). In the 
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intestinal epithelia, BMP signaling controls stem cell renewal by inhibiting Wnt/β-

catenin signaling. He et al. showed that conditionally inactivated Bmpr1a, a BMP 

type 1 receptor recruited by type II receptors following binding of ligands BMP2 

and BMP4, disrupted intestinal homeostasis and induced expansion of stem and 

progenitor cells via β-catenin. In fact, a fine balance between BMP and Wnt/β-

catenin signaling is required for stem cell homeostasis (He et al., 2004). BMP can 

also inhibit stem cell hyperproliferation and stemness by directly suppressing 

signature stem cell genes in a Smad-dependent but Wnt/β-catenin-independent 

manner (Qi et al., 2017). Thus, BMP maintains stem cell crypt homeostasis in 

diverse ways.  

The intestinal epithelium is carefully and meticulously controlled by several 

crucial signaling pathways, and the balance struck between pathways enable 

regulation of stem cell proliferation, survival, and differentiation. Aberration in any 

one pathway or in the associations between pathways has swift and detrimental 

consequences, not least of which is cancer.  

Epithelial Role in Colorectal Cancer  

Colorectal cancer (CRC) was the second deadliest cancer in the United 

States in 2020. CRC etiology is multifaceted, implicating both genetic and sporadic 

mutations as well as associated modifiable environmental risk factors 

characterized as westernization (i.e., obesity, physical inactivity, poor nutrition, 

alcohol consumption, and smoking). The incidence rate of CRC increases 
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dramatically with age, approximately doubling with every 5-year age increase until 

the age of 50 and increasing thereafter 30% each year past the age of 55. 

Interestingly (and unfortunately), the incidence rate of CRC in people younger than 

50 is increasing, although the exact cause of this rise is unclear. CRC screening 

is an invaluable tool for preventing the disease. In fact, screening contributed to a 

53% decrease in CRC from the 1970s through to 2000. Modern treatment of CRC 

has led to an improvement in survival (dependent upon stage of disease) due to 

advances in surgical techniques and individualized medicine (Islami et al., 2018; 

Keum and Giovannucci, 2019; Siegel et al., 2020). Nevertheless, understanding 

the pathobiology of CRC is the greatest tool in combating it.  

Between 2-5% of CRC cases are due to inherited syndromes, such as 

Lynch syndrome, familial adenomatous polyposis (FAP), and hamartomatous 

polyposis syndromes. Notably, all three are autosomal-dominant disorders. Lynch 

syndrome, also called hereditary nonpolyposis colorectal cancer, features a 

germline mutation in a class of genes implicated in DNA mismatch repair (MMR), 

a crucial cellular process by which single-base mismatches and insert-deletion 

loops that occur during DNA replication are repaired. Mutated MMR genes seen in 

Lynch syndrome include hMSH2, hMLH1, hMSH6, and hPMS2. About 90% of 

cases implicate a mutation in either hMSH2 or hMLH1, 10% implicate a mutation 

in hMSH6, and a mutation in hPMS2 is rarely seen. Since Lynch syndrome patients 

have a 50-80% of developing CRC in their lives, early screening starting from 20 

years of age is strongly suggested (Jasperson et al., 2010; Stoffel et al., 2009).  



 32 

Familial adenomatous polyposis (FAP) syndrome is the second-most 

commonly inherited syndrome (1 in every 100,000 individuals) and makes up 

about 1% of total CRC cases. Characteristics include formation of hundreds to 

thousands of adenomas in the colon that start during adolescence. If left untreated, 

FAP will develop into CRC by the age of 39, on average. FAP develops due to a 

mutation in APC, a Wnt pathway-associated tumor suppressor. A diagnosis is 

made when an individual carries at least 100 colonic adenomas, and due to the 

high risk of CRC development, patients begin CRC screening at age 10 and may 

undergo a colectomy (removal of any extent of the colon) if the burden of colonic 

adenomas becomes too great (Jasperson et al., 2010; Ma et al., 2018).  

Lastly, hamartomatous polyposis syndromes include Peutz Jeghers 

syndrome (PJS) and juvenile polyposis syndrome (JPS). Like other heritable 

syndromes, both PJS and JPS are associated with an increased lifetime risk of 

cancer (approximately 90% and 40%, respectively). PJS polyps mainly occur in 

the small bowel and feature an arborizing characteristic in which the muscularis 

mucosa grows into a tree-like structure within the intestine. The main mutation 

present in PJS is of tumor suppressor LKB1, found in 90% of PJS cases. LKB1 is 

important for many cellular processes, including cell cycle arrest and p53-mediated 

apoptosis. JPS is defined by the presence of three or more juvenile polyps in the 

stomach or small bowel. JPS polyps typically feature expansion of the stromal 

compartment and changes to the epithelium. The driving mutation is less defined 

for JPS and is thought to be a germline mutation in either SMAD4 or BMPR1A, 
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which is found in 50-60% of JPS patients. CRC screening is recommended for 

both PJS and JPS patients every 2-3 years beginning at the onset of symptoms 

(Haramis et al., 2004; Jasperson et al., 2010; Ma et al., 2018). Despite the clear 

link between heritable intestinal disorders and CRC, the number of CRC cases that 

derive from Lynch syndrome, FAP, PJS, or JPS is very small compared to the 

majority of cases that derive from sporadic mutations.  

Sporadic colorectal tumors arise from an activating mutation in an oncogene 

coupled with inhibition of tumor suppressor genes, that latter of which generally 

predominates. This begins a cascade of subsequent mutations, of which 4-5 must 

occur to create a malignant tumor. The total number of mutations, not necessarily 

the order in which they occurred, determines the tumor biology (Fearon and 

Vogelstein, 1990). The accumulation of mutations, as well as the observation that 

colorectal tumors can develop from benign adenomatous polyps (adenomas), 

suggests a stepwise progression from normal epithelia to dysplastic epithelia to 

carcinoma. This became what is known as the adenoma-carcinoma sequence 

(Leslie et al., 2002).  

An early mutation in tumor suppressor APC is often seen in premalignant 

colon adenomas. APC interacts with many proteins, including GSK3β, end binding 

protein (EB) 1, and most notably, β-catenin. As previously described, APC inhibits 

β-catenin by promoting its degradation. However, a loss-of-function mutation of 

APC results in elevated β-catenin-TCF-mediated transcription. Mutation in APC is 
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seen in 40-80% of CRC tumors (Bienz and Clevers, 2000; Leslie et al., 2002). 

Additional mutations, however, are observed in adenoma-carcinoma progression, 

such as KRAS, P53, or SMAD4 mutations (Leslie et al., 2002; Sillars-Hardebol et 

al., 2010). KRAS, one of three oncogenes in the ras gene family, mediates signal 

transduction of regulatory pathways involved in cell proliferation and differentiation. 

Activated KRAS mutations are present in approximately 45% of CRC tumors 

(Wang and Fakih, 2021). P53 is the most commonly mutated protein in human 

cancer. P53 blocks cell proliferation and stimulates DNA repair upon DNA damage. 

In the event that DNA damage cannot be completed, P53 promotes apoptosis. It 

is believed that functional inactivation of P53, as well as inactivation of tumor 

suppressor SMAD4 of the TGF-β pathway, is tied to the adenoma-carcinoma 

transition (Caron de Fromentel and Soussi, 1992; Lane, 1992; Leslie et al., 2002; 

Smit et al., 2020).  

Only about 60-85% of sporadic colorectal tumors develop via the adenoma-

carcinoma sequence. The remaining 15-40% occur via an alternative pathway, 

termed the serrated pathway. The crypt epithelium of adenomas or polyps 

associated with the serrated pathway exhibit a “saw-tooth” or stellate appearance 

and are distinguishable from traditional adenomas, which have tubular or villous 

histology. Three main classes of serrated polyps exist: sessile serrated adenomas 

or polyps (SSA/Ps), traditional serrated adenomas (TSAs), and hyperplastic 

polyps (HPs), and all three have a high chance of developing into colorectal 
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serrated adenocarcinoma, a subset of CRC (García-Solano et al., 2010; Nakanishi 

et al., 2019).  

Transcriptomic studies have elucidated the molecular and epigenetic 

pathways that promote the serrated pathway, termed the serrated neoplasia 

pathway and of which there are three components: chromosomal instability (CIN), 

microsatellite instability (MSI), and CpG island methylation (CIMP). These 

characteristics are not necessarily exclusive to serrated polyps; they are seen in 

other types of polyps, such as those in Lynch syndrome. However, they do feature 

prominently in the serrated pathway (Kim and Kim, 2018). Prior to the occurrence 

of CIN, MSI, or CIMP, an activating mutation in BRAF (BRAFV600E) is present and 

is the most commonly identified mutation in serrated tumors. BRAF, a member of 

the Raf family of serine-threonine kinases, mediates cellular responses to growth 

signals through the RAS-RAF-MAP kinase pathway. BRAFV600E constitutively 

activates this pathway, resulting in increased cellular proliferation, differentiation, 

and survival. BRAFV600E leads to the formation of multivesicular HPs (MVHPs) and 

SSA/P, which feature increased CIMP and promoter silencing of tumor suppressor 

genes, including hMLH1, a prominent MMR gene. hMLH1 silencing, and thus the 

lack of MMR, results in increased MSI. CRCs that develop from this particular chain 

of events (often referred to as the “classical” serrated CRC type) are classified as 

CIMP-H/MSI-H (“H” meaning high). MSI is associated with 38% of serrated 

pathway-derived CRC carcinomas compared to other carcinoma types (Kambara 
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et al., 2004; Koinuma et al., 2004; Mäkinen et al., 2001; Minoo et al., 2007; Snover, 

2011).  

A null mutation in Smad4 has also been connected to serrated adenoma 

and HP formation. Hohenstein et al. observed a spontaneous splice site mutation 

in Smad4 using their Sad (serrated adenoma) mouse model. More specifically, a 

single nucleotide deletion was discovered in the intron 5/exon 6 splice acceptor 

site of Smad4, which caused a frameshift mutation, introduction of an early 

termination codon, and Smad4 mRNA degradation. As discussed previously, 

ablation of the tumor suppressive role of Smad4 and the TGF-β pathway promotes 

malignant transformation from adenoma to carcinoma (Hohenstein et al., 2003). 

Interestingly, SMAD4 is implicated in both models of sporadic CRC: the adenoma-

carcinoma sequence and serrated pathway. This highlights the complexity of CRC 

tumor initiation and progression, much of which is still being debated and studied. 

The intestinal epithelia is a dynamic and complex tissue comprised of 

actively cycling intestinal stem, progenitor, and differentiated cells, each with their 

specific function. Intestinal epithelial homeostasis requires coordination between 

numerous signaling pathways that exist within the stem cell niche.  

It should be appreciated that the intricate and delicate nature of this coordination 

not only sustains the tissue but prevents aberrant signaling, cell growth, and 

tumorigenesis. However, the epithelia does not accomplish this considerable task 

alone. The underlying intestinal mesenchyme plays a significant and nuanced role 
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in supporting epithelial homeostasis, but, like any other tissue, the mesenchyme 

itself has oncogenic potential.  

Adult vertebrate mammalian intestinal mesenchyme  

 Homeostasis 

 During development, the mesoderm gives rise to the mesenchyme, which 

is composed of many cell types, including fibroblasts, myofibroblasts, pericytes, 

and smooth muscle cells. To distinguish individual cell types, cell markers were 

employed. Myofibroblasts are defined by the expression of microfilament ⍺-smooth 

muscle actin (⍺-SMA), type 3 intermediate filaments such as vimentin or desmin, 

collagen type I maturation enzymes such as proyl-4-hydroxylase, and lack of 

expression of epithelial cytokeratins. ⍺-SMA expression is the best marker for 

myofibroblasts although it is not exclusive to the cell type. Pericytes, stromal stem 

cells, the smooth muscle cells of the small intestine villous core, and the muscularis 

mucosae all express ⍺-SMA. Desmin expression, on the other hand, is strong in 

muscle cells (smooth muscle cells of the villous core and the muscularis mucosae) 

and weak in myofibroblasts and pericytes, thus creating a distinction. Staining for 

these cell types allowed for elucidation of their approximate positioning within the 

lamina propria. Notably, myofibroblasts are located just adjacent to the epithelium, 

including the pericryptal region. These myofibroblasts were then termed intestinal 

subepithelial myofibroblasts (ISEMFs) (Madison et al., 2005; Powell et al., 2011) 

(Figure 1.5).  
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Interactions between the epithelium and mesenchyme are constant and are 

important for tissue morphogenesis and homeostasis. For example, epithelial-

derived Hh signals promote mesenchymal cell differentiation. Madison et al. 

showed that blockage of epithelial-derived Hh signals interfered with desmin-

positive smooth muscle cell and ISEMF localization within the lamina propria. 

Desmin-expressing smooth muscle cells of the villous core were disorganized, and 

ISEMF, which normally reside beside crypts, was seen throughout the villus 

appositional to the epithelium in mutant intestine. Furthermore, epithelium adjacent 

to these mal-positioned ISEMF exhibited increased proliferation, suggesting 

ISEMF are capable of releasing pro-proliferative signals to the epithelium. This 

illustrates the importance of epithelia-derived Hh signaling in the development of 

the mesenchyme (Madison et al., 2005). This epithelial-mesenchyme relationship 

is reciprocal in that the intestinal mesenchyme supports epithelial function by 

providing crucial stem cell niche signals.   

It is well-established that multiple critical signaling pathways are required 

for ISC proliferation and self-renewal. Wnt and R-spondin ligands that promote 

Wnt signaling (e.g., Wnts 3, 6, and 9b) are produced in and released by epithelial 

cells. In the event that epithelial Wnt ligand secretion is prevented, mesenchymal 

sources are capable of providing Wnt ligands in the absence of epithelial-derived 

ligands, such as Porc, Wls, and Wnt2b (Figure 1.5). In the intestinal stem cell 

niche, subepithelial mesenchymal cells, including myofibroblasts, expressing 

either Gli1 or Acta2 are a major source of Wnt2b, a potent activator of Wnt   
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Figure 1.5. Mesenchymal cells of the stem cell niche.  
The mesenchyme is heterogenous in composition and includes intestinal 
subepithelial myofibroblasts (ISEMFs), fibroblasts, pericytes, and smooth muscle 
cells. The epithelia and mesenchyme interact frequently through ligand secretion. 
Epithelia-derived Hh ligands support mesenchymal homeostasis whereas 
mesenchyme-derived Wnt ligands support intestinal stem and progenitor cell 
homeostasis. Figure created by BioRender. 
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signaling. Loss of Wnt results in ISC loss and self-renewal capabilities (Valenta et 

al., 2016). Gli1+ mesenchymal cells also serve as a major source of Wnt ligands in 

the colon. Blocking Wnt ligand secretion from Gli1+ mesenchymal cells prevents 

colonic stem cell renewal and leads to compromised colonic epithelium 

(Degirmenci et al., 2018). Further, mesenchymal cells readily express ligands of 

non-canonical Wnt signaling pathways (i.e., Wnt4 and Wnt5). On the other hand, 

Wnt antagonists (i.e., SFRP1 and Dkk-3) are also released by mesenchymal cells, 

altogether suggesting a role for the intestinal mesenchyme in regulating Wnt 

signaling and subsequent epithelial proliferation (Gregorieff et al., 2005; Kabiri et 

al., 2014; McCarthy et al., 2020a; Powell et al., 2011).  

BMP is the major pathway restricting ISC growth and proliferation by 

antagonizing Wnt signaling within the stem cell niche. As Wnt signaling is lowest 

in the villous regions and highest in the stem cell crypt, BMP signaling is the 

opposite: highest at the villous region and lowest in the stem cell crypt. BMP 

antagonizes Wnt by stabilizing phosphatase and tensin homologue (PTEN), which 

in turn decreases Akt activity and nuclear localization of β-catenin (Zhang and Li, 

2005). BMP ligands derive from mesenchymal cells. A recent study by McCarthy 

et al. defined the subepithelial mesenchymal populations responsible for 

establishing the BMP gradient in the stem cell niche (McCarthy et al., 2020b), 

further supporting the fact that mesenchymal cells, especially subepithelial 

myofibroblasts, play a significant role in ISC homeostasis.  
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Cancer 

In addition to contributing to epithelial homeostasis, the mesenchyme has 

the potential to promote CRC. Mesenchymal cells, alongside immune and vascular 

cells, comprise the tumor microenvironment. Fibroblasts are the main 

mesenchymal cell type implicated in intestinal disease and are referred to as 

cancer-associated fibroblasts (CAFs). CAFs contribute to cancer initiation and 

progression via their roles in intestinal inflammation, epithelial proliferation, stem 

cell maintenance, angiogenesis, extracellular matrix (ECM) remodeling, and 

metastasis (Koliaraki et al., 2017).  

The activation and accumulation of CAFs is often associated with CRC 

tumor initiation. CAFs derive from activated fibroblastic cells through an increase 

in TGF-β signaling. TGF-β signaling is high in malignant transformed epithelial 

cells and within the tumor stroma. Interactions between colon cancer cells and 

resident fibroblasts promotes trans-differentiation of the latter into ⍺-SMA+ CAFs, 

along with a shift in TGF-β signaling from epithelia of CRC tumors to the CAFs. 

Elevation of TGF-β signaling in CAFs promotes gene expression of invasion-

related matrix metalloproteinases MMP-2, MMP-3, and MMP-14, as well as 

plasminogen activator inhibitor (PAI-1) and TGF-β1 ligand. This creates a 

feedback loop that promotes TGF-β signaling and tumor progression (Hawinkels 

et al., 2014). 
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In the recent past, research has suggested the existence of a subgroup of 

cells within a CRC tumor capable of promoting tumor growth, metastasis, and 

resistance to therapy called colon cancer stem cells (CSC). Moreover, if isolated 

and injected into an immunocompromised mouse system, CSCs could produce 

tumors that resemble the original malignancy (Hervieu et al., 2021; Vermeulen et 

al., 2010). CSCs exhibit elevated expression levels of Wnt, which is often 

upregulated in CRC. Stromal myofibroblasts have been indicated as a regulator of 

Wnt signaling in the intestine. Vermeulen et al. conducted studies wherein CSCs 

were co-cultured with myofibroblasts or treated with myofibroblast conditioned 

media (MFCM). They observed a significant decrease in molecular and 

morphological differentiation and an increase in tumor clonogenicity and β-catenin 

stabilization, suggesting that myofibroblasts may be extrinsically regulating tumor 

behavior via Wnt. In fact, myofibroblasts associated with CRC tumor cells or CSCs 

secrete hepatocyte growth factor (HGF) and c-Met, two ligands that signal through 

receptor HGFR/c-Met. Both HGF and its receptor are associated with Wnt 

signaling, though the exact connection is unclear. Moreover, Vermeulen et al. went 

on to report that myofibroblasts are capable of creating a “CSC niche” wherein 

Wnt- and tumor-promoting factors impart stemness and other CSC-associated 

characteristics onto more differentiated cells, thus transforming them. Altogether 

this illustrates the important role myofibroblasts of the stromal tumor 

microenvironment play in CRC initiation and progression (Vermeulen et al., 2010).  
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In addition to their role in promoting epithelial transformation and CRC, the 

mesenchyme itself can produce tumors, albeit rarely. One type of stromal tumor, 

gastrointestinal stromal tumors (GIST), arise from mutations in the interstitial cells 

of Cajal, otherwise known as the pacemaker of the gut, and can be found 

throughout the intestine and colon. 10-30% of GISTs are malignant (Greenson, 

2003). Another notable mesenchyme-derived lesion is the “mesenchyme” serrated 

CRC. This subtype of CRC is considerably complex and offers a worst prognosis 

than its serrated CRC counterpart, “classical” serrated CRC (see Epithelial Role in 

Colorectal Cancer) (Nakanishi et al., 2019).  

Mesenchyme serrated CRC develop from SSA/Ps and is characterized by 

microsatellite stability, a mutation in BRAF, elevated TGF-β signaling, and the 

presence of epithelial-mesenchyme transition (EMT). EMT is of particular 

importance due to its consequences on disease severity. EMT is a normal process 

present during embryonic development wherein mesenchymal cells derive from 

primitive epithelium. However, cancer cells hijack this process to dedifferentiate 

and become more malignant (Thiery, 2002). TGF-β signaling is thought to be 

directly responsible for the progression of SSA/Ps to mesenchyme serrated CRC 

and for the increase in EMT, matrix remodeling, and cell migration and invasion, 

all of which contribute to the subtype’s poor prognosis and aggressive disease 

profile (De Sousa et al., 2013; Fessler et al., 2016).  
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The intestinal mesenchyme plays an invaluable role in maintaining overall 

intestinal homeostasis, from providing structural support to cues and ligands for 

the essential signaling pathways present within the stem cell niche. In addition to 

these roles, the mesenchyme can also give rise to its own tumors and cancer 

subtypes (Loe et al., 2021; Powell et al., 2011). Due to the heterogeneous nature 

of its composition as well as the complexities that exist between epithelial-

mesenchymal and intra-mesenchymal interactions, the mechanisms by which the 

mesenchyme sustains homeostasis versus promotes tumorigenesis are still under 

investigation. However, the urgency for and significance of this type of work are 

very much clear.  
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Hippo Signaling in the Adult Vertebrate Mammalian Intestine  

 Like other developmental signaling pathways, the Hippo pathway also plays 

a significant role in the adult vertebrate mammalian intestine, including stem cell 

and epithelial homeostasis, stromal development, and preventing intestinal 

cancer. In this section, I will describe the roles Hippo-YAP signaling plays in the 

adult intestinal epithelia and mesenchyme, including recent discoveries that lay the 

groundwork for the work presented in this dissertation, and the consequences that 

occur when Hippo-YAP signaling goes awry.  

Role of Hippo-YAP signaling in intestinal epithelia  

 Homeostasis and Regeneration 

YAP/TAZ expression is nuclear in the crypts and cytoplasmic in villi in both 

the intestine and colon. Genetic ablation of Yap or Taz in adult homeostatic mouse 

intestine generated no obvious phenotype, possibly due to compensatory activity 

by the other paralog (Barry et al., 2013; Cai et al., 2010; Zhou et al., 2011). This 

suggests that YAP or TAZ are dispensable during homeostasis. A double 

knockout, however, resulted in a decrease in crypt cell proliferation and number of 

ISCs. Thus, YAP/TAZ promote proliferation of intestinal stem and progenitor cells, 

and this role is dependent on TEAD (Imajo et al., 2015).  

Tissue damage can occur during traumatic injury, infection, and aging, and 

tissue repair and regeneration are required to maintain physiological functionality. 
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Like its role in development, Hippo-YAP signaling plays a role in regeneration in 

multiple organs (Fu et al., 2017; Wang et al., 2017). The dextran sodium sulfate 

(DSS)-induced colitis and regeneration model is generally used to study intestinal 

regeneration in mice due to DSS-mediated epithelial damage (Perše and Cerar, 

2012). Although Yap/Taz are dispensable during homeostasis (Barry et al., 2013; 

Cai et al., 2010; Zhou et al., 2011), epithelial Yap/Taz are indispensable during 

regeneration following injury (Barry et al., 2013; Wang et al., 2017). 

Upsteam Hippo kinases MST1/2 and LATS1/2 play major roles in intestinal 

homeostasis and regeneration. Deletion of Mst1/2 in mouse intestine, for example, 

resulted in increased crypt proliferation and dysplasia as well as loss of secretory 

lineage cells. This all resulted ulimately in early mortality (Zhou et al., 2011). Our 

own work in the lab has demonstrated that LATS1/2 are essential and required for 

stem cell maintenance. Deletion of LATS1/2 from Lrig1+ ISCs and progenitor cells 

led to growth and differentiation defects, wherein overall crypt architecture was lost 

and proliferation of crypt cells had expanded beyond the crypt-villus axis (Li et al., 

2020). 

In addition to the roles of YAP/TAZ in the intestinal epithelia during 

homeostasis and regeneration, Hippo-YAP plays a role in colon cancer epithelial 

cells and its crosstalk with the Wnt pathway, though the exact details and 

mechanisms are complicated and under debate. Work from our lab and others 
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have shed light on the complex roles of Hippo-YAP signaling in intestinal 

homeostasis and tumorigenesis (Cheung et al., 2020; Li et al., 2020).  

Work from our lab have demonstrated that LATS1/2 deletion in Lrig1+ 

epithelial cells inhibited Wnt signaling in a YAP-dependent but TEAD-independent 

manner. To do so, YAP/TAZ interacted directly with Groucho/TLE (Transducin-

Like Enhancer of Split), a family of transcriptional repressors known to inhibit TCF 

transcription factors, the effectors of Wnt signaling. Furthermore, YAP/TAZ-

mediated inhibition of Wnt was seen in APC-mutated intestinal disease in which 

LATS1/2 deletion inhibited Wnt pathway-mediated tumorigenesis (Li et al., 2020). 

Findings from another recent report further confirms the role of Hippo signaling, 

specifically MST1/2 and LATS1/2, in maintaining Wnt signaling and ISC function, 

demonstrating that YAP/TAZ activation suppressed Wnt signaling in Lgr5+ ISCs 

(Cheung et al., 2020). Altogether, these findings describe an essential role for 

LATS1/2 in promoting Wnt signaling in the stem cell crypt and for overall stem cell 

maintenance, and that these processes implicate YAP/TAZ (Cheung et al., 2020; 

Li et al., 2020).  

Role of Hippo-YAP signaling in intestinal mesenchyme  

 YAP/TAZ are dispensable for intestinal epithelial homeostasis, but their 

roles in intestinal mesenchymal homeostasis, however, is still largely unexplored. 

Our lab was the first to describe the role of Hippo-YAP signaling in the developing 

gastrointestinal mesenchyme by demonstrating that double knockout of YAP/TAZ 
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results in embryonic lethality at E18.5 and a remarkable growth defect of the 

mesenchymal compartment. Mutant intestines exhibited decreased proliferation 

and a reduced mesenchymal compartment. Furthermore, LATS1/2 ablation and 

YAP activation interferes with mesenchymal cell differentiation. Thus, YAP/TAZ 

are required for the development and expansion of the intestinal mesenchyme 

during embryonic development (Cotton et al., 2017).  

 Little else is known beyond what we uncovered regarding the role of 

YAP/TAZ in the intestinal mesenchyme during embryonic development, including 

the role of Hippo-YAP signaling in the adult mesenchyme and its implications in 

intestinal homeostasis and pathogenesis. This gap in knowledge is directly 

addressed in this body of work.  

Role of Hippo-YAP signaling in intestinal cancer  

 YAP/TAZ are often upregulated in cancer and have been implicated in the 

initiation, progression, and metastasis of several solid tumors. Activated YAP/TAZ 

enables a multitude of cancer-promoting processes, such as cellular proliferation, 

evasion of cell death signals, and promoting stemness (Wang et al., 2013; 

Zanconato et al., 2016). Since YAP/TAZ are expressed in the ISCs and progenitor 

cells of the stem cell crypt, tumors that are comprised of predominantly 

undifferentiated progenitor cells, such as APCmin or APC-deficient adenomas, 

exhibit high YAP/TAZ levels. APC can act as a scaffold for LATS1 and Sav1, 

mediating the formation of the Hippo core kinase cascade-mediated 
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phosphorylation of YAP. Thus, loss of APC significantly impairs YAP 

phosphorylation, which promotes YAP activation. Also due to the loss of APC, β-

catenin levels are also elevated, and combined activation of β-catenin and YAP 

promotes epithelial dysplasia not just within the crypts but also throughout the villus 

region. Strikingly, the areas of dysplasia contain little to no differentiated epithelial 

cell type (e.g., Paneth or goblet cells), suggesting that YAP activation results in 

loss of differentiated cells (Cai et al., 2015; Camargo et al., 2007; Steinhardt et al., 

2008).  

 Loss of upstream Hippo kinases is one culprit in YAP/TAZ-mediated 

tumorigenesis. As discussed previously, elimination of LATS1/2 causes 

overproliferation of progenitor cells albeit in a Wnt-uncoupled manner (Li et al., 

2020). Deletion of MST1/2 from the mouse epithelia also results in unchecked ISC 

proliferation as well as loss of secretory cells. This correlates with an increase in 

nuclear YAP localization and β-catenin activation. Thus, upstream Hippo 

components LATS1/2 and MST1/2 have inhibitory roles on YAP levels and colon 

tumorigenesis (Zhou et al., 2011).  

 An important factor enabling YAP/TAZ in promoting tumorigenesis is 

through Hippo-YAP/TAZ and Wnt crosstalk. YAP/TAZ are often integrated in the 

Wnt pathway. For example, YAP/TAZ can incorporate into the β-catenin 

destruction complex in the cytoplasm. When the Wnt pathway is “off,” YAP/TAZ 

are sequestered by the destruction complex, where it binds Axin1, and rendered 
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transcriptionally inactive. Moreover, their sequestration is essential for β-TrCP 

recruitment and β-catenin destabilization. When Wnt binds its receptor and the 

Wnt pathway is “on,” Wnt ejects YAP/TAZ from the complex. YAP/TAZ can then 

translocate into the nucleus where it can regulate downstream gene transcription 

and expression. In fact, the physical ejection of YAP/TAZ from the destruction 

complex is required for Wnt/β-catenin signaling. Thus, YAP/TAZ can either 

promote or inhibit Wnt signaling, establishing a profound relationship between 

Hippo and Wnt signaling in intestinal tumorigenesis (Azzolin et al., 2014; Camargo 

et al., 2007; Piccolo et al., 2014).  

 The majority of what is known regarding the role of Hippo-YAP signaling in 

intestinal tumorigenesis was studied in the context of the epithelia. Because the 

underlying intestinal mesenchyme directly interacts with and supports the intestinal 

epithelia (Loe et al., 2021; Powell et al., 2011), uncovering the effects of aberrant 

mesenchymal Hippo-YAP signaling is crucial to gaining a clearer picture of 

intestinal pathogenesis and tumorigenesis. This body of work directly addresses 

this open-ended question.  
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Scope of Dissertation  

 The Hippo pathway is a major tumor suppressive pathway that controls 

organ size during development and homeostasis. The Hippo pathway is implicated 

in many cellular processes in order to do so: cellular proliferation, differentiation, 

and apoptosis, amongst others. YAP/TAZ, the major downstream effectors of the 

Hippo pathway, are essential for Hippo signaling, but their dysregulation has 

potentially devastating consequences, such as cancer.  

 Colorectal cancer is the second most deadly cancer in the United States. 

The disease is complex in its etiology, considering the intestine is a complicated 

organ comprised of actively dividing epithelial cells and the underlying 

mesenchyme, heterogenous and inherently multifaceted. Many signaling 

pathways converge on intestinal development and homeostasis, including Hippo. 

While the role of Hippo signaling in intestinal epithelial homeostasis is well-studied, 

its role in adult intestinal mesenchymal homeostasis is less so. Due to the critical 

role the mesenchyme plays in supporting the epithelia in both homeostatic and 

disease conditions, understanding the role of Hippo-YAP signaling in the intestinal 

mesenchyme will allow us a better understanding of the disease as a whole.  

 My dissertation takes a genetic approach in investigating Hippo-YAP in the 

intestinal mesenchyme. By genetically ablating upstream Hippo kinases LATS1/2 

or constitutively activating YAP, I tested the role of the Hippo pathway in multiple 
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mesenchymal cell types: smooth muscle cells, PDGFR+ and Gli1+ mesenchymal 

cells.  

 In Chapter II, I genetically activated Yap (either by ablating Lats1/2 or via 

transgene expression of a constitutively active Yap mutant) in Myh11+ smooth 

muscle cells of the intestine and colon. Using histological and biochemical 

analyses, I determined that YAP activation in terminally differentiated smooth 

muscle cells has largely no effect.  

 In Chapter III, I investigated the role of Hippo-YAP/TAZ signaling by 

genetically activating Yap (either by ablating LATS1/2 or via transgene expression 

of a constitutively active YAP mutant) in PDGFR+ and Gli1+ mesenchymal cells. 

Upon YAP activation, I observed a mesenchymal overgrowth phenotype with 

increased proliferation and decreased smooth muscle actin expression. 

Additionally, I determined that disruption of Hippo-YAP signaling in the 

mesenchyme disturbs the stem cell niche, which drives increased epithelial Wnt 

signaling.  

 In Chapter IV, I tested the perceived increase in epithelial Wnt signaling with 

functional studies. First, I looked at the effect of epithelial Wnt signaling in a 

regeneration context using the well-established DSS colitis model. I demonstrated 

that mesenchymal YAP activation promoted epithelial regeneration. Second, I 

investigated the effect of mesenchymal YAP activation in conjunction with Apcmin/+ 
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intestinal tumorigenesis mouse model. I determined that mesenchymal YAP 

activation exacerbated Apcmin/+ intestinal tumorigenesis.   

 Overall, this dissertation demonstrates the crucial role of Hippo-YAP 

signaling in maintaining intestinal mesenchymal homeostasis and the significance 

of the mesenchyme in post-natal intestinal homeostasis and tumorigenesis. 
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CHAPTER II  

DISRUPTION OF HIPPO-YAP SIGNALING IN INTESTINAL SMOOTH 

MUSCLE CELLS 
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Abstract 

 
 The Hippo pathway plays a role in the development of the intestinal 

mesenchyme; however, its role in the post-natal mesenchyme is unclear. Here I 

use mouse genetics to examine YAP activation, either through ablation of 

upstream inhibitors Lats1/2 or a transgenic activation, in the smooth muscle cells 

of the mesenchyme. Despite evidence of YAP activation in the smooth muscle 

layers of the intestine and colon, overall intestinal morphology remained the same. 

Proliferation and cellular differentiation did not differ between control and mutants 

upon YAP activation. Altogether, this allowed me to conclude that YAP activation 

within the smooth muscle layer does not have a significant effect.  
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Results 

 

Disruption of Hippo-YAP signaling in intestinal gut smooth muscle 

 First, we wanted to look at endogenous YAP/TAZ expression in adult 

wildtype intestine, specifically in the epithelia, mesenchyme, and smooth muscle 

layer. Immunohistochemical staining for YAP/TAZ (Figure 2.1A) and 

immunoblotting (Figure 2.1B) showed strong YAP/TAZ expression in the stroma 

compared to the epithelia. Interestingly, YAP/TAZ expression in the smooth 

muscle layer is significantly higher than in either the stroma or epithelia. To confirm 

YAP/TAZ expression within these three compartments, qRT-PCR analysis of bona 

fide YAP targets Ankrd1 and Ctgf were performed in epithelial, mesenchymal, and 

smooth muscle cells isolated from wildtype intestine. As expected, Ankrd1 and Ctgf 

levels were significantly higher in the smooth muscle compared to both the stroma 

and epithelia (Figure 2.1C).  

To investigate the role of YAP activation in smooth muscle cells, we crossed 

our constitutively active YAP allele, R26YAP5SA (Cotton et al., 2017), or floxed 

Lats1/2 alleles (Lats1/2fl/fl) (Yi et al., 2016) to Myh11CreER (Wirth et al., 2008). The 

R26YAP5SA allele contains five serine-to-alanine mutations at canonical 

phosphorylation sites on which Lats1/2 bind to inhibit YAP. Therefore, this YAP 

mutant cannot be inhibited by Lats1/2 and is constitutively active (Zhao et al., 

2007) The allele also carries a C-terminal IRES-nuclear β-galactosidase tag and 

is targeted to the Rosa26 locus (Figure 2.1D). Cre-mediated recombination was  
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Figure 2.1. YAP/TAZ expression in adult intestinal epithelia, stroma, and 
smooth muscle cells.  
(A) Immunohistochemical YAP/TAZ staining in wildtype intestine. Scale bar, 50 
μm. (B) Immunoblot analysis of YAP/TAZ and GAPDH in wildtype epithelia, 
stroma, and smooth muscle cells. (C) Real-time PCR analysis of YAP targets 
Ankrd1 and Ctgf mRNA levels in wildtype stroma, smooth muscle, and epithelia. 
Data are mean ± SEM., * p<0.05, ** p<0.001. (D) Schematic of R26YAP5SA 
transgene. (E) Immunohistochemical β-galactosidase staining in intestine and 
colon of mutant Myh11CreER; R26YAP5SA animals. Stroma-smooth muscle boundary 
is indicated by dashed line. Scale bar, 50 μm. (F) Real-time PCR analysis of YAP 
targets Ctgf and Cyr61 mRNA levels in post-natal control and Myh11CreER; 
R26YAP5SA mutant smooth muscle cells. Data are mean ± SEM. * p<0.05, ** p<0.01. 
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induced via intraperitoneal injections of 120 mg/kg tamoxifen at post-natal day 30 

(P30) or older and visualized via immunohistochemical (IHC) staining for β-

galactosidase. In Myh11CreER; R26YAP5SA mutants following tamoxifen induction, β-

galactosidase was seen exclusively in the smooth muscle layer of the intestine and 

colon (Figure 2.1E). Furthermore, qRT-PCR analysis of bona fide YAP targets Ctgf 

and Cyr61 showed significantly higher mRNA abundance in Myh11CreER; R26YAP5SA 

smooth muscle cells compared to control (Figure 2.1F).  

YAP activation in Myh11+ smooth muscle cells has largely no effect 

Despite constitutively active YAP expression in this compartment, overall 

intestinal morphology remained unchanged in mutants Myh11CreER; R26YAP5SA and 

Myh11CreER; Lats1/2fl/fl compared to control (Figure 2.2A), although Myh11CreER; 

R26YAP5SA animals did exhibit an increase in smooth muscle thickness whereas 

Myh11CreER; Lats1/2fl/fl animals did not (Figure 2.2B). This difference in smooth 

muscle thickness, however, did not result from changes in proliferation as 

proliferation did not change between mutant and control animals (Figures 2.2C, 

D).  

Next, we examined the possibility of growth and differentiation 

abnormalities. Through immunohistochemical analyses, we observed no 

significant changes in muscle cell (Figures 2.3A, B), intestinal stem cell (Figures 

2.3C, D), goblet cell (Figure 2.4A), terminally differentiated epithelial cell (Figure  
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Figure 2.2. YAP activation in intestinal smooth muscle cells does not affect 
morphology or proliferation of the intestine and colon.  
(A) Histology of intestine and colon of WT,  Myh11CreER; R26YAP5SA, and 
Myh11CreER; Lats1/2fl/fl animals. Scale bar, 50 μm. (B) Quantification of thickness 
of smooth muscle layer in the proximal intestine, distal intestine, and colon of 
WT,  Myh11CreER; R26YAP5SA, and Myh11CreER; Lats1/2fl/fl animals. n=27 per group 
per anatomical location. (C) Immunohistochemical Ki67 staining in intestine and 
colon of WT,  Myh11CreER; R26YAP5SA, and Myh11CreER; Lats1/2fl/fl animals. Scale 
bar, 50 μm. Data are mean ± SEM. * p<0.05, **** p<0.0001. (D) Quantification of 
Ki67+ smooth muscle cells per 500 μm of smooth muscle (SM) layer in intestine 
and colon of WT,  Myh11CreER; R26YAP5SA, and Myh11CreER; Lats1/2fl/fl animals. Data 
are mean ± SEM. 
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Figure 2.3. YAP activation in intestinal smooth muscle cells does not affect 
smooth muscle cell or intestinal stem cell differentiation.  
(A) Immunohistochemical ⍺-SMA (SMA) staining in intestine and colon of 
WT,  Myh11CreER; R26YAP5SA, and Myh11CreER; Lats1/2fl/fl animals. Scale bar, 20 
μm. (B) Immunohistochemical desmin staining in intestine and colon of 
WT,  Myh11CreER; R26YAP5SA, and Myh11CreER; Lats1/2fl/fl animals. Scale bar, 20 
μm. (C) Immunohistochemical CD44 staining in intestine and colon of 
WT,  Myh11CreER; R26YAP5SA, and Myh11CreER; Lats1/2fl/fl animals. Scale bar, 20 
μm. (D) Immunohistochemical SOX9 staining in intestine and colon of 
WT,  Myh11CreER; R26YAP5SA, and Myh11CreER; Lats1/2fl/fl animals. Scale bar, 20 
μm. 
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Figure 2.4. YAP activation does not alter growth or differentiation of goblet 
cell, terminally differentiated epithelial cells, or Paneth cells.  
(A) Alcian blue staining in intestine and colon of WT,  Myh11CreER; R26YAP5SA, and 
Myh11CreER; Lats1/2fl/fl animals. Scale bar, 20 μm. (B) Immunohistochemical 
Keratin 20 staining in intestine and colon of WT,  Myh11CreER; R26YAP5SA, and 
Myh11CreER; Lats1/2fl/fl animals. Scale bar, 20 μm. (C) Immunohistochemical 
lysozyme staining in intestine and colon of WT,  Myh11CreER; R26YAP5SA, and 
Myh11CreER; Lats1/2fl/fl animals. Scale bar, 20 μm. 
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2.4B), or Paneth cell (Figure 2.4C) localization or differentiation status in 

Myh11CreER; R26YAP5SA and Myh11CreER; Lats1/2fl/fl mutants compared to control. 

Although we were unable to examine Myh11CreER; R26YAP5SA and Myh11CreER; 

Lats1/2fl/fl mutants beyond 90 days post-tamoxifen induction due to poor animal 

health induced by severe skin lesions, we concluded that YAP activation in 

intestinal smooth muscle has no significant effect on cellular proliferation or 

differentiation, and that perhaps Hippo-YAP signaling may not play a significant 

role in intestinal smooth muscle homeostasis.  
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Materials and Methods  

Mouse Genetics  

To target intestinal smooth muscle cells, Myh11CreER (Wirth et al., 2008) 

animals were crossed to Lats1flox and Lats2flox (Yi et al., 2016) animals or 

R26YAP5SA (Cotton et al., 2017) animals. All animals except R26YAP5SA (generated 

by our lab) were obtained from Jackson Laboratories. Myh11CreER; R26YAP5SA and 

Myh11CreER; Lats1/2fl/fl mutants were induced with a single intraperitoneal 120 

mg/kg tamoxifen (Sigma) injection at post-natal day 30 (P30) and dissected when 

animals became moribund. All animals use protocols were reviewed and approved 

by The University of Massachusetts Medical School Institutional Animal Care and 

Use Committee (IACUC). 

 

Tissue Collection and Histology  

Animals were euthanized per approved IACUC guidelines and gut tissue 

was harvested from animals and fixed in 10% Neutral Buffered Formalin (NBF) 

overnight at 4°C. For paraffin embedding, tissue was dehydrated, embedded in 

paraffin, and sectioned at 6 μm. For histological analysis, paraffin sections were 

rehydrated and stained with standard hematoxylin and eosin reagents.   
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Immunohistochemistry  

Sections were deparaffinized and rehydrated before undergoing heat-

induced antigen retrieval in 10mM sodium citrate buffer (pH 6.0) for 30 minutes. 

Slides were blocked for endogenous peroxidase for 20 minutes, then blocked for 

1 hour in 5% BSA, 1% goat serum, 0.1% Tween-20 buffer in PBS, and incubated 

overnight at 4°C in primary antibody diluted in blocking buffer or SignalStain® 

Antibody Diluent (Cell Signaling). Slides were incubated in biotinylated secondary 

antibodies for 1 hour at room temperature and signal was detected using the 

Vectastain Elite ABC kit (Vector Laboratories). If counterstained, sections were 

stained with standard hematoxylin and bluing reagents for 1 minute each. Primary 

antibodies used for IHC are found in Table 2.1.  

 

Alcian Blue Staining 

 Sections were deparaffinized and rehydrated before staining with 

commercially available Alcian Blue reagent (Electron Microscopy Services) for 30 

minutes at room temperature, followed by counterstain with nuclear fast red for 5 

minutes at room temperature. Sections were dehydrated in 95% ethanol, 100% 

ethanol, and xylene before mounting.  

 

Primary Mesenchymal Cell Isolation  

Mesenchymal cells were isolated using a published protocol (Koliaraki and 

Kollias, 2016). Briefly, the small intestine was dissected from wildtype animals. The 
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first 5 cm of the duodenum was discarded, and the next 20 cm was used for 

mesenchymal cell isolation. The epithelia were first isolated via 5 mM EDTA 

treatment for 20 minutes at 37°C, 200 rpm and discarded, and the remaining tissue 

was digested via 300 U/mL collagenase XI and 0.08U/mL dispase II for 25 minutes 

at 37°C, 200 rpm. Mesenchymal cells were then strained through 70 μm and 40 

μm cell strainers and collected.  

 

Protein Extraction and Western Blot Analyses 

Wildtype smooth muscle, epithelial, and mesenchymal cells were isolated 

from the mouse intestine. To isolate smooth muscle cells, a one-inch length of the 

intestine was excised, and the epithelia and stroma were scraped from the smooth 

muscle layer with a clean razor blade. The remaining smooth muscle was 

homogenized and lysed using a Dounce homogenizer with 1 mL RIPA buffer. To 

isolate epithelial cells, a two-inch length of intestine was excised, washed with 

PBS, and treated with 4mM EDTA in PBS for 40 minutes at 4°C. The smooth 

muscle layer was removed, and the epithelial cells were centrifuged at 300 g for 

10 minutes at 4°C, then lysed with 1 mL RIPA buffer. Mesenchymal cells were 

isolated as described above (See “Primary Mesenchymal Cell Isolation”) and lysed 

in 1 mL RIPA buffer. All samples were quantified using BCA Reagent. For western 

blot, 18 μg of protein were loaded into each well of an SDS-PAGE gel. Blot was 

probed for YAP/TAZ (1.500, Cell Signaling Technologies) and GAPDH (1.5000, 

BioLegend).  
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RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR 

RNA was isolated from primary epithelial, mesenchymal, and smooth 

muscle cells using Trizol reagent. cDNA synthesis was performed using 

AzuraQuant™ cDNA synthesis kit (Azura Genomics). cDNA was diluted 1:250 

starting from 500 ng RNA, and RT-qPCR was performed on a QuantStudio 6 Flex 

Real-Time PCR System (Applied Biosystems) using AzuraQuant™ Green Fast 

qPCR Mix Lo-Rox (Azura Genomics). Gene expression data were quantified using 

the DeltaDeltaCT method and normalized to Gapdh. All qPCR experiments were 

conducted in biological and technical triplicate, error bars represent mean ± 

standard error mean, and student’s t-test was used to determine statistical 

significance (p values: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** p ≤ 0.0001). 

The list of primers used are listed in Table 2.2.   

 

Quantification of Smooth Muscle Thickness 

Thickness of smooth muscle layer in wildtype, Myh11CreER; Lats1/2fl/fl, and 

Myh11CreER; R26YAP5SA animals was measured using ImageJ (Schindelin et al., 

2012). TIFF files were opened on ImageJ, and the scale for each image was set. 

Using the “straight” line and “measure” tools, thickness of the smooth muscle layer 

was determined at three separate points per image. Measurements were taken of 

the small intestine, large intestine, and colon (26 measurements per anatomical 

location).  
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Table 2.1: Primary Antibodies for IHC and Western blotting (WB) 
 
Antibody Source Cat. # Dilution 
YAP/TAZ Cell Signaling 8418 1:200 (IHC), 1:500 (WB) 
Ki67 Abcam ab15580 1:1000 
CD44 Thermo Fisher 14-0441-82  1:1000 
α-SMA Abcam ab5694 1:1000 
Keratin 20 Cell Signaling  13063 1:500 
β-Galactosidase Abcam ab9361 1:2000 
Desmin Abcam ab15200 1:400 
GAPDH BioLegend 07901 1:5000 
Lysozyme Novus NBP1-95509 1:500 
SOX9 Abcam ab185230 1:2000 
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Table 2.2. Primers for qRT-PCR  
 
Target F 5’-3’ R 5’-3’ 
Ankrd1 GGAACAACGGAAAAGCGAGAA GAAACCTCGGCACATCCACA 
Ctgf TGTGCACTGCCAAAGATGGTGCAC TGGGCAGGCGCACGTCCATG 
Cyr61 GAGGCTTCCTGTCTTTGGCAC ACTCTGGGTTGTCATTGGTAAC 
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CHAPTER III 

 

STROMAL YAP/TAZ ACTIVATION DRIVES MESENCHYMAL 

OVERGROWTH AND INTESTINAL WNT PATHWAY ACTIVATION 
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Abstract 

 

 After observing that YAP activation had largely no effect on smooth muscle 

cells, we next became interested in the Gli1+ and Pdgfr+ progenitor cell populations 

in the mesenchyme, including pericryptal myofibroblasts, due to their role in 

supporting epithelial homeostasis. I again used mouse genetics to target Gli1+ and 

Pdgfr+ mesenchymal cells. I observed that YAP activation in these progenitor cell 

types promoted dramatic mesenchymal overgrowth and suppressed smooth 

muscle differentiation within the mesenchymal compartment. Strikingly, 

mesenchymal YAP activation also resulted in an increase in Wnt signaling to the 

epithelia. Altogether, I demonstrated that disruption of Hippo-YAP/TAZ signaling 

in the mesenchyme compartment disrupts intestinal homeostasis and promotes 

epithelial Wnt signaling.  
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Results 

 

Lats1/2 deletion and YAP activation induces mesenchymal overgrowth  

  Pericryptal myofibroblasts are a subpopulation of stromal cells located 

within the stem cell niche. Recently, several groups have determined that Gli1+ 

and Pdgfr+ pericryptal myofibroblasts serve as an essential source of Wnt ligands 

and are required for ISC niche maintenance (Degirmenci et al., 2018; Greicius et 

al., 2018; Valenta et al., 2016). We next explored the role of Hippo in pericyptal 

myofibroblasts. First, we wanted to visualize Pdgfrβ+ mesenchymal cells within our 

system. To do so, we performed immunofluorescence staining of α-SMA (referred 

to as SMA henceforth) and Pdgfrβ and saw that Pdgfrβ, like Gli1, is expressed by 

a subset of pericryptal myofibroblasts that are SMA+ in both the intestine and colon 

(Figure 3.1), thus confirming their identity as subepithelial myofibroblasts of the 

stem cell niche.  

 To target this mesenchymal subpopulation, we used Gli1CreER (Ahn and 

Joyner, 2004) and PdgfrbCreER (Gerl et al., 2015) mice, both of which were obtained 

from Jackson Laboratories, and crossed them to either Lats1/2fl/fl or R26YAP5SA 

mice. Mutant Gli1CreER; Lats1/2fl/fl, Gli1CreER; R26YAP5SA, and PdgfrbCreER; R26YAP5SA 

animals received a single intraperitoneal (I.P.) tamoxifen to induce recombination. 

Shortly following induction, an overgrowth phenotype was present in the 

mesenchyme of both the intestine and colon (Figure 3.2A). In Gli1CreER; Lats1/2fl/fl  
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Figure 3.1. PDGFRβ expression in subepithelial pericryptal mesenchymal 
cells. Immunofluorescence of Pdgfrβ (green) and SMA (red) in control intestine 
and colon. Top panels show Pdgfrβ and SMA staining indicated by dashed box. 
Scale bar, 20 μm.  
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Figure 3.2. YAP activation in Gli1/PDGFRβ subepithelial stromal cells drives 
mesenchymal overgrowth.   
(A)  Histology of intestine and colon of control, Gli1CreER; Lats1/2fl/fl, Gli1CreER; 
R26YAP5SA; PdgfrβCreER; R26YAP5SA. Scale bar, 50 μm. (B) Immunohistochemical 
YAP/TAZ and vimentin staining of area of mesenchymal overgrowth in Gli1CreER; 
Lats1/2fl/fl. Scale bar 50 μm. (C) Immunohistochemical β-galactosidase and 
vimentin staining of area of mesenchymal overgrowth in Gli1CreER; R26YAP5SA. 
Scale bar 50 μm. (D) Immunohistochemical β-galactosidase and vimentin staining 
of area of mesenchymal overgrowth in PdgfrβCreER; R26YAP5SA. Scale bar 50 μm. 
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mutants, IHC for YAP/TAZ show nuclear expression, indicating that YAP/TAZ 

activation occurred upon Lats1/2 deletion, within the mesenchymal compartment 

(indicated by positive vimentin staining) (Figure 3.2B). In Gli1CreER; R26YAP5SA, and 

PdgfrbCreER; R26YAP5SA mutants, nuclear β-galactosidase expression is seen within 

areas of mesenchymal overgrowths (Figures 3.2C, D). Furthermore, YAP activated 

Gli1/PDGFRβ subepithelial mesenchymal cells were highly proliferative compared 

to control (Figure 3.3A, B). Altogether, these data show that YAP activation, 

induced through transgenic expression or by Lats1/2 deletion, within 

Gli1/PDGFRβ+ subepithelial mesenchymal cells drives mesenchymal overgrowth.  

 

 

Figure 3.3. YAP activation in Gli1/PDGFRβ subepithelial mesenchymal cells 
drives mesenchymal proliferation.  
(A) Immunohistochemical Ki67 staining in control intestine and in areas of 
mesenchymal overgrowths in Gli1CreER; Lats1/2fl/fl, Gli1CreER; R26YAP5SA; 
PdgfrβCreER; R26YAP5SA. Epithelia-mesenchyme boundaries are indicated by 
dashed lines. Me, mesenchyme; Ep, epithelia. Scale bar 50 μm. (B) Quantification 
of Ki67+ mesenchymal cells in control, PdgfrβCreER; R26YAP5SA, Gli1CreER; Lats1/2fl/fl, 
and Gli1CreER; R26YAP5SA. Data are individual points with mean ± SEM. ** p<0.01, 
*** p<0.001.  
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YAP/TAZ activation suppresses SMA expression in Gli1+ progenitors 

 Upon closer examination of mesenchymal overgrowth areas, we observed 

an interesting phenotype regarding SMA expression. Previous studies showed that 

pericryptal Gli1-expressing stromal cells exhibit characteristics of mesenchymal 

progenitor cells, such as the ability to undergo differentiation into several lineages, 

including SMA-expressing myofibroblasts (Degirmenci et al., 2018). While we 

didn’t observe a dramatic phenotype in the smooth muscle layers of Myh11CreER; 

R26YAP5SA or Myh11CreER; Lats1/2fl/fl mutant intestine and colon, we appreciated the 

decrease in SMA expression in the stromal compartment in Gli1CreER; Lats1/2fl/fl 

and Gli1CreER; R26YAP5SA mutants following YAP activation compared to control 

stroma (Figure 3.4).  

 

 

Figure 3.4. YAP/TAZ activation suppressed SMA expression in Gli1+ stromal 
cells but not in Myh11+ smooth muscle cells. 
Immunohistochemical SMA staining in control, Myh11CreER; R26YAP5SA, Gli1CreER; 
R26YAP5SA, and Gli1CreER; Lats1/2fl/fl colon. Scale bar, 50 μm. 
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To explore this further, we generated Gli1CreER; R26mT/mG mice by crossing 

Gli1CreER with the R26mT/mG reporter allele (Muzumdar et al., 2007) .  R26mT/mG  is a 

cell membrane-targeted, dual fluorescent Cre-reporter allele that expresses 

membrane-targeted Tomato (mT) prior to Cre-mediated excision and membrane-

targeted GFP (mG) after excision (Muzumdar et al., 2007). Upon induction with 

tamoxifen, Gli1CreER; R26mT/mG animals showed mGFP+ cells adjacent to crypts, 

indicative of Gli1+ progenitor cells (Figure 3.5A). Immunofluorescence studies 

showed that almost all mGFP+ cells expressed pan-mesenchyme marker vimentin 

(Figure 3.5D) but only a subset expressed SMA (Figures 3.5A), supporting the 

notion that Gli1+ stromal cells are likely the mesenchymal progenitor population 

capable of differentiating into subepithelial myofibroblasts (Degirmenci et al., 

2018).  

However, while almost every β-galactosidase-expressing cell (indicative of 

R26YAP5SA expression) co-expressed vimentin in Gli1CreER; R26YAP5SA mutants 

(Figures 3.5E), very little co-expressed SMA (Figures 3.5B). In fact, we calculated 

the percentage of mGFP+ that co-expressed vimentin or SMA in Gli1CreER; 

R26mT/mG animals and compared it to the percentage of β-galactosidase+ cells that 

co-expressed vimentin or SMA in areas of mesenchymal overgrowth in Gli1CreER; 

R26YAP5SA mutants. We found that while vimentin co-expression remained similarly 

high between Gli1CreER; R26mT/mG and Gli1CreER; R26YAP5SA animals, SMA co-

expression was significantly decreased in Gli1CreER; R26YAP5SA animals compared  
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Figure 3.5. SMA expression was significantly decreased in Gli1+ 
mesenchymal cells following YAP activation.  
(A) Immunofluorescence staining of SMA (red), GFP (indicative of Gli1CreER 
expression), and DAPI in control intestine. Right panel shows SMA and GFP 
overlay of area indicated by dashed box. Scale bar, 20 μm. (B) 
Immunofluorescence staining of SMA (red) and β-galactosidase (green) with DAPI 
in Gli1CreER; R26YAP5SA intestine. Right panel shows SMA and β-gal overlay of area 
indicated by dashed box. Scale bar, 20 μm. (C) Quantification of Gli1 and SMA 
double-positive mesenchymal cells in control and Gli1CreER; R26YAP5SA intestine. 
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Data are mean ± SEM. *** p<0.001. (D) Immunofluorescence staining of vimentin 
(red) and GFP signal (indicative of Gli1CreER expression) with DAPI in control 
intestine. Right panel shows vimentin and GFP overlay of area indicated by dashed 
box. Scale bar, 20 μm. (E) Immunofluorescence staining of vimentin (red) and β-
galactosidase (green) with DAPI in Gli1CreER; R26YAP5SA intestine. Scale bar, 50 
μm. (F) Quantification of Gli1 and vimentin double-positive mesenchymal cells in 
control and Gli1CreER; R26YAP5SA intestine. Data are mean ± SEM.  
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to Gli1CreER; R26mT/mG (Figures 3.5C, F), suggesting that YAP activation in Gli1+ 

cells suppressed SMA expression.  

 

Mesenchymal YAP/TAZ activation promotes Wnt ligand production 

 Gli1+ cells present in the stem cell niche have been reported to be a source 

of Wnt ligands and agonists essential for ISC maintenance (Degirmenci et al., 

2018; Valenta et al., 2016). Therefore, we wanted to determine if Hippo-YAP 

signaling regulates Wnt signaling in Gli1+ mesenchymal cells. We began by 

measuring expression levels of various Wnt ligands and agonists in primary Gli1+ 

mesenchymal cells isolated from Gli1CreER; R26mT/mG (control) and Gli1CreER; 

R26YAP5SA; R26mT/mG (mutant) animals. Interestingly, we saw that YAP activation 

promoted expression of Wnt ligands and agonists Wnt2, Wnt2b, Wnt4, Rspo1, and 

Rspo3 as well as YAP targets Ankrd1 and Ctgf (Figure 3.6A). This suggests that 

Hippo-YAP signaling may regulate Wnt production in the stem cell niche.  

 To test this further, we investigated expression of several well-established 

targets of the Wnt pathway, including Axin2, Cd44, and Sox9 in areas of 

mesenchymal overgrowth in Gli1CreER; Lats1/2fl/fl, Gli1CreER; R26YAP5SA, and 

PdgfrβCreER; R26YAP5SA mutants following induction with tamoxifen. RNAscope 

analysis of Axin2 and IHC staining of CD44 and SOX9 showed elevated 

expression of all three Wnt targets in the epithelial directly adjacent to areas of   
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Figure 3.6. Mesenchymal YAP/TAZ activation promotes Wnt ligand 
production in the stem cell niche.  
(A) Real-time PCR analysis of YAP targets Ankrd1 and Ctgf and Wnt ligands Wnt2, 
Wnt2b, Wnt4, Rspo1, and Rspo3 mRNA levels in control and Gli1CreER; R26YAP5SA 
mesenchyme. Data are mean ± SEM., ** p<0.01. (B) RNAscope™ analysis of 
Axin2 in wildtype epithelia and epithelia adjacent to areas of mesenchymal 
overgrowth in Gli1CreER; R26YAP5SA intestine. Scale bar, 20 μm. (C) 
Immunohistochemical CD44 staining in control, Gli1CreER; Lats1/2fl/fl, Gli1CreER; 
R26YAP5SA; and PdgfrβCreER; R26YAP5SA epithelia. Arrows indicate areas where 
aberrant CD44 expression is present. Scale bar, 20 μm. (D) Immunohistochemical 
SOX9 staining in control, Gli1CreER; Lats1/2fl/fl, Gli1CreER; R26YAP5SA; and 
PdgfrβCreER; R26YAP5SA epithelia. Upper panels show areas indicated by dashed 
boxes. Scale bar, 20 μm.  
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mesenchymal overgrowth in addition to the crypts, where expression is present 

normally (Figures 3.6B-D). Altogether, these data showed that stromal YAP 

activation in both Gli1+ and Pdgfrβ+ mesenchymal cells induced mesenchymal 

overgrowth. Further, YAP activation in Gli1+ mesenchymal cells suppressed 

smooth muscle actin expression but not in Myh11+ smooth muscle cells, and 

promoted Wnt signaling to the adjacent epithelia, thereby altering epithelia-

mesenchyme crosstalk.  

 These data strongly suggest that Hippo-YAP signaling plays a significant 

role in mesenchymal progenitor cell proliferation and differentiation. Perhaps more 

consequentially, Hippo-YAP signaling also contributes significantly to stem cell 

niche maintenance by regulating Wnt ligand levels. Dysregulation of these 

important cellular processes due to aberrant Hippo-YAP signaling jeopardizes 

intestinal homeostasis. Therefore, we felt it was necessary to next determine the 

physiological ramifications of upregulated epithelial Wnt signaling resulting from 

mesenchymal YAP activation.  
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Materials and Methods  

 

Mouse Genetics  

To target Pdgfrβ+ and Gli1+ mesenchymal cells, PdgfrβCreER (Gerl et al., 

2015) and Gli1CreER (Ahn and Joyner, 2004) animals were employed and obtained 

from Jackson Laboratories. PdgfrβCreER and Gli1CreER were crossed to either floxed 

Lats1/2 alleles (Yi et al., 2016) or our R26YAP5SA allele (Cotton et al., 2017). Animals 

of the correct genotypes were induced with intraperitoneal injections of tamoxifen 

at 120 mg/kg at P30 and dissected when animals became moribund. All animals 

use protocols were reviewed and approved by The University of Massachusetts 

Medical School Institutional Animal Care and Use Committee (IACUC). 

 

Tissue Collection and Histology 

Animals were euthanized per approved IACUC guidelines and gut tissue 

was harvested from animals and fixed in 10% Neutral Buffered Formalin (NBF) 

overnight at 4°C. For paraffin embedding, tissue was dehydrated, embedded in 

paraffin, and sectioned at 6 μm. For histological analysis, paraffin sections were 

rehydrated and stained with standard hematoxylin and eosin reagents.   
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Immunohistochemistry 

Sections were deparaffinized and rehydrated before undergoing heat-

induced antigen retrieval in 10mM sodium citrate buffer (pH 6.0) for 30 minutes. 

Slides were blocked for endogenous peroxidase for 20 minutes, then blocked for 

1 hour in 5% BSA, 1% goat serum, 0.1% Tween-20 buffer in PBS, and incubated 

overnight at 4°C in primary antibody diluted in blocking buffer or SignalStain® 

Antibody Diluent (Cell Signaling). Slides were incubated in biotinylated secondary 

antibodies for 1 hour at room temperature and signal was detected using the 

Vectastain Elite ABC kit (Vector Laboratories). If counterstained, sections were 

stained with standard hematoxylin and bluing reagents for 1 minute each. Primary 

antibodies used for IHC are found in Table 3.1. 

 

Immunofluorescence  

 Immunofluorescence studies were performed with either frozen OCT 

sections or paraffin sections. For frozen sections: sections were warmed to room 

temperature before three washes with PBST (PBS + 0.1% Tween-20) and blocked 

with 5% BSA, 1% goat serum, 0.1% Tween-20 buffer in PBS for 1 hour at room 

temperature. Sections were incubated overnight at 4°C in primary antibody in 

blocking buffer. For paraffin sections: sections underwent the same steps as 

described under “Immunohistochemistry” through to incubation at 4°C in primary 

antibody. Sections were incubated in Alexa-Fluor secondary antibodies for 1 hour 
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at room temperature before counterstain with DAPI and mounted. Primary 

antibodies used for IF are found in Table 3.1.  

 

RNAscope of Axin2 

 Staining was performed using RNAscope® 2.5 HD Reagent Kit—RED 

(Advanced Cell Diagnostics). Paraffin sections were deparaffinized in two 5-minute 

washes with xylene, followed by two 1-minute washes with 100% ethanol before 

incubation with RNAscope® Hydrogen Peroxide for 10 minutes at room 

temperature. Heat-activated target retrieval was performed with RNAscope® 1X 

Target Retrieval Reagent for 10 minutes. Sections were then incubated in 

RNAscope® Protease Plus for 15 minutes at room temperature. Axin2 probe was 

then hybridized for 2 hours at 40°C, then amplified with six subsequent AMP 

incubations (AMP 1-6) that alternated between 15 and 30 minutes at 40°C apart 

from AMP 5 and AMP 6, whose incubations are 20 and 10 minutes at room 

temperature, respectively. Signal was developed with Fast RED reagent for 10 

minutes at RT and counterstained with 50% hematoxylin for 30 seconds and 

0.02% ammonium hydroxide for 5 seconds. Slides were then mounted with 

EcoMount mounting media (Biocare) and imaged using brightfield microscopy.  

 

Primary Gli1+ Mesenchymal Cell Isolation and Flow Cytometry  
 

Gli1CreER; R26YAP5SA; R26mT/mG animals were induced with a single injection 

of tamoxifen at 120 mg/kg and sacrificed 16 hours later. Mesenchymal cells were 
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isolated using a previously published protocol (Koliaraki and Kollias, 2016). Briefly, 

the small intestine was dissected from induced Gli1CreERA; R26mT/mG control and 

Gli1CreER; R26YAP5SA; R26mT/mG mutant animals. The first 5 cm of the duodenum 

was discarded, and the next 20 cm was used for mesenchymal cell isolation. The 

epithelia were first isolated via 5 mM EDTA treatment for 20 minutes at 37°C, 200 

rpm and discarded, and the remaining tissue was digested via 300 U/mL 

collagenase XI and 0.08U/mL dispase II for 25 minutes at 37°C, 200 rpm. 

Mesenchymal cells were then strained through 70 μm and 40 μm cell strainers, 

stained for DAPI, and sorted by fluorescence-activated cell sorting (FACS) for 

GFP+ DAPI- population. Sorting was performed at the Flow Cytometry Core 

facilities at University of Massachusetts Medical School using a FACS C-Aria II 

Cell Sorter (BD Biosciences).  

 

RNA Isolation, cDNA Synthesis, and Quantitative Real-Time PCR 
 

Gli1CreER; R26YAP5SA; R26mT/mG animals were induced with a single injection 

of tamoxifen at 120 mg/kg and sacrificed 16 hours later. Mesenchymal cells were 

isolated and sorted as described in “Primary Gli1+ Mesenchymal Cell Isolation and 

Flow Cytometry.” RNA was isolated from sorted mesenchymal cells using Trizol 

reagent. cDNA synthesis was performed using AzuraQuant™ cDNA synthesis kit 

(Azura Genomics). cDNA was diluted 1:250 starting from 500 ng RNA, and RT-

qPCR was performed on a QuantStudio 6 Flex Real-Time PCR System (Applied 

Biosystems) using AzuraQuant™ Green Fast qPCR Mix Lo-Rox (Azura 
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Genomics). Gene expression data were quantified using the DeltaDeltaCT method 

and normalized to Gapdh. All qPCR experiments were conducted in biological and 

technical triplicate, error bars represent mean ± standard error mean, and 

student’s t-test was used to determine statistical significance (p values: * = p ≤ 

0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** p ≤ 0.0001). The list of primers used are 

listed in Table 3.2.  

 

Quantification of Ki67+ Mesenchymal Cells  

 Quantification of Ki67+ mesenchymal cells in control, Gli1CreER; R26YAP5SA, 

Gli1CreER; Lats1/2fl/fl, and Pdgfrβ CreER; R26YAP5SA animals was done manually. Data 

were analyzed using Prism 9.0 (GraphPad). At least seven areas of mesenchymal 

overgrowths were quantified per group. P values were determined by two-tailed t-

test with Welch’s correlation unless otherwise indicated. The p values are as 

follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 

 

Quantification of β-galactosidase/mGFP and a-SMA/Vimentin Co-Localization 

 Co-localization in each of the four groups (β-galactosidase and a-SMA, 

mGFP and a-SMA, β-galactosidase and vimentin, and mGFP and vimentin) were 

manually quantified using confocal images of immunofluorescence co-staining at 

10X magnification of wildtype intestinal mesenchyme and areas of mesenchyme 

overgrowths in Gli1CreER; R26YAP5SA mutants. Eight fields were quantified per group. 

The number of co-expressed cells in each group were presented as the 
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percentage of total number of cells counted and graphed using GraphPad Prism. 

Student’s t-test were used to determine statistical significance (p values: * = p ≤ 

0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** p ≤ 0.0001). 
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Table 3.1. Primary Antibodies for IHC/IF 

Antibody Source Cat. # Dilution 
YAP/TAZ Cell Signaling 8418 1:200  
Ki67 Abcam ab15580 1:1000 
CD44 Thermo Fisher 14-0441-82  1:1000 
α-SMA Abcam ab5694 1:1000 (IHC), 1:200 (IF) 
β-Galactosidase Abcam ab9361 1:2000 (IHC and IF) 
Vimentin Cell Signaling 5741 1:1000 (IHC), 1:200 (IF) 
SOX9 Abcam ab185230 1:2000 
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Table 3.2. Primers for qRT-PCR  

Target F 5’-3’ R 5’-3’ 
Ankrd1 GGAACAACGGAAAAGCGAGAA GAAACCTCGGCACATCCACA 
Ctgf TGTGCACTGCCAAAGATGGTGCAC TGGGCAGGCGCACGTCCATG 
Wnt2 TCGCTGGAACTGCAACACC  AGCAGGACTTTAATTCTCCTTGG  
Wnt2b GGGCCCTCATGAACTTACAC CCACTCACACCGTGACACTT 
Wnt4 ACTGGACTCCCTCCCTGTCT TGCCCTTGTCACTGCAAA 
Rspo1 CGACATGAACAAATGCATCA CTCCTGACACTTGGTGCAGA 
Rspo3 TCAAAGGGAGAGCGAGGA TGCTGTCAGAGGAGGAGCTT 
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CHAPTER IV 

STROMAL YAP/TAZ ACTIVATION PROMOTES INTESTINAL 

PATHOGENESIS 
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Abstract  

 The Wnt pathway is essential for stem cell maintenance and intestinal 

epithelial homeostasis. The mesenchyme, particularly subepithelial mesenchymal 

cells, contribute to the stem cell niche, a microenvironment crucial to ISC and 

epithelial homeostasis. Since YAP activation within this subset of cells promotes 

epithelial Wnt signaling, we wanted to investigate the effect of this phenomenon 

on (1) epithelial regeneration following injury, and (2) Apcmin/+ intestinal 

tumorigenesis. We hypothesized that mesenchymal YAP activation-mediated 

upregulation of epithelial Wnt signaling will expediate epithelial regeneration and 

Apcmin/+ intestinal tumorigenesis. To test this hypotheses, we once again employed 

mouse genetics to activate YAP specifically in Gli1+ mesenchymal cells and 

Apcmin/+, a mouse model used for the study of colon cancer. Additionally, we 

employed the well-established DSS colitis model. We determined that 

mesenchymal YAP activation expediated epithelial regeneration following DSS-

mediated injury and worsened APCmin/+ intestinal tumorigenesis, suggesting that 

Hippo-YAP signaling is critical for preventing intestinal pathogenesis. 
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Results  

Mesenchymal YAP activation promotes intestinal epithelial regeneration 

 The Wnt pathway is a major pathway involved in stem cell maintenance, 

self-renewal, and overall epithelial homeostasis (Clevers and Nusse, 2012; 

Kretzschmar and Clevers, 2017). Since our data suggested that YAP activation 

within the Gli1+ mesenchymal cells of the stem cell niche upregulated Wnt 

epithelial signaling, we hypothesized that mesenchymal YAP activation will 

expediate epithelial regeneration following injury. To test this, we induced control 

and Gli1CreER; R26YAP5SA animals one day prior to treatment with the compound 

dextran sodium sulfate (DSS), regularly used in vivo to model colitis in mice 

(Chassaing et al., 2014). DSS treatment induces massive epithelial death, 

disruption of glandular architecture, and increased inflammation in the colon of 

mice. We treated adult male animals with 2.5% DSS in their drinking water for 7 

days, after which we’d replace DSS water with regular water and allowed an 

additional 14 days for regeneration (Figure 4.1A).  

 After 7 days of DSS treatment (D7), the colon exhibited dramatic loss of 

glandular architecture and the epithelial layer. One week into recovery (D14), the 

colonic mucosae had evidence of wound healing, such as nascent crypts that 

flanked the wound. By D21, the colon appeared fully regenerated (Figure 4.1B). 

IHC staining of CD44 showed crypt structures with high Wnt pathway activation by  
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Figure 4.1. Colonic epithelial regeneration following DSS-mediated injury.  
(A) Schematic of experimental design, indicating tamoxifen treatment, duration of 
DSS treatment and recovery. (B) Histology of wildtype intestine during 
regeneration at time points D7, D14, and D21 following treatment with 2.5% DSS 
for 7 days. Scale bar, 20 μm.  
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Figure 4.2. YAP/TAZ expression and Wnt pathway activation are high during 
regeneration following DSS-mediated injury.  
immunohistochemical YAP/TAZ, CD44, and Keratin-20 staining in wildtype colon 
during regeneration following treatment with 2.5% DSS for 7 days. Scale bar, 20 
μm.  
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D14 and the regeneration of the terminally differentiated epithelial layer by D21, 

indicated by Keratin 20 IHC. Interestingly, YAP/TAZ expression was upregulated 

immediately following DSS-mediated injury and remained at significantly higher 

levels throughout regeneration compared to YAP/TAZ levels prior to injury or after 

recovery (Figure 4.2). This strongly suggests that YAP/TAZ have roles in mediating 

epithelial regeneration following injury.  

 As described previously, Gli1+ mesenchymal cells serve as an essential 

source of Wnt in the stem cells niche during homeostasis. In the context of 

regeneration, interestingly, Gli1+ mesenchymal cells have been shown to expand 

upon DSS-mediated injury, suggesting a role for Gli1+ mesenchymal cells in 

epithelial regeneration (Degirmenci et al., 2018). Thus, we wanted to investigate 

the effect of YAP activation in Gli1+ mesenchymal cells in the context of 

regeneration.  

To do so, we induced Cre-mediated recombination in control Gli1CreER; 

R26mT/mG and Gli1CreER; R26YAP5SA mutants with tamoxifen one day prior to DSS 

treatment (Figure 4.1A). We observed that Gli1CreER; R26YAP5SA mutants exhibited 

less severe injury than their control counterparts immediately following DSS 

treatment. Histological analysis showed disturbances in the overall architecture of 

the colonic mucosae but an intact epithelium at D7 that remained throughout the 

regeneration period (D14-D21) (Figure 4.3A). Whereas control animals achieved 

complete colonic regeneration by D21, Gli1CreER; R26YAP5SA mutants developed  
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Figure 4.3. Mesenchymal YAP activation promotes epithelial regeneration 
following DSS-mediated injury. 
(A) Histology of Gli1CreER; R26YAP5SA colon at timepoints D7, D14, and D21 of 
regeneration. Scale bar, 20 μm. (B) Immunohistochemical β-galactosidase, 
YAP/TAZ, CD44, and vimentin staining in areas of mesenchymal overgrowth in 
Gli1CreER; R26YAP5SA colon at D21. Scale bar, 20 μm. (C) GFP+ Gli1+ mesenchymal 
cells in Gli1CreER; R26YAP5SA; R26mT/mG colon during regeneration. Scale bar, 50 μm. 
(D) Colitis scoring of control and Gli1CreER; R26YAP5SA colon. Data are mean ± SEM., 
** p<0.01.  
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mesenchymal overgrowths (Figure 4.3A), possible due to sustained mesenchymal 

YAP activation. IHC staining of β-gal showed transgenic YAP activation exclusively 

in the mesenchyme of the overgrowths, which also coincided with YAP/TAZ 

staining and an increase in Wnt pathway activation via CD44 staining (Figure 

4.3B).  

 Similar to a report that the Gli1+ mesenchymal cell population expands upon 

injury (Degirmenci et al., 2018), we also observed an increase in R26YAP5SA-

expressing (mGFP+) Gli1+ mesenchymal cells immediately following DSS 

treatment and throughout regeneration (Figure 4.3C). Furthermore, we scored the 

severity of DSS-mediated injury (also referred to as colitis) in which inflammation, 

regeneration, crypt damage, and percent involvement were assessed in the colon 

for both control and mutant groups using a previously published grading system 

(Dieleman et al., 1998), in which an individual total score ranges from 0-14 (least 

severe to most severe). We saw that Gli1CreER; R26YAP5SA mutants significantly 

scored lower than control (Figure 4.3D), indicating that mesenchymal YAP 

activation and subsequent upregulation in epithelial Wnt activation protects against 

severe epithelial injury by promoting epithelial regeneration.  

 

Mesenchymal YAP activation exacerbates APC-mediated tumorigenesis  
 
 Finally, we wanted to test the effect of YAP activation in Gli1+ mesenchymal 

cells on APC-mediated tumorigenesis. APC, or adenomatous polyposis coli, is a 

tumor suppressor, and loss of Apc is closely associated with both genetic intestinal 
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cancer, such as familial adenomatous polyposis (FAP), and sporadic colorectal 

cancer driven primarily by an upregulation in Wnt-β-catenin signaling (Nishisho et 

al., 1991; Sansom et al., 2004). Since epithelial Wnt signaling is upregulated upon 

YAP activation in the Gli1+ mesenchymal cells of the stem cell niche, we 

hypothesized that mesenchymal YAP activation will expediate and increase the 

severity of APC-mediated tumorigenesis in the gut. 

To study APC-mediated tumorigenesis in the intestine, we employed 

Apcmin/+ mice. The Min/+ mutation (Min: multiple intestinal neoplasia) is a dominant 

mutation that induces spontaneous adenoma formation in all carriers (Moser et al., 

1990; Su et al., 1992). We crossed these Apcmin/+ mice to Gli1CreER; R26YAP5SA mice 

to generate Gli1CreER; R26YAP5SA; Apcmin/+ animals.  

Apcmin/+ mice develop adenomas by two months of age. These adenomas 

exhibit increased Wnt signaling as revealed by CD44 throughout the epithelia. 

Interestingly, YAP/TAZ expression was observed in both the mesenchyme and 

epithelia of the adenoma (Figure 4.4B). Thus, we allowed two months for APC-

mediated tumorigenesis before we induced mesenchymal YAP overexpression in 

Gli1CreER; R26YAP5SA; Apcmin/+ animals. We sacrificed moribund animals and 

assessed polyp burden against age-matched Apcmin/+ mice (Figure 4.4A).  

Gli1CreER; R26YAP5SA; Apcmin/+ animals developed adenomas as early as 20 

days post-tamoxifen induction. These adenomas exhibit a large mesenchymal 

overgrowth component alongside the elongated and enlarged intestinal crypts 

characteristic of tubular adenomas. As expected, expansion of the mesenchymal 
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Figure 4.4. APCmin/+ mice develop adenomas by 2 months of age.  
(A) Schematic of experimental design. (B) Histology and immunohistochemical 
staining for CD44 and YAP in an Apcmin/+ adenoma. Scale bar, 20 μm. 
 
 
 
  

Birth

Gli1CreER; R26YAP5SA; 
APCmin/+

APCmin/+

2 mon0 mon

0 mon

Birth Tamoxifen

Sacrifice

Sacrifice

A

YA
P

C
D
44

Control Apcmin/+
B



 101 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Figure 4.5. Gli1CreER; R26YAP5SA; Apcmin/+ developed adenomas by 43 days 
after induction.  
(A) Histology and immunohistochemical staining for β-galactosidase and vimentin 
in an adenoma in Gli1CreER; R26YAP5SA; Apcmin/+ intestine 43 days after tamoxifen 
induction. Scale bar, 20 μm. (B) Histology and immunohistochemical staining for 
β-galactosidase, CD44, β-catenin, and Ki67 in an adenoma in Gli1CreER; R26YAP5SA; 
Apcmin/+ intestine 70 days after tamoxifen induction. Scale bar, 20 μm. 
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compartment (confirmed by vimentin staining) is driven specifically by 

mesenchymal YAP activation (Figure 4.5A). By two months post-induction, 

Gli1CreER; R26YAP5SA; Apcmin/+ animals had developed more advanced and highly 

proliferative adenomas that exhibited mesenchymal YAP activation and increased 

epithelial Wnt activation as revealed by CD44 and β-catenin IHC (Figures 4.5B, 

C).  

 Furthermore, when we examined the number of polyps over time in 

Gli1CreER; R26YAP5SA; Apcmin/+ and Apcmin/+ mutants, we saw that Gli1CreER; 

R26YAP5SA; Apcmin/+ mutants developed polyps at a faster rate than both their 

Apcmin/+ and Gli1CreER; R26YAP5SA counterparts (Figure 4.6A). Moreover, Gli1CreER; 

R26YAP5SA; Apcmin/+ mutants exhibited a statistically higher polyp burden compared 

to Apcmin/+ mutants (Figure 4.6B), suggesting that YAP activation in Gli1+ 

mesenchymal cells exacerbates APCmin/+ intestinal tumorigenesis due to epithelial 

Wnt signaling activation.  

 Altogether, these data make a convincing case for the significant role of 

Hippo-YAP signaling in maintaining intestinal homeostasis. Upregulation of Wnt 

signaling observed in the epithelia following mesenchymal YAP activation 

expediates regeneration following injury as well as exacerbates APC-deficient 

tumorigenesis. Thus, dysregulated Hippo-YAP signaling has the potential to 

promote intestinal pathogenesis, further highlighting its crucial role in regulating 

intestinal homeostasis.  
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Figure 4.6. Gli1CreER; R26YAP5SA; Apcmin/+ mutants developed adenomas at a 
faster rate and carried a higher polyp burden compared to Apcmin/+ alone.  
(A) Polyp load of Gli1CreER; R26YAP5SA; Apcmin/+, Gli1CreER; R26YAP5SA, and Apcmin/+ 
mutants over 100 days. Simple linear regression analysis was performed, and best 
fit lines were determined. (B) Polyp load of Gli1CreER; R26YAP5SA; Apcmin/+ mutants 
versus Apcmin/+ control. Data are individual values, mean ± SEM., * p<0.05.   
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Materials and Methods  

 

Mouse Genetics 

To test the effect of YAP activation in Gli1+ mesenchymal cell in conjunction 

with APCmin/+ on intestinal tumorigenesis, we crossed Gli1CreER; R26YAP5SA to 

APCmin/+ (Moser et al., 1990; Su et al., 1992) and only selected Gli1CreER; 

R26YAP5SA; Apcmin/+ animals for experimentation. To visualize Gli1+ mesenchymal 

cells wherein YAP5SA expression occurred, we crossed Gli1CreER; R26YAP5SA to 

R26mTmG  (Muzumdar et al., 2007). Animals of the correct genotype were induced 

with intraperitoneal injections of tamoxifen at 120 mg/kg at P30 and dissected 

when animals became moribund. All animals use protocols were reviewed and 

approved by The University of Massachusetts Medical School Institutional Animal 

Care and Use Committee (IACUC). 

Tissue Collection and Histology 

Animals were euthanized per approved IACUC guidelines and gut tissue 

was harvested from animals and fixed in 10% Neutral Buffered Formalin (NBF) 

overnight at 4°C. For paraffin embedding, tissue was dehydrated, embedded in 

paraffin, and sectioned at 6 μm. For histological analysis, paraffin sections were 

rehydrated and stained with standard hematoxylin and eosin reagents.   
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Immunohistochemistry 

Sections were deparaffinized and rehydrated before undergoing heat-

induced antigen retrieval in 10mM sodium citrate buffer (pH 6.0) for 30 minutes. 

Slides were blocked for endogenous peroxidase for 20 minutes, then blocked for 

1 hour in 5% BSA, 1% goat serum, 0.1% Tween-20 buffer in PBS, and incubated 

overnight at 4°C in primary antibody diluted in blocking buffer or SignalStain® 

Antibody Diluent (Cell Signaling). Slides were incubated in biotinylated secondary 

antibodies for 1 hour at room temperature and signal was detected using the 

Vectastain Elite ABC kit (Vector Laboratories). If counterstained, sections were 

stained with standard hematoxylin and bluing reagents for 1 minute each. Primary 

antibodies used for IHC are found in Table 4.1. 

DSS Treatment  

 
Gli1CreERA; R26mT/mG control and Gli1CreER; R26YAP5SA; R26mT/mG mutant male 

animals of 8 weeks of age or older were induced with one single dose of 120 mg/kg 

tamoxifen one day prior to treatment with 2.5% w/v dextran sodium sulfate (DSS) 

in autoclaved drinking water. Animals were treated for 7 consecutive days before 

regular drinking water was re-introduced. One animal from each group were then 

sacrificed at pre-determined time points: Immediately following DSS treatment 

(D7), 7 days following DSS treatment (D14), and 14 days following DSS treatment 

(D21). The colon was harvested and prepared for both paraffin and OCT 
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embedding and stained with hematoxylin and eosin as described under “Tissue 

Collection and Histology.”  

 

Colitis Scoring  

Colitis injury was histologically scored using H&E paraffin sections and 

modified criteria previously published by Dieleman et al. (Dieleman et al., 1998) 

(Table 4.2). The following criteria were scored: inflammation (0-3, none to severe), 

regeneration (0-4, complete regeneration to no tissue repair), crypt damage (0-3, 

none to only surface epithelium intact), and percent involvement (1-4, 1-25% to 

76-100%). Thus, a single individual score ranges from 0-14 (least to most severe). 

The distal colons were scored for each animal at three time points: D7, D14, and 

D21 of the regeneration period. Four animals were scored each for both the control 

and mutant groups. Each time point was graphed individually, and Student’s t-test 

was used to determine statistical significance (p values: * = p ≤ 0.05, ** = p ≤ 0.01, 

*** = p ≤ 0.001, **** p ≤ 0.0001).  

 

Visualization of R26mT/mG reporter fluorescence  

 Frozen sections were washed in phosphate buffered saline (PBS) to 

remove OCT and stained with DAPI for 10 minutes at room temperature before 

mounting and imaging via fluorescence microscopy.  
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Quantification of Polyp Load  

Intestinal polyp numbers of Gli1CreER; R26YAP5SA; Apcmin/+ animals was 

quantified manually under brightfield microscopy at 4X against age matched 

APCmin/+ controls. Eight animals were quantified per group. Polyp load was 

graphed as polyp load versus time (days) to determine rate of 

polyposis/tumorigenesis, and polyp load of Gli1CreER; R26YAP5SA; APCmin/+ mice 

versus APCmin/+ controls at 100 days. Student’s t-test was used to determine 

statistical significance (p values: * = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** p 

≤ 0.0001).  

  



 108 

Table 4.1. Primary Antibodies for IHC  

Antibody Source Cat. # Dilution 
YAP/TAZ Cell Signaling 8418 1:200  
YAP Cell Signaling  14074 1:200 
Ki67 Abcam ab15580 1:1000 
CD44 Thermo Fisher 14-0441-82  1:1000 
Keratin 20 Cell Signaling  13063 1:500 
β-Galactosidase Abcam ab9361 1:2000 
Vimentin Cell Signaling 5741 1:1000 
SOX9 Abcam ab185230 1:2000 
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Table 4.2. Histological Scoring Criteria for DSS Colitis  
Modified from Dieleman et al. (1998) 
 
Feature Graded Score Description 

Inflammation  

0 None 

1 Slight 

2 Moderate 

3 Severe 

Regeneration 

4 No tissue repair 

3 Surface epithelium intact 

2 Regeneration with crypt depletion 

1 Almost complete regeneration 

0 None 

Crypt damage 

0 None 

1 Basal 1/3 damaged 

2 Basal 2/3 damaged 

3 Only surface epithelium intact 

4 Entire crypt and epithelium intact 

Percent involvement 

1 1-25% 

2 26-50% 

3 51-75% 

4 76-100% 
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CHAPTER V 
 

 
DISCUSSION 
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Essential role of Hippo-YAP signaling in adult intestinal mesenchyme 

 

 This dissertation explores the role of Hippo-YAP signaling in the adult 

intestinal mesenchyme. The Hippo pathway plays a critical role in intestinal 

homeostasis and tumorigenesis (Hong et al., 2016; Yu et al., 2015a), and while 

much work has been done to understand the role of Hippo-YAP signaling in the 

intestinal epithelia (Cai et al., 2010; Imajo et al., 2015; Li et al., 2020; Zhou et al., 

2011), less is known about its role in the intestinal mesenchyme. Our lab was the 

first to establish the requirement of Hippo signaling in the gastrointestinal 

mesenchyme during embryonic development and demonstrated that YAP 

activation promoted expansion of mesenchymal progenitor populations and 

resulted in embryonic lethality at E14.5 (Cotton et al., 2017). However, the role of 

Hippo-YAP signaling in the adult intestinal mesenchyme is unknown. 

My work addresses this gap in knowledge by describing the essential role 

of mesenchymal Hippo-YAP signaling in maintaining homeostasis in the adult 

intestine. First, I will discuss newly identified findings regarding the differential 

effect of YAP activation in terminally differentiated smooth muscle cells versus 

Gli1+/PDGFR+ progenitor cells, especially as it pertains to SMA expression. 

Second, I will discuss the crucial role of Hippo-YAP signaling in Gli1+ mesenchymal 

cells on stem cell niche maintenance and its effect on intestinal pathogenesis when 

signaling goes awry. I will also examine the implications of these findings on 

intestinal homeostasis as a whole and future directions for this body of work.  
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Differential effect of YAP activation in terminally differentiated cells versus 

progenitor cells in the intestinal mesenchyme 

 

 We took a genetic approach to dissecting the role of Hippo-YAP signaling 

in the mesenchyme by targeting specific subpopulations within the heterogeneous 

compartment. First, we focused on Myh11+ smooth muscle cells and determined 

that despite evidence of YAP activation, the smooth muscle layers and overall 

architecture of the intestine and colon remained unaltered (Figures 2.2-2.4). We 

then investigated Hippo pathway disruption in the Gli1+ and PDGFR+ subepithelial 

progenitor cell populations, which have been established as Wnt sources in the 

stem cell niche (Degirmenci et al., 2018; Greicius et al., 2018). Both Lats1/2 

deletion and YAP activation in Gli1+ and PDGFR+ subepithelial cells induced 

mesenchymal proliferation and overgrowth (Figure 3.2A), in stark contrast to Hippo 

pathway disruption in the smooth muscle layers, where YAP activation had largely 

no effect. This could be due to the difference in basal YAP/TAZ levels, which were 

significantly higher in the smooth muscle layers than in the subepithelial 

mesenchyme (Figure 2.1B, C). Thus, unlike in subepithelial mesenchymal cells, 

YAP/TAZ are probably expressed in high enough amounts in smooth muscle cells 

to mediate function such that additional YAP/TAZ expression had no marked 

impact. 

 Additionally, Gli1+ progenitor cells have the capability to differentiate toward 

several cell types, including SMA-expressing myofibroblasts (Degirmenci et al., 
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2018). However, upon YAP activation, Gli1+ progenitor cells lose SMA expression 

(Figures 3.4A, 3.5C), which is consistent with previous findings from our lab 

demonstrating downregulation of SMA expression in mesenchymal progenitors 

during embryonic development (Cotton et al., 2017). This strongly suggests that 

disturbance in Hippo-YAP signaling in Gli1+ progenitor cells suppresses SMA 

expression and potentially inhibits myofibroblast differentiation of Gli1+ progenitor 

cells. One obvious question that arises from this observation is what cell type does 

it become following SMA inhibition? There are two possibilities: an undifferentiated 

Gli1+ progenitor cell or a fibroblast-like cell. Given that Gli1 expression labels 

multiple subepithelial cell types (Degirmenci et al., 2018; Valenta et al., 2016), it is 

entirely plausible that YAP activation promoted de-differentiation or trans-

differentiation of Gli1+ progenitor cells. A recent report published just last year 

demonstrated a role for YAP in conjunction with TGF-B/Smad pathway in 

promoting trans-differentiation, albeit of cancer-associated fibroblasts (CAF) into a 

myofibroblast phenotype in prostate cancer (Tran et al., 2021). It is within the realm 

of possibility that YAP activation could alter the differentiation state of Gli1+ 

progenitor cells in the intestinal mesenchyme.  

These two major results led us to speculate that differences in the genetic 

and/or epigenetic profiles of terminally differentiated smooth muscle cells and 

mesenchymal progenitor cells may affect how YAP/TAZ modulate expression of 

genes related to cellular growth and differentiation. Further, this work is the first to 
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establish an important role for Hippo-YAP signaling in mesenchymal homeostasis, 

particularly in the critical Gli1+ progenitor cell population.  

 

Connection between mesenchymal Hippo-YAP signaling and epithelial Wnt 

signaling 

 

 Both Hippo and Wnt signaling are essential for intestinal epithelial 

development and homeostasis (Clevers and Nusse, 2012; Hong et al., 2016; 

Krausova and Korinek, 2014). While Wnt and Hippo pathway interactions and 

cross-talk are well-studied in the intestinal epithelia, it is less understood in the 

intestinal mesenchyme. Within the heterogenous mesenchyme is a population of 

subepithelial mesenchymal cells that serve as an essential source of Wnt in the 

stem cell niche (Degirmenci et al., 2018; Valenta et al., 2016). My work focuses on 

the role of Hippo-YAP signaling in this important subpopulation of mesenchymal 

cells, particularly as it pertains to stem cell maintenance and intestinal 

homeostasis.  

 In addition to expansion of the mesenchymal compartment and suppression 

of SMA expression, YAP activation in Gli1+ mesenchymal cells also promotes 

epithelial Wnt activation. I observed a dramatic increase in Wnt ligands Wnt2b and 

Wnt4 as well as Wnt agonists Rspo1 and Rspo3 in R26YAP5SA-expressing Gli1+ 

mesenchymal cells (Figure 3.6A). Several IHC staining for Wnt targets 

convincingly demonstrated an increase in Wnt pathway activation (Figures 3.6B-
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D), suggesting that disruption of Hippo-YAP signaling in Gli1+ mesenchymal cells 

disturbs the stem cell niche and promotes aberrant Wnt signaling. This result, while 

surprising, does not stray far from what is already known and established regarding 

a mesenchymal source of Wnt ligands for intestinal stem cell maintenance and 

renewal (Degirmenci et al., 2018; Greicius et al., 2018; Valenta et al., 2016). The 

revelatory element of these data was uncovering the connection between Hippo 

signaling in Gli1+ mesenchymal cells of the stem cell niche and epithelial Wnt 

signaling. I had already demonstrated that Hippo-YAP signaling controls the 

proliferation and differentiation of Gli1+ mesenchymal cells, thus controlling the 

cellular composition and overall size of the stem cell niche. A dysregulated stem 

cell niche, either through Lats1/2 deletion or YAP activation, promotes epithelial 

Wnt signaling, consequences of which could be detrimental.  

 I tested this further in two specific contexts: regeneration following DSS-

mediated injury and in APCmin/+ intestinal tumorigenesis. In both cases, due 

invariably to the promotion of Wnt signaling in the epithelia, Hippo-YAP signaling 

disruption expediates intestinal epithelial growth and regeneration. DSS-mediated 

injury severely damaged the epithelia, and in most cases completely obliterated 

the tissue layer, YAP activation within Gli1+ mesenchymal cells both protected the 

epithelia from major injury and promoted mesenchymal expansion (Figure 4.3A-

C). In a cancer context, YAP activation in Gli1+ mesenchymal cells exacerbated 

APCmin/+ intestinal tumorigenesis. APCmin/+ mice develop spontaneous intestinal 

adenomas within the first few months of life (Moser et al., 1990; Su et al., 1992). 
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However, in mice expressing both APCmin/+ and mesenchymal R26YAP5SA, 

tumorigenesis was considerably more severe than in APCmin/+ or R26YAP5SA alone. 

Both rate of polyposis and polyp burden were higher in Gli1CreER; R26YAP5SA; 

Apcmin/+ animals compared to both APCmin/+ and Gli1CreER; R26YAP5SA animals 

(Figure 4.6).   

  These data raise an interesting question in regard to APC-deficient 

tumorigenesis, especially the mutations required for adenoma and carcinoma 

formation. As previously described, both FAP and sporadic CRC prominently 

feature a mutation in APC, often resulting in a truncated protein with aberrant 

function (Fearnhead et al., 2001). Often, FAP colorectal tumors develop mutations 

per Knudson’s two-hit hypothesis wherein in addition to a germline APC mutation, 

a second somatic APC mutation or loss of heterozygosity at the APC locus occurs. 

The accumulation of these mutations promote tumorigenesis (Fearnhead et al., 

2001; Knudson, 1971). 

 In our model, dysregulated mesenchymal Hippo-YAP signaling exacerbates 

APCmin-mediated tumorigenesis despite the presence of one wildtype copy of Apc. 

This poses an interesting question: could aberrant mesenchymal Hippo-YAP 

signaling act as a “second hit” mutation in intestinal disease? Although we couldn’t 

observe carcinoma formation in Gli1CreER; R26YAP5SA; Apcmin/+ animals, we could 

infer that the polyps we did observe have the capability to develop into adenomas 

and carcinomas. Within this assumption, a mutation in Hippo-YAP signaling within 

the mesenchyme is sufficient for polyp and tumor formation. This would add a layer 
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of complexity in what is understood regarding the adenoma-to-carcinoma 

sequence or the two-hit hypothesis in CRC. Furthermore, this would be an 

interesting avenue for investigation for this body of work.  

Nonetheless, these data revealed YAP-mediated upregulation in epithelial 

Wnt signaling in Gli1+ mesenchymal cells of the stem cell niche expediates 

epithelial regeneration following injury and exacerbates Apcmin/+ intestinal 

tumorigenesis. This is consistent with our result that Hippo-YAP signaling in Gli1+ 

mesenchymal cells controls Wnt ligand production in the stem cell niche, thus 

illuminating the molecular mechanism by which Hippo-YAP signaling regulates 

epithelia-mesenchyme crosstalk in the intestine. 

Overall, this body of work demonstrated that Hippo-YAP signaling is a 

critical pathway for maintaining intestinal homeostasis and promoting 

pathogenesis when dysregulated. Despite these discoveries, several major 

questions remain regarding the role of Hippo-YAP signaling in intestinal 

homeostasis, including in epithelia-mesenchymal crosstalk, a process crucial for 

the development and homeostasis of the intestine (Le Guen et al., 2015; Maimets 

et al., 2022). First, what genetic or epigenetic elements determine the effect of 

Hippo-YAP signaling on cellular growth and differentiation in the intestinal 

mesenchyme? As my results showed, YAP activation induced a growth defect in 

SMA-expressing Gli1+ mesenchymal cells but had no effect on terminally 

differentiated outer smooth muscle layers.  
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The stem cell niche is crucial to the maintenance of ISCs and includes 

signaling pathways that either promote or inhibit ISC proliferation and self-renewal 

(Santos et al., 2018). Since Hippo-YAP signaling has been shown to interact with 

several other pathways in the stem cell niche, particularly Hh, TGF- β, and BMP 

(Barry and Camargo, 2013), it would be pertinent to determine if Hippo implicates 

other pathways in regulating epithelia-mesenchyme crosstalk.  

  

Future Directions 

 

 This body of work is the first to report that mesenchymal Hippo-YAP 

signaling is essential for intestinal homeostasis. These discoveries also creates a 

slate of new scientific questions that will progress the field forward. Here I will 

present the most pertinent questions that piqued my curiosity and would dictate 

my efforts in further understanding the complexity of Hippo signaling in the 

intestinal mesenchyme.   

  

What genetic or epigenetic elements dictate Hippo-YAP signaling in progenitor 

cells versus terminally differentiated cells?  

 

As I alluded to before, the differential effect of Hippo signaling on SMA 

expression in Gli1+ progenitor cells and terminally differentiated smooth muscle 

cells raises intriguing questions. Although the result could have been due to the 
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difference in basal YAP/TAZ levels between the outer smooth muscle layers and 

Gli1+ progenitor cells, one cannot rule out the possibility that a genetic or 

epigenetic factor is in play.  

 One major factor is the cellular transcriptome, which determines intestinal 

cellular identity. For example, chromatin dynamics define intestinal epithelial cell 

properties, including stemness, plasticity, progenitor cell identity, lineage choice 

and commitment, and terminal differentiation (Fisher and Fisher, 2011; Rispal et 

al., 2020). This could also be the case for intestinal mesenchymal cells. In fact, the 

lab had previously determined that YAP recruits CHD4, a subunit of the NuRD 

(Nuclease Remodeling and Deacetylase) complex in order to repress Myocd, a 

transcription factor co-activator implicated in transcription of smooth muscle cells, 

in YAP5SA-mutant gut mesenchymal cells (Cotton et al., 2017). It would be 

interesting to see if this is also the case in homeostasis. Perhaps Gli1+ progenitor 

cells have more open and accessible chromatin that would allow for YAP-mediated 

gene repression of SMA whereas terminally differentiated Myh11+ smooth muscle 

cells possess more closed chromatin and would not. Nevertheless, performing 

transcriptome analyses in YAP5SA-expressing Gli1+ progenitor cells and control 

Gli1+ progenitor cells would reveal why Hippo-YAP signaling had differential effects 

on SMA expression in cells of varying differentiation status. 
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Does Hippo-YAP interact with other signaling pathways in the stem cell niche to 

mediate epithelia-mesenchyme crosstalk?  

 

 Epithelial-mesenchyme crosstalk is an important process in intestinal 

development and homeostasis and is required for proper crypt-villus axis formation 

and ISC proliferation and self-renewal (Le Guen et al., 2015; Pastuła and 

Marcinkiewicz, 2019). The Hippo and Wnt pathways have been established as 

important signals mediating epithelia-mesenchyme crosstalk and are crucial for 

ISC maintenance. Hedgehog (Hh) signaling is another signaling pathway 

demonstrated by us and others to be intimately involved with both Hippo and Wnt 

signaling and is essential for intestinal epithelial and mesenchymal development 

(Cotton et al., 2017; Huang et al., 2013; Madison et al., 2005; Mao et al., 2010; 

Ormestad et al., 2006).  

In recent years, several groups have shown that mesenchymal Hh signaling 

participates in epithelia-mesenchyme crosstalk and intestinal tumorigenesis. The 

Wnt secreting Gli1+ progenitor cell population was shown to be Hh responsive 

(Degirmenci et al., 2018; Valenta et al., 2016). A report published in 2019 by 

Coquenlorge et al. demonstrated that negative regulators of Hh Sufu and Spop 

maintained appropriate levels of Hh signals within the developing gut, and that 

aberrations in Sufu and Spop activity resulted in growth defects in the epithelia and 

mesenchyme in a GLI2-dependent manner. Further, they demonstrated that GLI2 

transcriptionally activated Wnt ligands in the stem cell niche (Coquenlorge et al., 
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2019). A separate report implicated non-canonical Hh signaling (generally GLI-

independent) in the positive regulation of Wnt signaling in colon cancer stem cells 

(Regan et al., 2017). It would be worthwhile to investigate whether Hh signaling is 

involved in Hippo-YAP-mediated regulation of Wnt ligand production in the stem 

cell niche by first determining if Hh signaling is present in either Gli1CreER; 

R26YAP5SA or Gli1CreER; Lats1/2fl/fl mutants via staining for Hh-related markers or 

quantifying mRNA expression of Hh transcription factors. Although other pathways 

active in the stem cell niche are avenues for investigation, Hedgehog seems the 

most likely to play a crucial role in mediating epithelia-mesenchyme crosstalk.  

 

Are there TAZ-specific roles in intestinal homeostasis and pathogenesis?  

 

 While our study looked at the role of Hippo-YAP/TAZ on mesenchymal 

homeostasis (and thus intestinal homeostasis as a whole), we focused on YAP 

activation in our functional studies testing the role of Hippo-YAP signaling in 

intestinal pathogenesis (i.e., intestinal regeneration following DSS-mediated injury 

and APCmin/+ intestinal tumorigenesis). Although paralogs, both YAP and TAZ can 

operate independently of the other. Much of the work has focused on YAP, but 

studies centered on TAZ are beginning to take shape, especially those elucidating 

the connection between TAZ and tumorigenesis. For example, TAZ has been 

shown to promote cellular processes often associated with cancer, such as 

epithelia-to-mesenchyme transition (EMT), cell migration, and anchorage-
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independent growth in mammary epithelial cell (Yang et al., 2012). A separate 

report demonstrated that TAZ is required for the self-renewal and tumor initiation 

properties of breast cancer stem cells (Cordenonsi et al., 2011). TAZ is not just 

implicated as a tumor promoting transcriptional co-activator, however; in certain 

ovarian cancer cells, TAZ has been shown to promote ferroptosis (Yang et al., 

2020). Again, the role of TAZ remains cell- and context-dependent.  

So far, no report has explicitly explored TAZ in the intestinal mesenchyme 

or epithelia, especially in vivo. Since YAP and TAZ are paralogs and TAZ has been 

connected to promoting oncogenic cellular processes, it would be intriguing to 

explore if TAZ activation alone can recapitulate our results in vivo. We can utilize 

the R26TAZ4SA allele, a constituitvely active form of TAZ, to study the effect of 

activated TAZ on intestinal homeostasis. To study TAZ in the mesenchyme 

specifically, I would cross R26TAZ4SA to Gli1CreER. I would hypothesize that TAZ 

activation in the mesenchye would disturb intestinal homeostasis and promote 

proliferation in both the mesenchymal and epithelial compartments. Out of 

curiosity, it would also be worthwhile to explore the effect of TAZ activation on the 

intestinal epithelia.  Several epithelia-specific inducible Cre mice exist for this 

purpose, such as Lrig1CreER (Powell et al., 2012) and Lgr5CreER (Barker et al., 2007).   

Relevant to our findings, a relatively recent report from Azzolin et al. 

described TAZ as a downstream mediator of Wnt signaling. Azzolin et al. 

demonstrated that upon Wnt pathway activation, both β-catenin and TAZ were 

stabilized. Depletion of LATS1/2 had no effect on this process, which suggested 
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that Wnt-mediated TAZ regulation is Hippo independent. β-catenin and TAZ 

accumulation promoted cell proliferation, as seen in CRC cells wherein mutated 

APC and aberrant Wnt signaling further stabilized β-catenin and TAZ and 

promoted β-catenin-mediated and TAZ-mediated biological processes. Notably, 

TAZ did not operate through β-catenin, nor is it required for TCF-dependent 

transcription. TAZ was capable of eliciting its biological effects alongside β-catenin, 

but TAZ did not require β-catenin to do so. Furthermore, Azzolin et al. reported 

that Wnt-mediated TAZ activity most likely only occurs in adult tissue (Azzolin et 

al., 2012).  

Is it possible that the epithelial cell proliferation due to the upregulation in 

Wnt activity induced by mesenchymal YAP activation we observed in our studies 

is mediated by TAZ? Since Wnt signaling is upregulated in the epithelia due to 

YAP activation in the mesenchyme, is it possible that Wnt is also stabilizing TAZ? 

This would be incredibly interesting to determine since the result would also shed 

light on the mechanism by which Wnt upregulation promotes proliferation of the 

epithelia upon mesenchymal YAP activation. Preliminary IHC staining for β-catenin 

in our mesenchymal YAP activation mutants indicate that Wnt signaling-mediated 

epithelial proliferation is β-catenin-independent. This could suggest that Wnt is 

promoting epithelial proliferation via a non-canonical pathway. Clearly, additional 

experiments are required to determine the exact mechanism and if TAZ plays a 

role.  



 124 

The pursuit of these scientific questions will likely bear fascinating and 

informative fruit, thus allowing a greater understanding of the complex and 

nuanced roles Hippo-YAP signaling plays in intestinal homeostasis and 

pathogenesis. With this greater understanding, we can better develop beneficial 

and effective therapeutics for the intestinal diseases that develop from 

dysregulated Hippo-YAP signaling.  
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Final Thoughts 
 
 
 This body of work is the first to report the essential role of mesenchymal 

Hippo-YAP signaling in intestinal homeostasis. I demonstrated that deletion of 

upstream Hippo kinases LATS1/2 and YAP activation in Gli1+ progenitor cells, a 

crucial subpopulation of mesenchymal cells that act as a source of Wnt ligands in 

the stem cell niche, promotes mesenchymal proliferation and suppresses smooth 

muscle actin expression. This result is in contrast to dysregulation of the Hippo 

pathway in the outer smooth muscle cells where YAP activation largely had no 

effect.  

Furthermore, I reported that mesenchymal YAP activation promotes 

epithelial Wnt pathway activation and subsequent proliferation. This upregulation 

in epithelial Wnt signaling expediated epithelial regeneration following DSS-

mediated injury as well as exacerbated APCmin/+ intestinal tumorigenesis, wherein 

mesenchymal YAP activation compounded with APCmin/+ mutation resulted in 

increased polyp burden.  

Altogether, this dissertation has shown that mesenchymal Hippo-YAP 

signaling is essential for intestinal homeostasis and the prevention of intestinal 

pathogenesis. Through this work, we have a clearer understanding of the role 

Hippo signaling plays in the intestine, and through the questions this work poses, 

we can get one step closer to elucidating therapeutic targets for devastating 

intestinal diseases, including colorectal cancer.  
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