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Characterization and functional modulation of the cancer stem 
cell state in colorectal cancer 

Abstract 

Colorectal cancer (CRC) is the second leading cause of death among cancer 

patients in the United States and is characterized by a high degree of intratumor 

heterogeneity, which likely contributes to the difficulty in curative treatments and its 

common recurrence. Transplantation and lineage tracing studies have identified a subset 

of tumor cells, Lgr5+ cancer stem cells, as a driver of tumor progression in CRC, but 

recent studies suggest plasticity of the cancer stem cell state. Thus, the role of distinct 

tumor cell states in the progression of CRC remains unclear. Furthermore, no inhibitors 

against Wnt signaling, the most commonly mutated pathway driving CRC, have been 

approved for use in the clinic, underscoring the need for orthogonal approaches for the 

treatment of this disease. Studies have shown that activation of the Hippo transcriptional 

coactivator YAP inhibits Wnt in the intestine, but whether YAP behaves as a tumor 

suppressor in CRC by suppressing this pathway remains unknown. Here we demonstrate 

that activation of YAP through Hippo kinase inhibition reprograms intestinal stem cells 

into a wound-healing-like cell state that is low in Wnt and cannot self-renew. Leveraging 

this finding, we found that loss of the LATS1/2 Hippo kinases or activation of YAP is 

sufficient to reprogram colon cancer stem cells to this state and thereby suppress both 

tumor growth and initiation in organoids, patient-derived xenografts, and mouse models 
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of primary and metastatic CRC, establishing the role of YAP as a tumor suppressor in the 

adult colon. Complimentary to these genetic studies, we have developed small molecule 

inhibitors against LATS1/2, which we found to suppress the growth of CRC organoids. 

Altogether, this body of work provides a deeper understanding of the mechanistic 

underpinnings driving progression of colorectal malignancies, paving the way for the 

translation of these findings to novel therapeutics. 
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1.1 Overview of the intestine 

The intestine is the major organ in the body that carries out essential absorptive, 

barrier, and endocrine functions, continuously withstanding insults from the external 

environment (Gehart & Clevers, 2019). To counteract these stresses, the intestine 

constantly renews its epithelial lining to regenerate all the diverse intestinal cell types 

important for homeostatic functions. Key to balancing the intestine’s absorptive and 

barrier functions is its crypt-villus structure and high proliferation. 

Containing millions of crypt-villus units, the intestine is composed of villi, which 

are finger-like protrusions out of the intestinal epithelium surrounded by multiple 

invaginations called crypts of Lieberkühn (Gehart & Clevers, 2019). These villi along the 

intestinal tract increase the surface area and thereby the absorptive capacity of the 

intestine (Gehart & Clevers, 2019). However, this structure also exposes the intestinal 

epithelium to harsh environmental stresses, resulting in the epithelium getting turned 

over every 3-5 days (Darwich et al., 2014; Peterson & Artis, 2014). Core to this cellular 

turnover is the highly proliferative Lgr5+ intestinal stem cells (ISCs) found at the bottom 

of these crypts (Barker et al., 2007), a positioning which protects the stem cells from the 

hazardous digestive environment above (Gehart & Clevers, 2019). They can self-renew 

and give rise to short-lived progenitors called transit amplifying (TA) cells, which may 

then differentiate into many of the absorptive (enterocytes) or secretory (goblet, 

enteroendocrine, and Paneth cells) mature cell types as the TA cells move out of the crypt 

(Gehart & Clevers, 2019). ISCs require high levels of Wnt signaling to maintain their 

stemness, signals which are produced by the Paneth or deep crypt secretory cells in the 

niche of the small intestine or colon, respectively (Sasaki et al., 2016; Sato et al., 2011). 

Indeed, embryonic deletion of the Wnt transcription factor TCF4 prevents development 
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of crypts in mice (Korinek et al., 1998). Wnt antagonists (Kuhnert et al., 2004; Ordóñez-

Morán et al., 2015; Pinto et al., 2003) as well as conditional deletion of Wnt signals 

through β-catenin (Fevr et al., 2007) or the TCF4 transcription factor (van Es et al., 2012) 

lead to loss of proliferative crypts. Because Wnt signals do not travel far beyond the niche, 

a gradient of Wnt signaling forms along this crypt-villus axis (Gregorieff & Clevers, 2005), 

which causes the ISCs to differentiate into mature intestinal cell types as they get pushed 

out of the crypt. Thus, maintaining this gradient of Wnt signaling is essential for normal 

crypt structure and ISC function. 

 

1.1.1 Wnt signaling and cancer 

Wnt signaling is mediated by the transcriptional activity of β-catenin. In the 

absence of Wnt signals, β-catenin is bound to the β-catenin destruction complex, which 

consists of the scaffolding protein Axin, two serine/threonine kinases CK1 and GSK3α/β, 

and the tumor suppressor APC (Behrens et al., 1998; Kimelman & Xu, 2006). In this 

complex, β-catenin is sequentially phosphorylated by CK1 and GSK3α/β at the N-

terminus (Amit et al., 2002; Liu et al., 2002), which targets β-catenin for proteasomal 

degradation by the E3 ubiquitin ligase β-TrCP (Aberle et al., 1997; Hart et al., 1999). In 

the presence of Wnt ligands, which bind to the Frizzled and LRP5/6 receptor complex 

(Bhanot et al., 1996; Pinson et al., 2000; K Tamai et al., 2000; Wehrli et al., 2000), the 

scaffolding protein Dishevelled is recruited to the receptor (Tauriello et al., 2012; 

Wallingford & Habas, 2005), which leads to a series of phosphorylation events on the 

cytoplasmic tail of LRP and sequestration of Axin away from the β-catenin destruction 

complex (MacDonald et al., 2009; Keiko Tamai et al., 2004). These events altogether 

stabilize β-catenin and allow it to translocate to the nucleus, where it can displace the 
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transcriptional repressor Groucho and bind to the TCF family of transcription factors, 

activating downstream target genes associated with proliferation and stemness (Behrens 

et al., 1996; Cavallo et al., 1998; Clevers, 2006; Molenaar et al., 1996; Roose et al., 1998). 

R-spondin, a secreted Wnt agonist, can potentiate Wnt signaling by binding to LGR 

receptors and inducing phosphorylation of LRP6 and clearance of the E3 ligases 

RNF43/ZNRF3, which target Frizzled and LRP6 for proteasomal degradation (Carmon et 

al., 2011; de Lau et al., 2011; Hao et al., 2012; Koo et al., 2012).  

 Dysregulation of Wnt leads to colorectal cancer initiation and progression in 

humans. In particular, inactivation of the gene APC is found in 50-70% of sporadic colon 

cancer patients and results in stabilization of β-catenin and constitutive activation of Wnt 

signaling (Cancer Genome Atlas Network, 2012; Walther et al., 2009). Thus, targeting 

Wnt could be a therapeutic strategy for treatment of these cancers. However, due to the 

role of Wnt in tissue homeostasis and regeneration in many organs, there are currently 

no Wnt inhibitors approved for use in the clinic (Kahn, 2014). Furthermore, many of the 

Wnt inhibitors target upstream of APC, which would limit their use in patients with APC 

mutant colon tumors (Kahn, 2014). As such, approaches targeting β-catenin or 

orthogonal inhibition through crosstalk with another pathway are needed for the 

treatment of CRC (Kahn, 2014). 

 

1.2 Overview of colorectal cancer 

 Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the 

United States with an estimated 150,000 new cases diagnosed and estimated 50,000 

deaths in 2021 (Siegel, Miller, Goding Sauer, et al., 2020). While the incidence of CRC has 

been declining for several decades due to early screening and removal of colon polyps and 
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improvements in treatments, an estimated 20% of patients present with metastatic 

disease and 50% of patients with localized disease develop metastases (Siegel, Miller, & 

Jemal, 2020). Once diagnosed with metastatic disease, the five-year survival rate for these 

patients is 14% (Siegel, Miller, Goding Sauer, et al., 2020), underscoring the need to 

develop better targeted therapies. 

 CRC develops in a stepwise manner though an accumulation of genetic and 

epigenetic changes in oncogenes and tumor suppressors that drive the transformation of 

a benign colon polyp to an adenocarcinoma (Fearon, 2011; Fearon & Vogelstein, 1990). 

This progression, termed the adenoma-carcinoma sequence, posits that tumor initiation 

and distinct stages of tumor progression are driven by particular driver events. About 90% 

of CRCs are initiated by mutations that result in hyperactivation of the Wnt signaling 

pathway, predominantly through mutations or loss of heterozygosity in the tumor 

suppressor APC (Cancer Genome Atlas Network, 2012; Fearon, 2011; Fearon & 

Vogelstein, 1990; Gerstung et al., 2020). This is often followed by mutations that cause 

oncogenic activation of the MAPK pathway and inactivation of TGFβ signaling and TP53 

(Fearon, 2011; Fearon & Vogelstein, 1990; Gerstung et al., 2020). Because this stepwise 

accumulation of mutations is thought to be responsible for driving colon polyps to 

advanced stage cancers, growth within a tumor has been suggested to be driven by fitness 

selection and clonal expansion (Nowell, 1976). 

 

1.2.1 Intratumor heterogeneity in colorectal cancer 

However, this sequential clonal evolution does not describe the extensive 

intratumor heterogeneity evident in CRC (Punt et al., 2016), which is the variability in 

cellular phenotypes and function between subpopulations of tumor cells within the same 
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tumor (Almendro et al., 2013; Marusyk et al., 2012; McGranahan & Swanton, 2015). This 

heterogeneity was first identified over 25 years ago with the finding that clones of different 

ploidies were present within the same tumor (Wersto et al., 1991). In recent years, 

sequencing studies have revealed an additional layer of genetic heterogeneity at a spatial 

level (T. M. Kim et al., 2015; Sottoriva et al., 2015). CRC cells of the same genetic 

background were demonstrated to exhibit functional variability in proliferation, 

persistence, and chemotherapeutic response (Kreso et al., 2013). Furthermore, cancer 

stem cells, a rare population of “stem-like” cells within the tumor (P Dalerba et al., 2007; 

O’Brien et al., 2007; Ricci-Vitiani et al., 2007), have been suggested to contribute to 

phenotypic heterogeneity through multilineage differentiation processes (Piero Dalerba 

et al., 2011). 

This variability in the histology, transcriptional signatures, genetic background 

(Heitzer et al., 2013; C. Yu et al., 2014), and metastatic and proliferative potential has 

many important implications, especially for advanced stage cancers. Because tumors are 

heterogeneous, individual biopsies taken from a tumor may not be representative of the 

entire tumor, preventing the study and treatment of cancer. Different cancer cells will also 

have varied responses to therapy, and thus treatment may leave behind microscopic 

residual disease and lead to relapse (Siravegna et al., 2015). As such, understanding the 

biology of CRC development, in particular which tumor cells are fated to contribute to 

disease progression and the mechanisms underlying their contributions to tumor growth, 

will help better inform future therapeutic strategies.  
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1.2.2 Colon cancer stem cells 

Numerous studies have identified a subset of tumor cells in CRC to drive tumor 

progression. Based on the seminal study in acute myeloid leukemia establishing the idea 

of cancer stem cells (Lapidot et al., 1994), serial transplantation assays first identified 

CD133+ colon tumor cells to have the capacity to form tumors following subcutaneous 

injection of these cells into immunocompromised mice (O’Brien et al., 2007; Ricci-Vitiani 

et al., 2007). Subsequent studies identified additional markers, including 

EpCAMhigh/CD44+/CD166+ (P Dalerba et al., 2007), ALDH+ (E. H. Huang et al., 2009), 

EphB2high (Merlos-Suárez et al., 2011), and Lgr5+ (Cortina et al., 2017; Kemper, 

Prasetyanti, et al., 2012), to mark cancer stem cells in CRC. However, these 

xenotransplantation studies are artificial as cancer cells are isolated from their host 

environment and introduced into a new hostile environment, where cancer cells might 

need to adapt to engraft and initiate new tumors. Furthermore, these markers such as 

CD133 may not be reliable or specific and can change in different genetic and epigenetic 

contexts (P Dalerba et al., 2007; Jeon et al., 2010; Kemper, Versloot, et al., 2012; 

Shmelkov et al., 2008). 

Lineage tracing studies subsequently validated the existence of cancer stem cells 

in CRC to arise de novo and propagate tumors. In murine intestinal and colonic adenomas 

and CRC, stem cell activity was shown to lie within certain subpopulations of cells within 

the tumor (De Sousa E Melo et al., 2017; Goto et al., 2019; Nakanishi et al., 2013; Roper 

et al., 2017; Schepers et al., 2012). Molecular clocks and lineage tracing methods in human 

adenomas and CRC have also revealed stem cell activity (Cortina et al., 2017; Goto et al., 

2019; Humphries et al., 2013; Shimokawa et al., 2017; Siegmund & Marjoram, 2009; 

Sottoriva et al., 2013). Furthermore, targeting of these populations appeared to inhibit 
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tumor growth and, in some studies, metastasis (De Sousa E Melo et al., 2017; Goto et al., 

2019; Shimokawa et al., 2017), suggesting that these cancer stem cells could be clinically 

relevant. Unexpectedly in the studies that targeted the Lgr5+ population, this tumor 

regression was found to be temporary as the differentiated tumor cells were able to 

regenerate the cancer stem cell population once Lgr5+ cell depletion therapy was 

discontinued (De Sousa E Melo et al., 2017; Shimokawa et al., 2017). Another study also 

found that the cancer cells disseminating to the liver were Lgr5- and once in the liver re-

established the Lgr5 differentiation hierarchy (Fumagalli et al., 2020), indicating that this 

cell state is plastic.  

Furthermore, other works indicate that the cancer stem cell state in CRC is also 

microenvironmentally defined. Wnt activity was found to characterize the cancer stem 

cell population and observed to mark tumor cells near the stroma (Vermeulen et al., 

2010). These and other signals from the stroma were demonstrated to induce stem cell 

properties in the differentiated tumor cell population (Lotti et al., 2013; Todaro et al., 

2014; Vermeulen et al., 2010). Recent lineage tracing studies showed that tumor 

expansion is driven by cancer cells at the edge of the tumor irrespective of expression of 

stem cell markers, which was found to be influenced by secreted factors from cancer 

associated fibroblasts (Lamprecht et al., 2017; Lenos et al., 2018). Most recently, 

colorectal cancer cells were found to be hierarchically organized by their protein synthesis 

activity and in zones with those in close proximity to the stroma with high biosynthetic 

capacity and Wnt activity (Morral et al., 2020), supporting the idea that targeting 

properties of the cancer stem cell phenotype and plasticity is of greater importance than 

candidate populations themselves (Piskol & de Sousa e Melo, 2020). Because of these 
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different factors affecting cancer stem cells, the role of distinct tumor cell states in the 

progression of CRC remains unclear. 

 

1.3 Role of Hippo signaling in intestinal homeostasis and cancer 

1.3.1 Overview of Hippo signaling 

A major pathway known to interact with Wnt in the intestine is the Hippo signaling 

pathway, a highly conserved signaling cascade important in organ size control. This 

signaling pathway was first discovered in D. melanogaster in a series of mosaic genetic 

screens, which identified the Hippo pathway components Hippo (Hpo) (Harvey et al., 

2003; Jia et al., 2003; Pantalacci et al., 2003; Udan et al., 2003; Wu et al., 2003), 

Salvador (Sav) (Kango-Singh, 2002; Tapon et al., 2002), and Warts (Wts) (Justice et al., 

1995; Xu et al., 1995) when perturbed to be associated with tissue overgrowth phenotypes 

characterized by increased cell proliferation and reduced cell death. Subsequent work 

established that Hpo together with its partner Sav phosphorylates and activates Wts and 

its partner Mats (Harvey et al., 2003; Lai et al., 2005; Pantalacci et al., 2003; Udan et al., 

2003; Wei et al., 2007; Wu et al., 2003), which in turn phosphorylate and inactivate the 

major downstream effector of the pathway Yorkie (Yki) (J. Huang et al., 2005; Wu et al., 

2008). Phosphorylation of Yki causes it to be sequestered in the cytoplasm, where it 

cannot bind to the transcription factor Scalloped (Sd) and promote transcription of genes 

involved in cell proliferation (J. Huang et al., 2005; Thompson & Cohen, 2006; Wu et al., 

2008). 

The corresponding orthologs were identified to be highly conserved in mammals. 

Like in Drosophila, the mammalian Hippo pathway consists of a core kinase cascade 

MST1/2 (homologs of Hpo) and LATS1/2 (homologs of Wts), which act to regulate the 
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Figure 1.2. YAP/TAZ as downstream effectors of the Hippo pathway. Left, 
When Hippo signaling is off, YAP/TAZ can translocate into the nucleus and activate 
transcription of target genes through TEAD1-4 binding and concomitant chromatin 
remodeling. Right, When Hippo signaling is active, the kinase cascade phosphorylates 
YAP/TAZ, causing their cytoplasmic retention and eventual degradation. 
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major downstream transcriptional effectors of the pathway YAP (YAP1) and its paralog 

TAZ (WWTR1) (both homologues of Yki). When the Hippo pathway is on through a 

number of external signals, MST1/2 together with SAV1 phosphorylate MOB1A/B 

(homologues of Mats) and LATS1/2 (Callus et al., 2006; Chan et al., 2005; Praskova et 

al., 2008; Tapon et al., 2002; Wu et al., 2003), which in turn phosphorylate and inhibit 

the activity and stability of YAP/TAZ through cytoplasmic sequestration via 14-3-3 and 

interaction with the E3 ligase SCFβ-TRCP (Dong et al., 2007; Lei et al., 2008; Zhao et al., 

2007) (Figure 1.2 Right). YAP is directly phosphorylated by LATS1/2 at 5 consensus 

HXRXXS motifs (Zhao et al., 2007, 2010) - when the serines are mutated to alanines, YAP 

cannot be phosphorylated and is active, with the 5SA mutant being more active than the 

single S127A mutant (Zhao et al., 2009). When these sites are non-phosphorylated, 

YAP/TAZ can enter the nucleus and displace VGLL4, preventing its inhibition of the 

TEAD family of transcription factors (Jiao et al., 2014; W. Zhang et al., 2014) (Figure 1.2 

Left). They bind to proximal promoters and distal enhancers of target genes, recruiting 

other factors and remodeling chromatin to activate transcription of genes involved in cell 

proliferation, cell adhesion, and cell migration (Galli et al., 2015; Lian et al., 2010; Stein 

et al., 2015; Zanconato et al., 2015). Indeed, these signaling components have been shown 

to regulate organ size in mammals—activation of Yap expression or inactivation of 

upstream components in mice leads to an abnormal, dramatic expansion of many organs, 

including liver (Camargo et al., 2007; Dong et al., 2007; Yin et al., 2013; N. Zhang et al., 

2010; Zhou et al., 2009) and heart (Del Re et al., 2013; Heallen et al., 2011; Lin et al., 

2014; von Gise et al., 2012; Xin et al., 2011, 2013). 
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1.3.2 Role of Hippo signaling in intestinal homeostasis 

In the intestine, YAP is expressed in the nucleus of cells at the bottom of the crypt 

whereas YAP is more cytoplasmic in the villi (Barry et al., 2013; Camargo et al., 2007; 

Zhou et al., 2011), indicating a role of YAP in the regulation of intestinal stem cells. Early 

work suggested that YAP activation through ubiquitous overexpression of the S127A 

mutant or developmental deletion of Mst1/2 or Sav1 via Villin-Cre leads to expansion of 

the intestinal stem cell compartment and defects in differentiation through potentiation 

of Wnt signaling (Cai et al., 2010; Zhou et al., 2009), suggesting a role for YAP in 

proliferation and expansion of progenitors in the intestine. Barry et al. on the other hand 

observed loss of proliferative crypts and downregulation of Wnt target gene expression 

upon intestinal-specific YAP expression (Barry et al., 2013), confirmed separately by 

Gregorieff et al. in YAP-expressing organoids (Gregorieff et al., 2015). Furthermore, YAP 

loss results in Wnt hypersensitivity to R-spondin1, a potent secreted Wnt agonist that 

promotes crypt proliferation (Barry et al., 2013; K. A. Kim et al., 2005; Ootani et al., 

2009), indicating a growth suppressive function of YAP. Interestingly, intestinal-specific 

deletion of YAP has no effect on the intestine (Barry et al., 2013; Cai et al., 2010; Zhou et 

al., 2011), suggesting that YAP is dispensable for normal homeostasis. These opposing 

observations are likely due to differences in experimental models used and the timing of 

YAP activation. 

On the other hand, YAP is indispensable and required for mucosal regeneration in 

different models of intestinal and colonic injury. Many groups observed that YAP levels 

are upregulated during tissue repair following dextran sulfate sodium (DSS)-induced 

colitis or irradiation (Cai et al., 2010; Gregorieff et al., 2015; Yui et al., 2018). Following 

DSS treatment, mice with intestinal-specific YAP deletion experience crypt loss and 
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increased mortality compared to that of wildtype (Cai et al., 2010). A similar reduction in 

crypt proliferation was also observed in Yap knockout mice 3 days following irradiation 

(Gregorieff et al., 2015), which is in contrast to the crypt hyperplasia observed at 7 days 

post irradiation (Barry et al., 2013). In the short term, YAP knockout leads to Wnt-driven 

differentiation of Paneth cells and loss of intestinal stem cells following injury but induces 

hyperplasia in the long term due to excessive Wnt signaling (Hong et al., 2016).  These 

findings indicated that YAP plays divergent roles at different time points after injury 

depending on the cellular processes involved as regeneration is known to occur in 

different phases (Hong et al., 2016). Further studies revealed that YAP mediates 

regeneration by remodeling stem cells (Gregorieff et al., 2015), activating expression of a 

fetal intestinal program (Yui et al., 2018), and expanding quiescent stem cells (Ayyaz et 

al., 2019) that accompany the loss of intestinal stem cells and Paneth cells and drop in 

Wnt signaling upon injury (Nusse et al., 2018). Following intestinal organoid growth in 

vitro, Serra et al. observed a switch from nuclear YAP in the early stages after seeding, 

mimicking regeneration, to variable YAP subcellular localization at later stages of 

organoid formation, which drives the formation of the first Paneth cell (Serra et al., 2019). 

These observations may provide a model for how the regenerating epithelium is able to 

restore proliferative crypts from a Wnt low state that is induced by injury.  

 

1.3.3 Hippo-Wnt crosstalk 

 All these studies above indicate that Hippo signaling is highly interconnected with 

the Wnt pathway to regulate intestinal homeostasis and regeneration. Early studies 

suggested that YAP potentiates Wnt signaling as evidenced by increased levels of nuclear 

β-catenin and expression of Wnt target genes upon YAP overexpression or MST1/2 
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knockout (Camargo et al., 2007; Zhou et al., 2009). Other studies reported a role for 

cytoplasmic YAP in inhibiting Wnt signaling. YAP/TAZ was shown to be a part of the APC 

destruction complex and help retain β-catenin in the cytoplasm, facilitating its 

degradation by β-TrCP (Azzolin et al., 2014; Imajo et al., 2012). YAP/TAZ was also found 

to interact with Dishevelled, a Wnt positive regulator, thereby inhibiting Wnt signaling 

(Barry et al., 2013; Varelas et al., 2010). Reciprocally, both canonical and non-canonical 

Wnt signaling can also induce YAP/TAZ activity (Azzolin et al., 2012, 2014; Konsavage et 

al., 2012; Park et al., 2015). From these studies, the interaction between the Hippo and 

Wnt signaling pathways is quite complex and is yet to be fully appreciated. 

 

1.3.4 Role of Hippo signaling in colorectal cancer 

 As Wnt signaling is commonly hyperactivated in CRC, crosstalk with the Hippo 

pathway could have tremendous implications on the progression of the disease. 

Intestinal-specific deletion of upstream Hippo components MST1/2 or Sav1 was found to 

lead to adenoma formation (Cai et al., 2010; Zhou et al., 2011). Furthermore, in both the 

ApcMin and intestinal-specific Cre or CreERT2 Apcfl/fl mouse models, YAP deletion in 

these mice abolished adenoma formation (Azzolin et al., 2014; Cai et al., 2015; Gregorieff 

et al., 2015), suggesting a possible oncogenic role for YAP in CRC. Indeed, studies of 

human patient CRC samples revealed that YAP/TAZ levels are positively correlated with 

advanced stage cancer and poor prognosis (Lam-Himlin et al., 2006; Steinhardt et al., 

2008; Wang et al., 2013; Yuen et al., 2013; Zhou et al., 2011). In a number of human colon 

cancer cell lines, knockdown of YAP inhibited their proliferation, metastasis, and invasion 

(Konsavage et al., 2012; Rosenbluh et al., 2012; Wang et al., 2013; Zhou et al., 2011). Barry 

et al. revisited these results found that YAP expression suppressed tumor growth in 
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xenograft experiments, and loss of YAP expression in a subset of human CRC was 

associated with poor prognosis and high grade disease (Barry et al., 2013). Further work 

discovered that the function of LATS1/2 in cancer cell growth is cell type-dependent - 

knockout of LATS1/2 in the murine MC38 colon cancer cell line inhibited its growth in 

contrast to the pro-proliferative effect observed in other cell lines (Pan et al., 2019). Taken 

together, these contrasting findings suggest that the role of YAP in the initiation and 

progression of CRC is still a subject of debate. 

 

1.4 Outlook 

As is evident from numerous studies, there is clear interaction between the Hippo 

and Wnt signaling pathways in the intestine. However, the conflicting results on YAP as 

a tumor suppressor or as an oncogene in this context preclude the use of therapeutically 

activating YAP for the treatment of CRC. Herein I describe my contributions to efforts to 

inhibit the Hippo signaling pathway genetically and pharmacologically in intestinal 

homeostasis and tumor progression. These findings will pave way for clinical translation 

of these results for the 90% of CRCs driven by aberrant Wnt signaling. 
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2  
2  Requirement of Hippo kinases in the 

maintenance of intestinal homeostasis 
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2.1 Abstract 

The intestine, which carries out the body’s vital functions of nutrient digestion and 

absorption, serves as a critical barrier to the external environment and thus has a 

remarkable capacity to regenerate itself following injury. This process is intricately 

regulated by crosstalk between the Hippo and Wnt signaling pathways, the cross-

regulation of which is still a subject of debate. Here we demonstrate that the Hippo 

kinases LATS1/2 and MST1/2, which inhibit YAP activity, are required for maintaining 

Wnt signaling and canonical stem cell function. Hippo inhibition induces a distinct 

epithelial cell state marked by low Wnt signaling, a wound healing response, and 

transcription factor Klf6 expression. Using organoid-forming assays and lineage tracing, 

we found that induction of this cell state via YAP impairs intestinal stem cell self-renewal. 

Finally, we demonstrate that this cell state has a physiological equivalent in two models 

of colonic injury and repair. Collectively, our results identify a role for YAP in 

reprogramming stem cells to a wound-healing like cell state in the intestine. 

 

2.2 Attributions 

The work described in this chapter is adapted from the following manuscript: 

Cheung P*, Xiol J*, Dill MT, Yuan WC, Panero R, Roper J, Osorio FG, Maglic D, 

Li Q, Gurung B, Calogero RA, Yilmaz ÖH, Mao J, Camargo FD. Regenerative 

Reprogramming of the Intestinal Stem Cell State via Hippo Signaling Suppresses 

Metastatic Colorectal Cancer. Cell Stem Cell. 2020 Oct 1;27(4):590-604.e9. 

* Equal contribution 
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J.X. and F.D.C. conceived of the study. F.D.C. supervised the study. J.X. designed and 

performed the in vivo Lats1/2, Mst1/2, and colonic injury experiments. P.C. designed and 

performed all in vitro and in vivo tetO-YapS127A experiments and bulk RNA-sequencing. 

F.G.O. assisted with the scRNA-seq experiments. Q.L. provided the Lats1/2 KO mice and 

performed the LATS1/2 KO lineage tracing experiment under supervision of J.M. B.G. 

provided experimental support. P.C. carried out computational analyses with assistance 

from R.P., D.M., and R.A.G. P.C., J.X., and F.D.C. wrote the manuscript with critical 

reading and feedback from the other co-authors. 

 

2.3 Introduction 

The gut epithelium is organized in a monolayer of cells that carries out essential 

absorptive, barrier, and endocrine functions (Peterson & Artis, 2014). Cellular turnover 

is sustained by highly proliferative Lgr5+ stem cells found at the bottom of intestinal and 

colonic crypts (Barker et al., 2007), and the presence of an active Wnt signaling pathway 

acts as a defining property for these stem cells. Wnt agonists are secreted by neighboring 

cells, forming the niche, and as cells move up the crypt, they undergo differentiation 

(Gehart & Clevers, 2019). Thus, regulated control of this pathway is essential for 

maintaining normal crypt structure and function.  

The transcriptional co-activator YAP, which is negatively regulated by the Hippo 

kinases MST1/2 and LATS1/2, plays an important role in maintaining intestinal 

homeostasis. It has been shown to mediate epithelial repair following injury (Cai et al., 

2010; Gregorieff et al., 2015; Yui et al., 2018), but the molecular events that follow YAP 

activation remain controversial. We previously have shown that YAP overexpression in 

the intestine leads to Wnt inhibition and crypt degeneration (Barry et al., 2013), but 
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subsequent reports on the effects of YAP on Wnt signaling have been contradictory 

(Azzolin et al., 2014; Cai et al., 2015; Gregorieff et al., 2015).  

Here, we use multiple genetic models and single-cell RNA-sequencing to uncover 

a role for YAP in reprogramming gut epithelial cells into a state distinct from those found 

in steady-state intestine. This state is characterized molecularly by a wound healing 

signature, expression of Krüppel-like factor 6 (Klf6), and low levels of Wnt signaling. 

Using organoid and lineage tracing assays, we demonstrate that this Klf6+ cell state 

induced by overexpression of YAP or loss of LATS1/2 cannot self-renew. Finally, the 

overlap in gene expression profile between this cell state and that of colonic regeneration 

indicates that the cellular state induced by knockout of LATS1/2 represents the 

physiological equivalent of a transiently repairing cell state.  

 

2.4  Results 

2.4.1 YAP reprograms intestinal epithelial cells into a wound healing state 

Our previous data show that overexpression of an active version of YAP in the 

mouse intestine leads to Wnt inhibition and degeneration of intestinal crypts (Barry et 

al., 2013). To explore fully the cellular and molecular consequences of YAP dysregulation 

in the intestinal mucosa, we studied additional models of YAP activation via deletion of 

its upstream negative regulatory kinases LATS1/2 and MST1/2. First, we used a Lrig1-

CreERT2 driver to delete the LATS1/2 kinases in mouse intestinal stem cells (ISCs) 

(hereafter referred to as Lats1/2 cKO) and transcriptionally profiled single cells isolated 

from the small intestine of these mice seven days after one dose of tamoxifen injection 

(Figures 2.1A-B) (Powell et al., 2012). Unsupervised clustering followed by uniform 

manifold approximation and projection (UMAP) representation of the single-cell gene  
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Figure 2.1. (A) Genetics of Lrig1-CreERT2 Lats1fl/fl Lats2fl/fl mice before and after 
injection with tamoxifen. (B) Gating strategy for isolation of intestinal epithelial cells 
by FACS. Cells from control and Lats1/2 cKO mice were sorted on forward scatter and 
side scatter and subsequently by EpCAM+, Lin- (CD45, TER119), and DAPI-. Sorted 
cells were encapsulated for scRNA-seq. (C) UMAP representation of scRNA-seq data of 
intestinal epithelial cells from 2 control and 2 Lats1/2 cKO animals in the indicated 
colors. (D) Unsupervised clustering of control and Lats1/2 cKO cells. (E) UMAP 
representation of single cell transcriptome profiles of intestinal epithelial cells from 2 
Lats1fl/fl Lats2fl/fl (control) and 2 Lrig1-CreERT2 Lats1fl/fl Lats2fl/fl (Lats1/2 cKO) 
animals 7 days after tamoxifen induction. Clusters are annotated by cell type based on 
expression of known marker genes. (F) UMAP showing expression of cell-type specific 
markers. 
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expression profiles reveals a distinct clustering of the Lats1/2 knockout cells from the 

control cells (Figure 2.1C) (McInnes et al., 2018). While the cells in the controls could 

be identified by markers of normal intestinal cell states, the Lats1/2 knockout cells could 

not be assigned to any known intestinal cell type (Figures 2.1D-F). The Lats1/2 

knockout cells lack expression of characteristic markers of normal intestinal states but 

still belong to the intestinal lineage as seen by expression of Villin and Cdx2 (Figure 

2.1F), thus defining a distinct cell type not present in the homeostatic intestinal 

epithelium. Upregulated genes in Lats1/2 knockout cells relative to control cells are 

overrepresented in gene ontology (GO) terms involved in wound healing and actin 

reorganization, which have been associated with YAP activation (Cai et al., 2010; Dupont 

et al., 2011; Zhao et al., 2007, 2011, 2012), and those downregulated are overrepresented 

in terms related to intestinal absorption and villus organization (Figure 2.2A). Gene set 

enrichment analysis (GSEA) confirms that the Lats1/2 knockout cells are highly enriched 

for two previously published YAP gene signatures and reveals that they are negatively 

enriched for intestinal β-catenin targets compared to the stem cells (Figures 2.2B-D) 

(Barry et al., 2013; Fevr et al., 2007; Gregorieff et al., 2015). Upregulated genes include 

known targets of YAP, such as AmotL2, and fetal marker Ly6a/Sca1, which has been 

identified to label a cell state induced after damage or infection (Figure 2.2E) (Nusse et 

al., 2018; Yui et al., 2018). Interestingly, these cells are also marked by high expression of 

the transcription factor Klf6, which has been characterized as an immediate-early gene in 

response to injury and implicated to be a tumor suppressor in CRC (Inuzuka et al., 1999; 

Kojima et al., 2000; Ratziu et al., 1998; Reeves et al., 2004). These findings altogether 

suggest a role for YAP in molecularly reprogramming epithelial cells into a distinct 

transcriptional state that is not present in steady-state intestine. 
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Figure 2.2. (A) GO enrichment analysis of upregulated and downregulated genes in 
Lats1/2 KO cells compared to control cells, excluding the mesenchymal population. (B) 
GSEA of a YAP gene signature from Barry et al., 2013 in Lats1/2 KO cells compared to 
control cells. (C) GSEA of a YAP gene signature from Gregorieff et al., 2015 in Lats1/2 KO 
cells compared to control cells. (D) GSEA of intestinal β-catenin targets in Lats1/2 KO 
cells compared to the stem cells. (E) Normalized expression of the indicated genes 
overlaid on the UMAP plots. 
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Figure 2.3. (A) Histological analysis of control and Lats1/2 cKO duodenal samples 7 
days after tamoxifen induction: H&E stains, IHC for YAP, LYZ, and Ki67, and RNA-ISH 
for Amotl2, Lgr5, Olfm4, Axin2, and Klf6. Scale bar, 100 µm. 
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To validate these results, we performed immunohistochemistry analysis of the 

intestine from Lats1/2 cKO mice seven days post tamoxifen treatment. This analysis 

reveals an accumulation of YAP in the nucleus and expression of the YAP target gene 

AmotL2 (Figure 2.3). Consistent with the single-cell RNA-sequencing (scRNA-seq) 

data, charact.ristic markers of normal intestinal cell states are not present, such as those 

associated with ISCs (Lgr5 and Olfm4), secretory cells (LYZ), and targets of the Wnt 

signaling pathway (Axin2). Lats1/2 knockout cells retain their proliferative capacity as 

observed by staining with Ki67 and show marked increase in Klf6 levels, corroborating 

our scRNA-seq findings of YAP-mediated induction of a distinct Klf6+ cell state.  

This loss of typical intestinal cellular organization was confirmed in additional 

models for activation of endogenous YAP through knockout of the MST1/2 kinases in 

Mst1-/- Mst2fl/fl mice via an intestinal specific, developmental Villin-Cre driver and the 

adult-inducible Villin-CreERT2 driver (hereafter referred to as Mst1/2 cKO) (El Marjou 

et al., 2004; Madison et al., 2002; Zhou et al., 2011). In both models, we observed loss of 

ISC markers and Wnt targets accompanied by YAP activation (Figures 2.4A and B). 

Altogether, our results point to a requirement for Hippo kinases in maintaining Wnt 

signaling in ISCs and suggest that persistent YAP activation cannot sustain normal 

homeostasis. 

 

2.4.2 Activation of YAP leads to loss of canonical stem cell properties 

As YAP-expressing cells are transcriptionally distinct from normal ISCs, we 

examined their capacity to form intestinal organoids. To test the effect of YAP activation 

in organoids, we generated a colon organoid line that would allow for inducible 

overexpression of  YAPS127A,  a  transcriptionally  active  mutant  form  of  YAP  (hereafter 
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Figure 2.4. (A) Histological analysis of Mst1-/- Mst2fl/fl (control) and Vil-Cre Mst1-/- 
Mst2fl/fl (Mst1/2 cKO) samples: IHC for YAP, LYZ, and Ki67 and RNA-ISH for Olfm4 
and Axin2. Scale bar, 50 µm. (B) Immunofluorescence (IF) for YAP (green) and CD44 
(red) in crypts of Vil-CreERT2 Mst1-/- Mst2fl/fl mice 1 month after tamoxifen injection. 
Sections were counterstained with DAPI (blue). 
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Figure 2.5. (A) Schematic for generating tetO-YAPS127A rtTA organoids. (B) 
Brightfield images of tetO-YAPS127A rtTA organoids on the indicated days in the 
presence or absence doxycycline. The organoids were split on day 4. Scale bar, 200 µm. 
(C) Brightfield images of Lrig1-CreERT2 Lats1fl/fl Lats2fl/fl organoids 7 days after plating 
in the presence of 4-OHT for 24 hours. Scale bar, 200 µm. (D) Bright-field images of 
wild-type colon organoids five days after treatment with 4-OHT for 24 hours. Scale bar, 
200 µm. (E-F) RT-qPCR analysis of the indicated genes in tetO-YAPS127A rtTA organoids 
2 days after induction with doxycycline. Data are represented as mean ± SEM; n = 3 
biological and 2 technical replicates. ****P < 0.001. (G) RTq-PCR analysis of the 
indicated genes in Lrig1-CreERT2 Lats1fl/fl Lats2fl/fl organoids 2 days after treatment 
with 4- OHT for 24 hours. Data are represented as mean ± SEM; n = 2 biological and 2 
technical replicates. *p < 0.05 and ***p < 0.001. (H) Histological analysis of tetO-
YAPS127A rtTA organoids 3 and 4 days after induction with doxycycline: H&E stains, IHC 
for YAP and Ki67, and RNA-ISH for AmotL2, Lgr5, Axin2, and Klf6. Scale bar, 50 µm. 
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Figure 2.5 (Continued) 
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referred to as tetO-YAP rtTA) (Figure 2.5A) (Yimlamai et al., 2014; Zhao et al., 2007). 

Induction of YAP expression by doxycycline for 48 hours causes the organoids to lose 

single cell, columnar organization and prevents them from growing or forming spheroids 

upon passage (Figure 2.5B). Lats1/2 cKO colon organoids upon 4-OHT treatment also 

exhibit a similar phenotype of not being able to grow or form 3D structures (Figure 

2.5C), which is not due to 4-OHT toxicity (Figure 2.5D). In both contexts of YAP 

activation, we observed upregulation of mRNA levels of YAP targets and downregulation 

of ISC and secretory cell markers and the Wnt target Axin2 (Figures 2.5E-G). 

Histological analysis confirms these results and reveals a progressive loss of the 

monolayer structure, upregulation of Klf6 expression, and proliferation arrest (Figure 

2.5H). These results collectively suggest that this Wnt-low, Klf6-high state induced by 

YAP is incompatible with organoid growth in vitro. 

To determine whether these YAP-expressing cells have functional stem cell activity 

in vivo, we leveraged lineage tracing in Lgr5-CreERT2 knock-in mice to trace Lgr5+ ISCs 

with and without activation of YAP (Barker et al., 2007; Huch et al., 2013). We induced 

YAP activation and tdTomato expression by intraperitoneal injection of tamoxifen and 

doxycycline in Lgr5-IRES-CreERT2 Col1a1tetO-YapS127A/+ Rosa26LSL-rtTA/LSL-Tomato mice 

(Figure 2.6A). Compared to the homogeneous Tomato labeling in uninduced crypts 5 

days post induction, crypts with YAP-activated ISCs exhibit mosaic Tomato labeling in 

the small intestine (Figure 2.6B), indicating that YAP expression in ISCs negatively 

affects their ability to contribute to intestinal lineages. Indeed, these YAP-activated ISCs 

are pushed out of intestinal crypts and villi over the course of 10 days (Figure 2.6C), 

suggesting that these mutant cells are quickly replaced by wildtype ISCs. Similarly, 

lineage tracing in Lgr5-CreERT2 Lats1fl/fl Lats2fl/fl Rosa26mT/mG mice reveals progressive 
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Figure 2.6. (A) Schematic of Lgr5 lineage tracing, including timeline of doxycycline 
administration, doxycycline and tamoxifen injections, and tissue collection. (B) IHC for 
Tomato in the small intestine of Lgr5-IRES-CreERT2 Col1a1tetO-YapS127A/+ Rosa26LSL-

rtTA/LSL-Tomato mice 5 days after tamoxifen injection with or without administration of 
doxycycline. Scale bar, 50 µm. (C) IHC for human YAP in the small intestine of Lgr5-
IRES-CreERT2 Col1a1tetO-YapS127A/+ Rosa26LSL-rtTA/LSL-Tomato mice on the indicated days 
after tamoxifen and doxycycline administration. Scale bar, 50 µm. (D) IF for GFP and 
DAPI in the small intestine of Lgr5-CreERT2 Lats1fl/fl Lats2fl/fl Rosa26mT/mG at the 
indicated times after the second injection with tamoxifen.  
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loss of GFP+ ISCs at 2 weeks and 1 month after induction (Figure 2.6D). Altogether, 

these models suggest that YAP activation within ISCs leads to loss of normal stem cell 

function in vivo. 

 

2.4.3 A YAP gene signature is activated during mucosal healing 

The activation of YAP previously has been shown to be required for mucosal 

regeneration in different models of intestinal and colonic injury (Cai et al., 2010; 

Gregorieff et al., 2015). Thus, we investigated whether such physiological activation of 

YAP via injury induces reprogramming of intestinal epithelial cells to this Wnt-low, Klf6+ 

state that we described above. To characterize epithelial cells during wound healing, we 

induced a punch lesion in mice by colonoscopy and collected samples from injured 

animals after six days (Seno et al., 2009). Histological analysis reveals an increased 

accumulation of YAP in the nucleus of epithelial cells at sites of wound healing and 

concomitant upregulation of Klf6 and the YAP target AmotL2 when compared to 

uninjured controls (Figure 2.7A). Intriguingly, these areas are also depleted of Lgr5+ 

ISCs and Reg4+ deep crypt secretory (DCS) cells, suggesting that physiological 

regeneration activates a transcriptional state similar to that which we observed in Lats1/2 

cKO and Mst1/2 cKO animals. 

In a second model of colonic injury, we induced acute inflammation in adult mice 

by supplementing drinking water with 3.5% dextran sulfate sodium (DSS) for five days 

(Figure 2.7B), which leads to a loss of colonic crypts and immune cell infiltration 

(Figure 2.7C). Three days after DSS washout, crypts in inflamed areas of the colon show 

marked activation of YAP, increased Klf6 expression, and loss of Lgr5 and Reg4 markers  
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Figure 2.7. (A) Histological analysis of colon samples from mice 6 days after inducing 
a punch biopsy: H&E stains, IHC for YAP and Ki67, and RNA-ISH for AmotL2, Lgr5, 
Reg4, and Klf6. Scale bar, 50 µm. (B) H&E stains of colonic samples from mice 
following DSS treatment with or without recovery. Scale bar, 50 µm. (C) Schematic of 
colonic injury and regeneration by dextran sulfate sodium (DSS), including timeline of 
DSS administration and tissue collection. (D) Histological analysis of colon samples 
from mice after a 5-day DSS treatment and 3-day recovery: H&E stains, IHC for YAP 
and Ki67, and RNA-ISH for AmotL2, Lgr5, Reg4, and Klf6. Scale bar, 25 µm. 
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(Figure 2.7D). These data altogether suggest that YAP activation is a general and specific 

response to injury in the colon during regeneration. 

To characterize the molecular changes in the colonic epithelium during 

regeneration, we performed scRNA-seq on epithelial cells isolated from DSS-treated and 

control mice (Figure 2.8A). UMAP representation of the transcriptomic profiles reveals 

that the DSS-treated cells, despite being distinct from control cells (Figure 2.8B), 

maintain some features of normal colonic cells and could be assigned to known colonic 

cell types by marker expression (Figures 2.8C-E). As reported previously (Yui et al., 

2018), the DSS sample presents with upregulation of Ly6a/Sca1 transcript levels (Figure 

2.8F). Differentially expressed genes between DSS and control are positively enriched for 

wound healing response, cell-cell contact pathways, and YAP gene signatures and 

negatively enriched for a previously published ISC gene signature (Figures 2.8H-J) 

(Barry et al., 2013; Gregorieff et al., 2015; Muñoz et al., 2012). Remarkably, this DSS 

injury signature is highly enriched in the transcriptomes of Lats1/2 knockout cells 

(Figure 2.8K). Collectively, these data suggest that the cellular state induced by 

knockout of Lats1/2 or activation of YAP likely represents the physiological equivalent of 

a transiently repairing cell state. 

 

2.5  Discussion 

YAP is known to play an important role during mucosal healing and has been 

proposed to remodel stem cells, activate expression of a fetal program, or expand 

quiescent stem cells upon injury (Ayyaz et al., 2019; Gregorieff et al., 2015; Yui et al., 

2018). Using scRNA-seq, we elucidate a role for YAP in reprogramming colon cells into a 

cell type marked by high Klf6 expression that is unique to the repairing epithelium and  



  33 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8. (A) Gating strategy for isolation of colon epithelial cells by FACS. Cells 
from control and DSS-treated mice, following a 3-day recovery period, were sorted on 
forward scatter and side scatter and subsequently by EpCAM+, Lin- (CD45, TER119), 
and DAPI-. Sorted cells were encapsulated for scRNA-seq. (B) UMAP representation of 
scRNA-seq data of colonic epithelial cells from control and DSS-treated mice, following 
a 3-day recovery period, in the indicated colors. (C) Unsupervised clustering of the DSS 
and control samples. (D) UMAP showing cell types in the indicated colors by the 
treatment group. (E) UMAP showing expression of cell-type specific markers. (F) 
UMAP showing expression of Ly6a/Sca1 in control and DSS samples. (G) GSEA of 
KEGG pathways in the DSS sample compared to control. (H) GSEA of a Lgr5 ISC gene 
signature in the DSS sample compared to control. (I) GSEA of a YAP gene signature 
from Barry et al., 2013 in DSS compared to control. (J) GSEA of a YAP gene signature 
from Gregorieff et al., 2015 in DSS compared to control. (K) Expression of the DSS injury 
signature, characterized by genes upregulated at least 2-fold in stem cells, progenitors, 
goblet cells, or colonocytes in DSS versus control samples, overlaid onto the UMAP of 
Lats1/2 cKO scRNA-seq. 
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Figure 2.8 (Continued) 

 
  



  35 

distinct from all cell types present during homeostasis. This state is characterized by the 

expression of injury-associated genes and a low Wnt signature, which confirms our earlier 

finding that YAP inhibits Wnt signaling in the intestine (Barry et al., 2013). Our work is 

in agreement with a recent scRNA-seq study identifying a stem cell type enriched in YAP 

target genes (Ayyaz et al., 2019). In contrast to this work, our data suggest that this YAP-

driven cell state does not exist in homeostasis, and it instead arises from the 

reprogramming of traditional intestinal stem cells. As we observed overlap in the 

transcriptomes between that of LATS1/2 inhibition and colonic regeneration, we propose 

that this cell state is the physiological equivalent of a transiently repairing cell type. 

This cross-regulation between the Wnt and Hippo signaling pathways has been a 

subject of debate - in some contexts, YAP potentiates Wnt signaling; in others, YAP 

suppresses Wnt (Azzolin et al., 2014; Barry et al., 2013; Cai et al., 2015; Gregorieff et al., 

2015). Our data demonstrate that YAP overexpression or Hippo inhibition is incompatible 

with intestinal stem cell function. YAP activation not only prevents colonic organoids 

from re-forming following passage but also results in their loss from the intestinal 

epithelium. As Wnt is aberrantly regulated in a majority of colorectal cancers, these 

findings have tremendous implications for the treatment of this disease. 

 

2.6  Materials and Methods 

2.6.1 Mice 

All animal protocols and procedures were approved by the respective local animal 

institutional committees. All mice used for this study were on a C57BL/6J background 

unless indicated otherwise. 
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Models of YAP activation: Lats1fl/fl Lats2fl/fl (controls) and their Lrig1-CreERT2 

Lats1fl/fl Lats2fl/fl littermates were injected intraperitoneally with 2 mg of tamoxifen and 

harvested on the days indicated for single cell RNA sequencing and histology 

experiments. The intestine and colon of Villin-Cre Mst1-/- Mst2fl/fl mice and their Mst1-/- 

Mst2fl/fl littermates were collected at the indicated ages for histological analysis. Villin-

CreERT2 Mst1-/- Mst2fl/fl mice and their Mst1-/- Mst2fl/fl littermates were injected 

intraperitoneally with 2 mg of tamoxifen and harvested 1 month after for histology 

experiments.  

Lineage tracing experiments: 2-4 months old Lgr5-IRES-CreERT2 Col1a1tetO-

YapS127A/+ Rosa26 LSL-rtTA/LSL-Tomato mice were administered doxycycline (2 mg/ml with 

0.5% sucrose) in drinking water ad libitum two days prior to intraperitoneal injection with 

3 mg of tamoxifen and 25 µg/g doxycycline and were harvested on the indicated days for 

histology experiments (Lgr5-IRES-CreERT2 mice were a kind gift of Meritxell Huch). 2-

month-old Lgr5-CreERT2 Lats1fl/fl Lats2fl/fl Rosa26mT/mG mice were injected 

intraperitoneally with 120 mg/kg tamoxifen for two consecutive days and harvested on 

the indicated days for immunofluorescence.  

 

2.6.2 Punch biopsy 

Colorectal injuries were created using the Storz endoscopic system as described 

previously (Seno et al., 2009). Briefly, mice were anesthetized, and a colonoscope was 

inserted to the mid-descending colon. 3 French flexible biopsy forceps were inserted 

through the working channel of the scope and used to create 3–5 discrete, oval-shaped 

wounds in the mucosal lining of the distal colon. 
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2.6.3 Experimental colitis 

  Colitis was induced in 2-month-old female C57BL/6 mice by administration of 

3.5% DSS in drinking water for 5 days followed by normal water for 3 days. 

 

2.6.4 Mouse colon organoid isolation and culturing 

For colon epithelial cell isolation for organoid culture, a 2 cm piece of distal colon 

was extracted from 2-month-old mice and incubated in 4 mM EDTA in PBS with mild 

agitation for 45 min at 4°C. The colon pieces were cut open, and colon crypts were scraped 

from the tissue with a coverslip. After washing with cold PBS and centrifugation at 1000 

g for 5 min, crypts were resuspended in Matrigel and plated in 24-well plates (50 µL 

Matrigel/well). The Matrigel was allowed to solidify for 15-30 min in a 37°C incubator. 

500 µL of organoid culture media was then overlaid onto the Matrigel and changed every 

2-3 days. The organoid cultures were maintained at 37°C in fully humidified chambers 

containing 5% CO2.  

  Colon organoids were prepared from animals with the following genotypes: 

Col1a1tetO-YapS127A/+ Rosa26LSL-rtTA/+ and Lrig1-CreERT2 Lats1fl/fl Lats2fl/fl. Organoids were 

grown in conditioned media containing Wnt3a, R-Spondin, and noggin, generated as 

described previously from L-WRN cells (Miyoshi & Stappenbeck, 2013) and diluted 1:1 

with Advanced DMEM/F-12 containing 1x N-2, 1x B-27, 1% Pen/Strep, and 2 mM L-

glutamine. The growth media also contained 50 ng/mL EGF, 0.1 mg/mL primocin, 1 µM 

N-acety-L-cysteine, 10 mM HEPES, and 10 µM Y-27632 (added only upon passaging). 

Induction of Lats1/2 knockout was performed by addition of 100 nM 4-OHT overnight 

whereas Yap overexpression was induced with 1 µg/mL doxycycline in the media. 
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To generate tetO-YapS127A rtTA organoids, organoids derived from Col1a1tetO-

YapS127A/+ Rosa26LSL-rtTA/+ mice were transduced with a lentivirus expressing Cre 

recombinase (generated from Cre-IRES-PuroR, a gift from Darrell Kotton) to activate 

rtTA expression (Somers et al., 2010). Three days after infection, organoids were selected 

by adding 1 µg/mL puromycin. 

 

2.6.5 Organoid transfection and infection 

  2-3 days prior to transfection or infection, organoids were treated with 10 mM 

nicotinamide. Organoids were washed with PBS and treated with dispase to dissolve the 

Matrigel. They were passaged through a 25G syringe three times, spun down for 5 min at 

1000 g and resuspended in 450 µL of culture media. The cell suspension was transferred 

to a 48-well plate, and 10 µL of a lentivirus solution (titer approximately 10^7 pfu/mL) 

or 50 µL of lipofectamine-DNA complex were added to the well. Cells were spinoculated 

for 1 hr at 30°C at 600 g. After a 4-6 h recovery at 37°C, the cells were resuspended, 

centrifuged in an Eppendorf tube, resuspended in 50 µL Matrigel, and cultured as 

described above. 

 

2.6.6 Lentivirus production 

Lentiviruses were generated in 293X cells by transfecting backbone and packaging 

plasmids using TransIT reagent following manufacturer’s instructions. 293X cells were 

maintained in DMEM (+10% FBS, 2 mM L-glutamine, 1% Pen/Strep). The supernatant 

containing the virus was collected 48 and 60-72 hours after transfection, concentrated by 
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ultracentrifugation at 16,000 rpm for 90 min at 4°C, and resuspended in the remaining 

supernatant. 

 

2.6.7 Histology 

Intestine and colon samples were fixed overnight in 10% formalin, washed with 

PBS and 70% ethanol, and embedded in paraffin. Organoids grown in Matrigel were fixed 

in 4% paraformaldehyde/PBS, washed extensively with PBS and encapsulated in Histogel 

prior to embedding in paraffin. The paraffin blocks were cut into 5 µm sections using a 

microtome. 

For immunohistochemistry, antigen retrieval for most epitopes was performed 

with citric-acid based pH 6.0 Antigen Unmasking Solution at 95°C in a pressure cooker 

for 1 hr. For epitopes requiring high pH, antigen retrieval was performed with tris-based 

pH 9.0 Antigen Unmasking Solution at 37°C for 10 min. The slides were blocked with 

0.3% hydrogen peroxide and subsequently 2.5% donkey serum in PBS and incubated with 

primary antibody in blocking buffer overnight at 4°C. After washing with PBS three times, 

slides were incubated with biotinylated secondary antibodies in PBS for 1 hr. The signal 

was amplified with VectaStain ABC Reagent and developed with DAB. Harris modified 

hematoxylin was used to counterstain nuclei and subsequently slides were washed, 

dehydrated, and mounted using VectaMount.  

For immunofluorescence, following antigen retrieval, blocking, and primary 

antibody incubation, slides were incubated with appropriate fluorescent antibodies and 1 

µg/ml DAPI for 1 hour and then mounted with Prolong Gold antifade with DAPI. 

For RNA in situ hybridization, we used the RNAScope Brown HD 2.5 kit according 

to the manufacturer’s instructions.  
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IHC and RNAScope images were taken using a Zeiss Axio Scope. IF images were 

obtained on a Zeiss AxioObserver Z1.  

 

2.6.8 RNA isolation and RT-qPCR 

RNA from organoids was extracted using Trizol reagent. cDNA was obtained using 

the cDNA Synthesis Kit and diluted 1:40 for RT-qPCR if starting from 500 ng of RNA. 

RT-qPCR was performed on a One Step plus Sequence Detection System (Applied 

Biosystems) using Fast SYBR® Green Master Mix (Life Technologies), and gene 

expression data was quantified using the DeltaDeltaCt method and normalized to 

Gapdh/GADPH.  

 

2.6.9 Fluorescence-activated cell sorting 

For isolation of intestinal and colonic epithelial cells for fluorescence-activated cell 

sorting (FACS), a piece of intestine was extracted from mice and incubated in 4 mM EDTA 

in PBS with gentle rocking for 40 min at 4°C. The small intestine was shaken to dissociate 

epithelial cells whereas the colon was cut open and scraped with a coverslip to dissociate 

the crypts. The smooth muscle layer was removed, and the remaining supernatant was 

centrifuged and incubated in 3 mg/mL collagenase/dispase in PBS for 6 min at 37°C with 

repeated up and down pipetting. The single cells were then placed on ice, centrifuged, 

filtered through 70 µm strainers, and stained in 2% FBS/PBS with fluorescent conjugated 

EpCAM, CD45, and TER119 antibodies diluted 1:100 for 30 min at 4°C.  

All sorting was performed on a BD FACSAria II, using a 100 µm nozzle, and FlowJo 

(Tree Star) software was used for all flow cytometry analysis. The following combinations 

were used to isolate each of the respective populations: intestinal/colonic epithelial cells: 
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EpCAM+CD45-TER119-; tumor epithelial cells: EpCAM+CD45-TER119-CD11b-. For all 

sorts, 4’, 6-diamidino-2-phenylindole (DAPI) was used to eliminate dead cells.  

 

2.6.10 Single-cell RNA sequencing and analysis 

InDrop-v2 (1CellBio) encapsulation protocol was performed following 

manufacturer’s instructions found at the company’s website. 5,000 cells were 

encapsulated per library and condition. Whole-transcriptome libraries were prepared as 

previously described (Zilionis et al., 2017) and sequenced on an Illumina NextSeq 500 

using paired-end 75 cycles v2 kits (Read 1: 36 cycles; Index Read: 6 cycles; Read 2: 50 

cycles). The fastq to counts conversion was performed using the indropIndex and the 

indropCounts functions, which are part of the rCASC framework (Alessandrì et al., 2019). 

The indropCounts function, which invokes the inDrop pipeline v20170126 

(https://github.com/indrops/indrops), was used with the following options: M=10, U=2, 

D=400, and low.complexity.mask="False" and the following packages: Bowtie v1.1.1.1, 

Samtools v1.3.1, RSEM v1.3.0, and Java v1.8.0 (Langmead et al., 2009; B. Li & Dewey, 

2011; H. Li et al., 2009). 

To visualize the single cell data, we used Seurat (v3.1.3 with default parameters 

except where indicated) (Butler et al., 2018). In both datasets, cells that had more than 

15% of the total UMIs in mitochondrial genes were filtered out, and those with a 

log10(number of genes per UMI) greater than 0.8 were kept. We also set a minimum 

threshold of UMIs/cell and genes/cell: 600 UMIs/cell and 250 genes/cell in both the 

control and Lats1/2 cKO samples and 300 UMIs/cell and 300 genes/cell in the colon 

control and DSS sample. For each experiment, the number of cells were down sampled to 

the sample with the fewest cells to obtain an equal number of cells per condition for 
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downstream analysis. Next, sctransform was used to normalize UMI counts and find 

variable features for dimensionality reduction (Hafemeister & Satija, 2019). 

Dimensionality reduction was performed using RunPCA to generate points for 

embedding, which were then used to construct UMAP plots (RunUMAP) and find 

neighbors for clustering (FindNeighbors). For all relevant functions, 40 principal 

components were used. FindClusters (resolution=1.4) was used to run the Louvain 

clustering algorithm. 

For differential expression analysis, the bimod test (McDavid et al., 2013) 

implemented in Seurat was used to find the differentially expressed genes between the 

Lats1/2 KO cells and control cells, excluding the mesenchymal population, or stem cells 

in the Lats1/2 cKO scRNA-seq and between the same cell type in the DSS versus control 

in the DSS scRNA-seq. For the Lats1/2 cKO scRNA-seq, gene ontology enrichment 

analysis was performed on genes with an adjusted p-value < 0.05 and a log2FC > 1 or < -

1 in the Lats1/2 knockout cells versus control using enrichGO in the clusterProfiler R 

package to identify significant GO biological processes overrepresented (G. Yu et al., 

2012). For both datasets, gene set enrichment analysis (GSEA) was performed on the 

ranked average log fold change of the differentially expressed genes using the fgsea R 

package to identify significant KEGG pathways enriched (Sergushichev, 2016). The GSEA 

function in clusterProfiler was used to perform GSEA of previously published gene 

signatures. The intestinal b-catenin signature is derived from the supplementary table of 

downregulated genes in intestinal crypt cells upon deletion of b-catenin (Fevr et al., 

2007). The Lgr5 ISC gene signature is derived from the “mRNA stem cell signature” in 

the supplementary table of Muñoz et al., 2012. For the YAP gene signatures, the Barry et 

al., 2013 signature is derived from the supplementary table of genes upregulated upon 
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transgenic YAP overexpression in mouse crypts whereas the Gregorieff et al., 2015 

signature is derived from the supplementary table of YAP activated genes with a log2 fold 

change < -1.  To generate the DSS injury signature, we kept all genes with adjusted p-value 

< 0.05 and log2FC > 1 and plotted this injury signature onto the UMAP of control and 

Lats1/2 cKO cells by taking the average of the normalized expression values of the 

signature genes for each cell and plotting the log2 + 1 of these values.  

 

2.6.11 Bulk RNA sequencing and analysis 

RNA was isolated from organoids using the NucleoSpin RNA XS kit. The libraries 

for the RNA-seq analysis were prepared with 100 ng of RNA using the TruSeq RNA 

Library Preparation Kit v2 (Illumina) according to the manufacturer's protocol. All of the 

libraries were sequenced on an Illumina HiSeq 4000 using paired end 150 cycles kits at 

Novogene. Raw sequencing reads were aligned to a reference transcriptome generated 

from the Ensembl v98 database with Salmon v0.14.1 using options “--seqBias --useVBOpt 

--gcBias --numBootstraps 30 --validateMappings” (Patro et al., 2017). Length-scaled 

transcripts per million were acquired using the tximport function, and log2 fold changes 

and false discovery rates were determined by DESeq2 in R (Love et al., 2014; Soneson et 

al., 2015). Shrunken log2 fold changes were determined with DESeq2, which were used 

to rank genes for GSEA of significant KEGG pathways by fgsea or of previously published 

gene signatures using the GSEA function (Kanehisa, 2000). In cases where there were 

duplicate gene symbols or Entrez IDs, the more significant gene was kept for the ranking. 

To identify the transcription factors differentially expressed, the differentially expressed 

genes at 72 hours with adjusted p-value < 0.05 and absolute log2 fold change > 1 were 

overlapped with the CIS-BP v2.00 database of mouse transcription factors (Weirauch et 
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al., 2014). enrichGO in the clusterProfiler R package was used to identify significant GO 

biological processes overrepresented (G. Yu et al., 2012). 

 

2.6.12 Quantification and statistical analysis 

  Data represented are expressed as mean ± standard error of mean unless 

otherwise specified. Data were analyzed using Prism Software 6.0 (GraphPad). Technical 

and biological replicates are specified for each experiment in the figure legends. P-values 

were determined by a two-tailed t test with Welch’s correction unless otherwise indicated 

whereas p-values for the Kaplan-Meier survival curve were determined with the log rank 

test. The p-values are presented as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. 

 

2.6.13 Data and code availability 

The datasets generated in this study are available in the NCBI GEO database under 

GSE152376. Code to reproduce the analyses of the single-cell and bulk RNA-seq datasets 

can be found at https://github.com/cheungpriscilla/CellStemCell_2020. 

 

2.6.14 Antibodies 

Antibody Source Identifier 
Rabbit monoclonal anti-YAP (clone D8H1X) Cell Signaling 

Technology 
Cat#14074; 
RRID: 
AB_2650491 

Rabbit polyclonal anti-human Lysozyme Dako Cat#A0099; 
RRID: 
AB_2341230 

Rabbit monoclonal anti-Ki67 (clone SP6) GeneTex Cat#GTX16667; 
RRID: 
AB_422351 
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Rat monoclonal anti-mouse CD44 BD Biosciences Cat#550538; 
RRID: 
AB_393732 

Goat polyclonal anti-mCherry (tdTomato) Sicgen Cat#AB0040-
200; RRID: 
AB_2333092 

Rat monoclonal anti-Ki67 (clone SolA15) Invitrogen Cat#14-5698-82; 
RRID: 
AB_10854564 

Rabbit monoclonal non-phospho (active) β-
catenin (Ser33/37/Thr41) (clone D13A1) 

Cell Signaling 
Technology 

Cat#8814; RRID: 
AB_11127203 

Rabbit monoclonal anti-phospho-histone H3 
(Ser10) (clone E173) 

Millipore Cat#04-1093; 
RRID: 
AB_1977262 

Rabbit monoclonal anti-HA-tag (clone C29F4) Cell Signaling 
Technology 

Cat#3724; RRID: 
AB_1549585 

Rabbit monoclonal anti-GAPDH (clone 14C10) 
(HRP conjugated) 

Cell Signaling 
Technology 

Cat#3683; 
RRID: 
AB_1642205 

APC rat monoclonal anti-mouse CD326 (Ep-
CAM) 

BioLegend Cat#118214; 
RRID: 
AB_1134102 

APC/Cy7 rat monoclonal anti-mouse TER-119 BioLegend Cat#116223; 
RRID: 
AB_2137788 

APC/Cy7 rat anti-mouse CD45 (clone 30-F11) BD Biosciences Cat#557659; 
RRID: 
AB_396774 

APC/Cy7 rat anti-CD11b (clone M1/70) BD Biosciences Cat#557657; 
RRID: 
AB_396772 

Biotinylated goat anti-rabbit IgG Vector 
Laboratories 

Cat#BA-1000; 
RRID: 
AB_2313606 

Biotinylated goat anti-rat IgG Vector 
Laboratories 

Cat#BA-9400; 
RRID: 
AB_2336202 

Donkey anti-rabbit IgG, Alexa Fluor 488 Thermo Fisher 
Scientific 

Cat#A-21206; 
RRID: 
AB_2535792 

Donkey anti-rat IgG, Alexa Fluor 594 Thermo Fisher 
Scientific 

Cat#A-21209; 
RRID: 
AB_2535795 
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2.6.15 RT-qPCR primers 

Gene Direction Sequence 5’ to 3’ Source 

Mouse AmotL2 
Forward TGGAGACTGTACTGAGGGAGAA 

Galli et al., 2015 
Reverse GAGCCGCTGGATTTCATTTTCC 

Mouse Ankrd1 
Forward CATGATGCTGTGAGGCTGAAC 

Galli et al., 2015 
Reverse CATGATGCTGTGAGGCTGAAC 

Mouse Axin2 
Forward GCCAAGTGTCTCTACCTCATTT 

This paper 
Reverse TCCAGCTCCAGTTTCAGTTTC 

Mouse Cyr61 
Forward AGGTCTGCGCTAAACAACTCA 

Galli et al., 2015 
Reverse ATATTCACAGGGTCTGCCTTCT 

Mouse Gapdh 
Forward AGGTCGGTGTGAACGGATTTG 

This paper 
Reverse TGTAGACCATGTAGTTGAGGTCA 

Mouse Lgr5 
Forward CCTACTCGAAGACTTACCCAGT 

This paper 
Reverse GCATTGGGGTGAATGATAGCA 

Mouse Muc2 
Forward AGGGCTCGGAACTCCAGAAA 

This paper 
Reverse CCAGGGAATCGGTAGACATCG 

Mouse Reg4 Forward CTGGAATCCCAGGACAAAGAGTG Sasaki et al., 
2016 

 

2.6.16 RNAscope probes 

Probe Name Source Identifier 
RNAscope probe-Mm-AmotL2 Advanced Cell 

Diagnostics 
Cat#515181 

RNAscope probe-Mm-Lgr5 Advanced Cell 
Diagnostics 

Cat#312171 

RNAscope probe-Mm-Olfm4 Advanced Cell 
Diagnostics 

Cat#311831 

RNAscope probe-Mm-Axin2 Advanced Cell 
Diagnostics 

Cat#400331 

RNAscope probe-Mm-Reg4 Advanced Cell 
Diagnostics 

Cat#409601 

RNAscope probe-Mm-Klf6 Advanced Cell 
Diagnostics 

Cat#426901 
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3  YAP as a tumor suppressive program 

in metastatic colorectal cancer 
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3.1 Abstract 

Although the Hippo transcriptional coactivator YAP is considered oncogenic in 

many tissues, its role in colorectal cancer (CRC) remains controversial. Recently, we 

found that inhibition of the LATS1/2 Hippo kinases, which activates YAP, reprograms 

intestinal stem cells to a wound-healing like cell state characterized by low Wnt activity 

and reduced stemness. Here we demonstrate loss of LATS1/2 or overexpression of YAP is 

sufficient to reprogram Lgr5+ cancer stem cells to this state, thereby suppressing tumor 

growth and initiation in organoids, patient-derived xenografts, and mouse models of 

primary and metastatic CRC. We further show that genetic deletion of YAP and its paralog 

TAZ promotes the growth of these tumors. Collectively, our results establish the role of 

YAP as a tumor suppressor in the adult colon and implicate Hippo kinases as therapeutic 

vulnerabilities in colorectal malignancies. 

 

3.2 Attributions 

The work described in this chapter is adapted from the following manuscript: 

Cheung P*, Xiol J*, Dill MT, Yuan WC, Panero R, Roper J, Osorio FG, Maglic D, 

Li Q, Gurung B, Calogero RA, Yilmaz ÖH, Mao J, Camargo FD. Regenerative 

Reprogramming of the Intestinal Stem Cell State via Hippo Signaling Suppresses 

Metastatic Colorectal Cancer. Cell Stem Cell. 2020 Oct 1;27(4):590-604.e9. 

* Equal contribution 

J.X. and F.D.C. conceived of the study. F.D.C. supervised the study. J.X. designed and 

performed the Apc-/- Lats1/2 KO, AKP primary tumor experiments, and Yap/Taz tumor 

deletion experiments. P.C. designed and performed all Apc-/- tetO-YapS127A experiments, 



  49 

bulk RNA-sequencing, cancer stem cell assays, and metastasis experiments. M.T.D. 

assisted with the AKP colonoscopy injection experiments. W.C.Y. assisted with the 

metastasis experiments. J.R. assisted with the Yap/Taz tumor deletion experiments 

under supervision of O.H.Y. F.G.O. assisted with the scRNA-seq experiments. Q.L. 

provided the Lats1/2 KO mice under supervision J.M. B.G. provided experimental 

support. P.C. carried out computational analyses with assistance from R.P., D.M., and 

R.A.G. P.C., J.X., and F.D.C. wrote the manuscript with critical reading and feedback from 

the other co-authors. 

 

3.3  Introduction 

Colorectal cancer (CRC) is the second leading cause of cancer related deaths in the 

United States and develops in a stepwise manner through in accumulation of mutations 

(Fearon, 2011; Fearon & Vogelstein, 1990; Siegel, Miller, & Jemal, 2020). The most 

common event that triggers formation of colon tumors is the acquisition of mutations that 

constitutively activates Wnt signaling, which is thought to be the first step in the sequence 

that leads to malignant transformation of colon epithelial cells. The growth of colon 

tumors is driven by cancer stem cells that are labeled by the Wnt receptor Lgr5 as in 

healthy tissue (Merlos-Suárez et al., 2011; Schepers et al., 2012). As targeting the Wnt 

pathway for the treatment of CRC has been historically challenging, the recent discovery 

that depletion of Lgr5+ cancer stem cells can arrest tumor growth and prevent metastasis 

in preclinical models has opened the door for developing strategies to specifically target 

this cell population (De Sousa E Melo et al., 2017; Shimokawa et al., 2017). 

A major pathway known to interact with Wnt in the intestine is the Hippo signaling 

pathway by mediating epithelial repair following injury (Cai et al., 2010; Gregorieff et al., 
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2015; Yui et al., 2018). Recently, we found that Hippo inhibition or YAP activation 

reprograms intestinal stem cells into a distinct cell state with features of wound healing, 

low Wnt signature, and reduced stemness. Due to conflicting reports on the role of YAP 

in the progression of CRC, whether crosstalk between the Hippo and Wnt signaling 

pathways could serve as a potential therapeutic window for the treatment of CRC remains 

unclear (Azzolin et al., 2014; Barry et al., 2013; Cai et al., 2015; Gregorieff et al., 2015). 

Using mouse and human models of CRC, we show that YAP is capable of 

reprogramming cancer stem cells into a low Wnt, non-proliferative state, which leads to 

tumor regression in primary and metastatic disease. In addition, deletion of YAP favors 

growth of focally induced colonic tumors, further supporting the notion that YAP acts as 

a tumor suppressor in the colon and that targeting the Hippo kinases represents a novel 

therapeutic approach for combatting CRC. 

 

3.4  Results 

3.4.1 YAP can reprogram Lgr5+ stem cells in the presence of constitutively active Wnt 

signaling  

The fact that YAP remodels stem cells in vitro even in the presence of exogenous 

Wnt signals prompted us to analyze the effect of YAP in the context of constitutively active 

Wnt. To assess the role of YAP in this process, we introduced an Apc mutation via 

CRISPR/Cas9 into tetO-YAP rtTA colon organoids (Figure 3.1A). Strikingly, Apc-/- 

organoids lose their characteristic spheroid structure as early as three days after 

doxycycline induction and could not grow after passage (Figure 3.1B). Lrig1-CreERT2-

mediated deletion of Lats1/2 in Apc mutant organoids results in a similar growth 

inhibition upon plating (Figure 3.1C). As in Apc wildtype organoids, YAP targets and  
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Figure 3.1. (A) Schematic for generating Apc-/- tetO-YAPS127A rtTA organoids. (B) 
Brightfield images of Apc-/- tetO-YAPS127A rtTA organoids on the indicated days in the 
presence or absence of doxycycline. The organoids were split on day 4. Scale bar, 200 
µm. (C) Brightfield images of Apc-/- Lrig1-CreERT2 Lats1/2fl/fl organoids 7 days after 
plating in the presence of 4-OHT for 24 hours. Scale bar, 200 µm. (D) RT-qPCR analysis 
of the indicated genes in Apc-/- tetO-YAPS127A rtTA organoids 1.5 days after induction 
with doxycycline. Data are represented as mean ± SEM; n = 3 biological and 3 technical 
replicates. ****P < 0.0001. (E) qRT-PCR analysis of the indicated genes in Apc-/- Lrig1-
CreERT2 Lats1/2fl/fl organoids 2 days after treatment with 4-OHT for 24 hours. Data 
are represented as mean ± SEM; n = 2 biological and 2 technical replicates. ****p < 
0.0001. (F) Histological analysis of Apc-/- tetO-YAPS127A rtTA organoids 4 days after 
induction with doxycycline: H&E stains and RNA-ISH for AmotL2, Klf6, Lgr5, and 
Axin2. Scale bar, 50 µm. 
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Figure 3.2. (A) Bright-field images of Apc-/- CAGs-rtTA3 organoids expressing 
doxycycline-inducible Yap5SA or YAP5SA/S94A on the indicated days in the presence of 
doxycycline. The organoids were split on day 4. Scale bar, 200 µm. (B) Western blot 
analysis of Apc-/- CAGs-rtTA3 organoids expressing inducible YAP5SA or YAP5SA/S94A 
after 2 days on doxycycline. Antibodies are indicated. (C) Schematic of the domain 
architecture of HA-tagged Yap5SA: full-length (FL), amino acids 1-170, and amino acids 
1-285. TBD = TEAD binding domain, WW = WW domain, TAD = transcription 
activation domain, PDZ-BM = PDZ-binding motif. (D) Bright-field images of Apc-/- 
CAGs-rtTA3 organoids expressing inducible deletion versions of HA-tagged Yap5SA for 

5 days. Scale bar, 200 µm. (E) Western blot analysis of Apc-/- CAGs-rtTA3 organoids 
expressing inducible deletion versions of HA-tagged YAP5SA after 2 days on doxycycline. 
Antibodies are indicated. The asterisk indicates a non-specific band. 
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Klf6 are upregulated along with concomitant downregulation of ISC, DCS, and Wnt 

markers (Figures 3.1D-F). These results show that YAP is able to suppress Wnt and the 

colonic stem cell program even in the presence of constitutive Wnt signaling caused by 

the deletion of Apc. 

To determine whether this reprogramming is mediated through YAP’s 

transcriptional or cytoplasmic function, we generated Apc-/- CAGs-rtTA3 organoids, 

carrying inducible expression of either YAP5SA or YAP5SA/S94A (see STAR Methods) 

(Premsrirut et al., 2011). YAP5SA, which cannot be phosphorylated by LATS1/2, is 

therefore nuclear and constitutively active while YAPS94A cannot bind TEAD and is unable 

to activate transcription of target genes (Zhao et al., 2007, 2008). Only YAP5SA expression 

is able to arrest organoid growth (Figures 3.2A-B), suggesting that binding to TEAD is 

required for YAP to prevent growth of Apc-/- organoids. We next determined whether 

YAP’s transcription activation domain, which mediates recruitment of transcription 

machinery (Yagi et al., 1999), is required to mediate this phenotype. Expression of HA-

tagged deletion versions of YAP5SA in Apc-/- CAGs-rtTA3 organoids reveals that only full-

length YAP is able to induce proliferation arrest despite comparable levels of expression 

among the variants (Figures 3.2C-E). Collectively, these data suggest that YAP causes 

the loss of stem cell properties through TEAD-dependent transcriptional activity. 

To gain further insight into the molecular changes underlying this change in cell 

fate, we performed RNA-seq analysis at sequential time points in Apc-/- tetO-Yap rtTA 

organoids upon YAP activation (Figure 3.3A). This analysis reveals an overall distinct 

transcriptional state of treated cells (Figure 3.3B), suggesting a global transcriptional 

reprogramming. This data also validate the immediate activation of YAP targets, 

substantiated by the enrichment of the Hippo signaling pathway and two published YAP  
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Figure 3.3. (A) Schematic of RNA-seq time course analysis in Apc-/- tetO-YAPS127A rtTA 
organoids. (B) Heatmap of YAP downstream target genes, genes involved in Wnt 
signaling, and injury response genes over the time course of doxycycline induction in 
Apc-/- tetO-YAPS127A rtTA organoids. (C) Principal component analysis of whole 
transcriptome profiles of Apc-/- tetO-YAPS127A rtTA organoids at the indicated hours 
following doxycycline treatment. (D) GSEA of a YAP gene signature from Barry et al., 
2013 in Apc-/- tetO-YAPS127A rtTA organoids after 24 hours on doxycycline compared to 
0 hours. (E) GSEA of a YAP gene signature from Gregorieff et al., 2015 in Apc-/- tetO-
YAPS127A rtTA organoids after 24 hours on doxycycline compared to 0 hours. (F) GSEA 
of KEGG pathways in Apc-/- tetO-YAPS127A rtTA organoids after 24 hours on doxycycline 
compared to 0 hours. (G) GSEA of a Lgr5 ISC gene signature in Apc-/- tetO-YAPS127A 
rtTA organoids after 72 hours on doxycycline compared to 0 hours. (H) Heatmap of 
Wnt signaling pathway nuclear co-factors over the time course of doxycycline treatment 
in Apc-/- tetO-YAPS127A rtTA organoids. (I) GSEA of KEGG pathways in Apc-/- tetO-
YAPS127A rtTA organoids after 72 hours on doxycycline compared to 0 hours. (J) GO 
overrepresentation analysis of upregulated transcription factors (adjusted p-value < 
0.05 and log2 fold change > 1) in Apc-/- tetO-YAPS127A rtTA organoids after 72 hours on 
doxycycline compared to 0 hours. (K) GSEA of intestinal b-catenin targets in 
differentially expressed transcription factors in Apc-/- tetO-YAPS127A rtTA organoids 
after 72 hours on doxycycline compared to 0 hours. 
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Figure 3.3 (Continued) 
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gene signatures by GSEA (Figures 3.3C-F), and the downregulation of Wnt and ISC 

gene signatures, which predominantly occurs between 24 and 72 hours (Figures 3.3C, 

3.3F, and 3.3G) (Barry et al., 2013; Gregorieff et al., 2015; Muñoz et al., 2012). 

Interestingly, Wnt nuclear co-factors are not downregulated over the course of YAP 

activation with the exception of Tcf7, which is also a target of the Wnt pathway (Figure 

3.3H), suggesting that downregulation of Wnt signaling upon YAP activation may be due 

to post-translational modifications or changes in protein interaction partners of these 

factors unrelated to transcript levels. Additionally, injury signature genes, such as Anxa2, 

Ly6a/Sca1, S100A6, and S100A11, are concomitantly upregulated, and pathways related 

to cell-cell contact, actin cytoskeleton, and response to injury are significantly enriched at 

72 hours (Figures 3.3C and 3.3I). These enriched pathways are also recapitulated in 

GO overrepresentation analysis and GSEA of the transcription factors differentially 

expressed at 72 hours (Figures 3.3J-K), underscoring their role in mediating this cell 

fate change. Altogether, these findings substantiate the transcriptional activity of YAP in 

driving a complete reprogramming of intestinal cells even in the context of an Apc 

deletion. 

 

3.4.2 Activation of YAP induces loss of cancer stem cells and tumor regression 

  We next tested whether YAP expression could also induce similar molecular 

changes in colon organoids carrying mutations associated with malignant colon cancer 

disease. In order to do so, we generated Apc-/- KrasG12D p53-/- (AKP) cancer organoids with 

inducible YAP5SA overexpression (Figure 3.4A). Overexpression of YAP5SA by addition 

of doxycycline to the culture media leads to death of AKP organoids by seven days after 

induction (Figure 3.4B). As in wild-type and Apc-/- organoids, ISC marker Lgr5 and DCS  
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Figure 3.4. (A) Schematic for generating Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA 
organoids. (B) Brightfield images of Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA organoids 
after 7 days in the presence or absence of doxycycline. The organoids were split on day 
4. Scale bar, 200 µm. (C) RT-qPCR analysis of the indicated genes in Apc-/- KrasG12D 
p53-/- tetO-YAP5SA rtTA organoids 3 days after induction with doxycycline. Data are 
represented as mean ± SEM; n = 3 biological and 2 technical replicates. ****P < 0.0001. 
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Figure 3.5. (A) GSEA of a YAP gene signature from Barry et al., 2013 in Apc-/- KrasG12D 
p53-/- tetO-YAP5SA rtTA organoids 3 days after induction with doxycycline. (B) GSEA of 
a YAP gene signature from Gregorieff et al., 2015 in Apc-/- KrasG12D p53-/- tetO-YAP5SA 
rtTA organoids 3 days after treatment with doxycycline. (C) GSEA of KEGG pathways 
in Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA organoids 3 days after induction with 
doxycycline. (D) GSEA of a Lgr5 ISC gene signature in Apc-/- KrasG12D p53-/- tetO-
YAP5SA rtTA organoids 3 days after induction with doxycycline. 
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marker Reg4 are downregulated after doxycycline induction (Figure 3.4C). Similar to 

other contexts, RNA-seq analysis of these organoids at 72 hours post doxycycline reveals 

significant enrichment of previously published YAP gene signatures and pathways 

involving cell-cell contact, actin cytoskeleton, and response to injury and negative 

enrichment of those related intestinal absorption and the Lgr5 ISC gene signature 

(Figures 3.5A-D) (Barry et al., 2013; Gregorieff et al., 2015; Muñoz et al., 2012), 

confirming our previous findings that YAP is reprogramming these cancer cells to a low 

Wnt, wound healing-like state. 

To test if YAP is capable of reprogramming AKP cells in vivo, where the cells are 

exposed to additional niche factors, we injected AKP organoids in the colon of NSG mice 

(Figure 3.6A). Two weeks after injection, YAP5SA overexpression was induced by adding 

doxycycline to drinking water. Strikingly, histological analysis shows that tumor cells 4 

days post doxycycline present with a different morphology, with an enlarged cytoplasm 

and loss of the characteristic columnar shape (Figure 3.6B). Expression of Lgr5 is 

completely lost, and b-catenin is dislocated from the nucleus to the cytoplasm (Figures 

3.6B-C). Further supporting the notion that these cells lack active Wnt signaling, 

expression of Axin2 is greatly reduced. These YAP-overexpressing cells are also not 

proliferative, and as a consequence, YAP induction by doxycycline confers a survival 

advantage in these transplants (Figure 3.6D). To quantify tumor growth, we injected 

AKP organoids in the flanks of nude mice and confirmed that YAP-overexpressing cells 

in this model undergo the same phenotypic and molecular changes as cells growing in the 

colon (Figure 3.7A-B). Remarkably, YAP overexpression induces loss of cellularity and 

tumor regression (Figures 2.7C-D).  
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Figure 3.6. (A) Schematic of timeline for orthotopic injection of Apc-/- KrasG12D p53-/- 
tetO-YAP5SA rtTA organoids in the colons of NSG mice and doxycycline administration. 
(B) Histological analysis of orthotopic tumors from Apc-/- KrasG12D p53-/- tetO-YAP5SA 
rtTA organoids 4 days after doxycycline administration: H&E stains, IHC for non-
phosphorylated (active) b-catenin and Ki67, and RNA-ISH for AmotL2, Lgr5, and 
Axin2. Scale bar, 50 µm. (C) IHC for non-phosphorylated b-catenin from Apc-/- 
KrasG12D p53-/- rtTA tetO-YAP5SA orthotopic tumors 4 days after doxycycline 
administration. Scale bar, 50 µm. (D) Kaplan-Meier survival curve of mice injected 
orthotopically with Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA organoids. Doxycycline 
treatment was started 14 days after injection as indicated with the arrow. - dox: n = 5, 
+ dox: n = 4. *P < 0.05. 
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Figure 3.7. (A) Schematic of timeline for subcutaneous injection of Apc-/- KrasG12D p53-

/- tetO-YAP5SA rtTA organoids in the flanks of nude mice, tumor measurements, and 
doxycycline administration. (B) Histological analysis of Apc-/- KrasG12D p53-/- tetO-
YAP5SA rtTA subcutaneous tumors on the indicated days following doxycycline 
administration: H&E stains, IHC for YAP, non-phosphorylated b-catenin, and Ki67, 
and RNA-ISH for AmotL2, Lgr5, and Axin2. Scale bar, 50 µm. (C) H&E stains of Apc-/- 
KrasG12D p53-/- tetO-YAP5SA rtTA subcutaneous tumors 8 days after doxycycline 
administration. Scale bar, 200 µm. (D) Growth curve of subcutaneous tumors from Apc-

/- KrasG12D p53-/- tetO-YAP5SA rtTA organoids injected in the flanks of nude mice. 
Measurements were started one week after injection (shown as day 0 on the plot). The 
arrow indicates the day doxycycline treatment was started. Data are represented as 
mean ± SD. *P < 0.05. 
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Figure 3.8. (A) Bright-field images of a patient-derived CRC organoid line with 
inducible YAP5SA expression after 7 days in the presence or absence of doxycycline. The 
organoids were split on day 4. Scale bar, 200 µm. (B) RTq-PCR analysis of the indicated 
genes in patient-derived CRC organoids expressing YAP5SA. Data are represented as 
mean ± SEM; n = 2 biological and 2 technical replicates. ****p < 0.0001. (C) Growth 
curve of subcutaneous tumors from patient-derived CRC organoids expressing YAP5SA 
injected in the flanks of nude mice. The arrow indicates the day doxycycline treatment 
was started. Measurements were started one week after injection (shown as day 0 on 
the graph). *p < 0.05. 
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We also validated the role of YAP in human CRC as engineered inducible YAP5SA 

expression leads to the reduction in growth of a patient-derived CRC organoid line 

(Figure 3.8A). This is accompanied by increased YAP target expression and strong 

downregulation of ISC and Wnt markers LGR5 and AXIN2 (Figure 3.8B). Additionally, 

expression of YAP in established human CRC xenografts leads to a statistically significant 

reduction in growth compared to their uninduced counterparts (Figure 3.8B). Taken 

together, our results indicate that YAP activation in CRC organoids leads to molecular 

reprogramming and proliferation arrest. 

 

3.4.3 YAP suppresses cancer stemness in primary and metastatic tumor growth 

We next tested the ability of YAP to suppress two critical features of malignant 

growth: tumor initiating capacity and metastatic potential. To measure tumor 

propagating capacity, we performed secondary transplantation of AKP colon organoids 

with and without YAP activation. After allowing the tumors to grow in mice for 6 weeks, 

we induced them with doxycycline for 2 days and isolated the EpCAM+ cells via FACS 

(Figures 3.9A-B). As before, we observed an increase in nuclear YAP and the YAP target 

AmotL2 and a decrease in ISC and Wnt markers Lgr5 and Axin2 after only 2 days (Figure 

3.9C). Equal numbers of uninduced and induced EpCAM+ tumor cells were transplanted 

subcutaneously into nude mice. While uninduced tumor cells grow dramatically over the 

course of 4 weeks, cells from doxycycline-induced tumors have virtually no capacity to 

reinitiate tumor growth (Figures 3.9D-E). Similarly, AKP organoids induced with 

doxycycline in culture for 4 days also exhibit a lack of growth following transplant 

compared to uninduced controls (Figures 3.10A-C), suggesting that YAP activation 

abolishes the tumor propagating potential of triple mutant AKP colon cancer cells. 
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Figure 3.9. (A) Schematic of primary and secondary transplantation of Apc-/- KrasG12D 
p53-/- tetO-YAP5SA rtTA organoid cells into nude mice, including timeline of 
subcutaneous injections, doxycycline administration, and tumor isolation. (B) Gating 
strategy for isolation of Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA subcutaneous tumor 
cells by FACS. Tumor cells from control and doxycycline-treated mice were sorted on 
forward scatter and side scatter and subsequently by EpCAM+, Lin- (CD45, TER119, 
CD11b), and DAPI-. Sorted cells were then injected subcutaneously into nude mice for 
secondary transplants. (C) Histological analysis of Apc-/- KrasG12D p53-/- tetO-YAP5SA 
rtTA subcutaneous tumors 2 days after doxycycline administration: H&E stains, IHC 
for YAP and Ki67, and RNA-ISH for AmotL2, Lgr5, and Axin2. Scale bar, 50 µm. (D) 
Gross morphology of Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA secondary tumors 
harvested 5 weeks following transplant. Scale bar, 5 mm. (E) Growth curve of 
subcutaneous tumors from Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA organoid cells 
following secondary transplantation with or without doxycycline treatment. 
Measurements were started one week after injection (shown as day 0 on the plot). Data 
are represented as mean ± SEM; - dox: n = 10 tumors; + dox: n = 6 tumors. ****P < 
0.0001. 
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Figure 3.10. (A) Schematic of subcutaneous 
transplantation of control or doxycycline-treated 
Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA organoids 
into nude mice. (B) Gross morphology of 
subcutaneous tumors derived from control or 
doxycycline-treated Apc-/- KrasG12D p53-/- tetO-
YAP5SA rtTA organoids 8 weeks following 
transplant. Scale bar, 5 mm. (C) Growth curve of 
subcutaneous tumors from control or 
doxycycline-treated Apc-/- KrasG12D p53-/- tetO-
YAP5SA rtTA organoids injected into the flanks of 
nude mice. Measurements were started one week 
after injection (shown as day 0 on the graph). 
Data are represented as mean ± SEM; - dox, n = 
6 tumors; + dox, n = 4 tumors. *p < 0.05. 
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To test the effect of YAP on metastatic potential, we engineered an additional 

Smad4 mutation via CRISPR/Cas9 in AKP colon organoids to enhance their metastatic 

capacity (Figures 3.11A-B) (Fumagalli et al., 2017; Miyaki et al., 1999; B. Zhang et al., 

2010). Strikingly, even in the presence of a fourth mutation, AKPS organoids with 

engineered YAP5SA expression are not able to reform organoids by day 7 (Figure 3.11C). 

Similarly, these organoids also downregulate ISC and DCS markers as early as day 2 

(Figure 3.11D). To test their metastatic potential in vivo, we injected control and 

doxycycline-induced AKPS organoids in the spleens of NSG mice (Figures 3.12A), which 

leads to formation of metastases in the liver (Fujii et al., 2016; O’Rourke et al., 2017).  Five 

weeks post injection, we found that the livers of NSG mice injected with YAP-expressing 

AKPS organoids have a drastic and significant reduction in tumor burden (Figures 

3.12B-C). Histological analysis of these livers reveals small metastatic foci compared to 

the extensive metastatic burden in livers with uninduced organoids (Figure 3.12D), 

suggesting YAP-expressing cancer cells are less able to seed and establish metastases in 

the liver. 

To characterize the role of YAP on established liver metastases, we allowed AKPS 

organoids to grow in the livers of NSG mice for 5 weeks before administering doxycycline 

for 10 days. YAP activation has a drastic effect on the morphology of established 

metastatic tumors with obvious and large areas of necrosis (Figure 3.13A). Additionally, 

we observed the near complete elimination of Lgr5+ ISCs and a significant reduction in 

their proliferative index (Figures 3.13B-C). Altogether, our data point to the therapeutic 

role of activating YAP in preventing both the establishment and growth of liver 

metastases.  
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Figure 3.11. (A) Schematic for generating Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA 
rtTA organoids. (B) Gene-targeting strategy for Smad4. The protospacer adjacent motif 
is underlined on the target sequence, and the allelic fraction of the haplotype identified 
is indicated. (C) Brightfield images of Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA rtTA 
organoids on the indicated days in the presence or absence of doxycycline. The 
organoids were split on day 4. Scale bar, 200 µm. (D) RT-qPCR analysis of the indicated 
genes in Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA rtTA organoids 2 days after 
induction with doxycycline. Data are represented as mean ± SEM; n = 3 biological and 
2 technical replicates. ***P < 0.001 and ****P < 0.0001. 
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Figure 3.12. (A) Schematic of intrasplenic injection of uninduced and doxycycline-
induced Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA rtTA organoids into NSG mice. (B) 
Gross morphology of representative livers of NSG mice injected intrasplenically with 
Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA rtTA organoids induced with or without 
doxycycline for 4 days in culture. Scale bar, 10 mm. (C) Quantification of tumor area 
per liver piece from Figure 6F. Dot plot is represented as mean ± SEM; - dox: n = 9-10 
liver pieces per mouse, n = 6 mice; + dox: n = 9-10 liver pieces per mouse, n = 5 mice. 
****P < 0.0001. (D) Representative H&E staining of livers from Figure 6F. Scale bar, 
200 µm. 
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Figure 3.13. (A) Histological analysis of Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA 
rtTA metastases 10 days after doxycycline administration: H&E stains, IHC for YAP and 
Ki67, and RNA-ISH for AmotL2 and Lgr5. Scale bar, 100 µm. (B) Quantification of Lgr5 
positive staining in control and doxycycline-treated Apc-/- KrasG12D p53-/- Smad4-/- 
tetO-YAP5SA rtTA metastases from Figure S6I. Dot plot is represented as mean ± SEM; 
- dox, n = 4 optical fields per mouse, n = 2 mice; + dox, n = 2 optical fields per mouse, 
n = 4 mice. ***p < 0.001. (C) Quantification of Ki67+ cells per high powered optical 
field in control and doxycycline-treated Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA 
rtTA metastases from Figure S6I. Dot plot is represented as mean ± SEM; - dox, n = 4 
optical fields per mouse, n = 2 mice; + dox, n = 2 optical fields per mouse, n = 4 mice. 
***p < 0.001. 
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3.4.4 Deletion of YAP/TAZ increases colon tumor growth 

The data presented in this manuscript relating to YAP overactivation speak to a 

tumor suppressive role for YAP in CRC. However, other work has reported that YAP is 

required for intestinal and colonic tumor growth either in cell lines or in a mouse model 

of familial adenomatous polyposis (FAP), where one copy of Apc is mutated, and 

numerous tumors appear upon stochastic loss of the second copy (Cai et al., 2015; 

Gregorieff et al., 2015; Konsavage et al., 2012; Rosenbluh et al., 2012; Zhou et al., 2011). 

These experimental settings use a developmental deletion of YAP/TAZ and 

predominantly look at tumor formation in the small intestine. To test unbiasedly the 

effects of Yap and Taz knockout on the growth of discrete Apc-mutant tumors in the adult 

colon in vivo, we injected adenovirus expressing Cre recombinase in the colonic mucosa 

of Apcfl/fl and Apcfl/fl Yapfl/fl Tazfl/fl mice (Figure 3.14A) (Colnot et al., 2004; 

Schlegelmilch et al., 2011; Xin et al., 2013). While all mice at eight-weeks post injection 

develop tumors, Apcfl/fl Yapfl/fl Tazfl/fl mice present with higher tumor burden (Figures 

3.14 B-C). We observed YAP deletion efficiency ranging from 40 to 100% in the tumors 

from Apcfl/fl Yapfl/fl Tazfl/fl mice and downregulation of the YAP target AmotL2 in the YAP-

deleted cells (Figures 3.14D-E). Furthermore, Yap/Taz knockout tumors have a 

significantly higher number of proliferating cells by phospho-histone H3 staining 

(Figures 3.14F-G), explaining the difference in tumor burden. Although these 

adenomas rarely become malignant, they grow until they obstruct the colonic lumen of 

the mice at which point the animals have to be euthanized. Taking this into account, we 

observed a significant decrease in survival in animals bearing Yap/Taz deleted tumors 

compared to their control counterparts (Figure 3.14H). Collectively, these results show  
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Figure 3.14. (A) Schematic of orthotopic injection of adenovirus expressing Cre 
recombinase (Ad-Cre) into mice of the indicated genotypes. (B) Colonoscopy images of 
mice of the indicated genotypes 8 weeks after injection with Ad-Cre in the colonic 
mucosa. (C) Volume of tumors from mice of the indicated genotypes harvested 8 weeks 
after injection with Ad-Cre in the colonic mucosa. Data are presented as mean ± SEM; 
n = 4 tumors per genotype. (D) Histological analysis of Ad-Cre injected Apcfl/fl and 
Apcfl/fl Yapfl/fl Tazfl/fl colonic tumors: H&E stains, YAP IHC, and AmotL2 RNA-ISH. 
Scale bar, 20 µm. (E) IHC for YAP in tumors from Apcfl/fl Yapfl/fl Tazfl/fl mice injected 
with Ad-Cre. Scale bar, 200 µm. (F) IHC for 71hosphor-histone H3 (pH3) in Ad-Cre 
injected Apcfl/fl and Apcfl/fl Yapfl/fl Tazfl/fl colonic tumors. Scale bar, 100 µm. (G) 
Quantification of pH3+ cells per optical field in Ad-Cre injected Apcfl/fl and Apcfl/fl 
Yapfl/fl Tazfl/fl colonic tumors. Dot plot is represented as mean ± SEM; n = 2 
measurements per mouse, n = 3 mice per group. **P < 0.01. (H) Kaplan-Meier survival 
curve for mice of the indicated genotypes injected with Ad-Cre in the colonic mucosa. 
Apcfl/fl: n = 9 mice; Apcfl/fl Yapfl/fl Tazfl/fl: n = 10 mice. ***P < 0.001. 
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Figure 3.14 (Continued) 
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Figure 3.15. (A) Schematic of sporadic tumor formation in mice of the indicated 
genotypes, including timeline of azoxymethane (AOM) injection and tissue collection. 
(B) IHC for YAP in Villin-Cre Yapfl/fl Tazfl/fl animals and control littermates. Scale bar, 
200 µm. (C) Colonoscopy images of mice of the indicated genotypes one month after 
the last AOM injection. (D) Gross morphology of colons from mice of the indicated 
genotypes 2 months after the last AOM injection. (E) Quantification of tumor burden 
from Yapfl/fl Tazfl/fl and Villin-Cre Yapfl/fl Tazfl/fl mice after AOM-induced 
tumorigenesis. Data are presented as mean ± SEM; n = 4 tumors per genotype. (F) IHC 
for YAP in AOM-induced tumors from Yapfl/fl Tazfl/fl and Villin-Cre Yapfl/fl Tazfl/fl mice. 
Scale bar, 100 µm. 

 

  



  74 

that Yap/Taz are not required for the growth of genetically defined colon tumors driven 

by Wnt but are rather inhibitory towards their growth. 

We also tested the role of YAP/TAZ in sporadic tumor formation by inducing 

tumors in Villin-Cre Yapfl/fl Tazfl/fl mice and their Yapfl/fl Tazfl/fl littermates as controls 

with six weekly intraperitoneal injections of 10 mg/kg azoxymethane (AOM) carcinogen 

(Figure 3.15A) (Neufert et al., 2007). These conditional mouse knockouts lack YAP in 

the entire intestinal epithelium (Figure 3.15B). Colonoscopy imaging shows formation 

of tumors in both wildtype and Yap/Taz knockout mice 1 month after the last AOM 

injection (Figure 3.15C). Eight weeks after the last dose, we observed a higher tumor 

burden in the colons of Yap/Taz knockout mice than in their control littermates (Figure 

3.15D-E). In this case, all epithelial cells of the tumors are fully deleted for Yap/Taz as 

are the cells of origin (Figure 3.15F). Altogether, our results not only establish YAP/TAZ 

as a bona fide tumor suppressor in Apc mutant colon tumors but also implicate YAP 

activation as a viable therapeutic strategy in this cellular context. 

 

3.5  Discussion 

Due to contrasting findings made by different groups, the role of Hippo/YAP 

signaling in the initiation and progression of CRC remains a matter debate (Azzolin et al., 

2014; Barry et al., 2013; Cai et al., 2015; Gregorieff et al., 2015). Here we show that YAP 

antagonizes stemness and inhibits Wnt even in the presence of multiple oncogenic 

mutations, rendering Lgr5+ cancer stem cells non-proliferative and inducing tumor 

regression in mouse and patient-derived models of primary and metastatic CRC. On the 

other hand, YAP/TAZ depletion increases the growth and proliferation of colonic 
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adenomas. These data collectively suggest that this YAP-dependent regenerative program 

can be reactivated during CRC progression and be dominant over Wnt-driven outputs. 

Interestingly, growth of certain CRC cell lines requires YAP, an observation that 

supports the idea of YAP as an oncogene in the colon as seen in other tissues (Konsavage 

et al., 2012; Rosenbluh et al., 2012; Zhou et al., 2011). However, it is possible that YAP 

dependence is a feature of in vitro culture and does not reflect physiological requirements 

of the in vivo intestine, where YAP deletion has no effect (Cai et al., 2010). Our data show 

that in vivo growth of Apc knockout adenomas is not only independent of YAP but is also 

favored upon YAP/TAZ depletion. Moreover, activation of YAP in vivo and in vitro 

hampers cancer growth by suppressing Wnt and antagonizing the stem cell state. 

A few studies have also proposed an oncogenic role for YAP based on data from a 

mouse model of familial adenomatous polyposis, results of which might reflect a role of 

YAP in mitotic recombination as tumor outcome in this model depends on the loss of the 

second Apc allele (Cai et al., 2015; Gregorieff et al., 2015; Haigis & Dove, 2003; Haines et 

al., 2005). Furthermore, these experiments deplete YAP developmentally, which may not 

reproduce what occurs in an adult mutation. Additionally, the appearance of sporadic 

colon tumors through use of a chemical carcinogen does not require YAP, ruling out the 

role for YAP in tumor initiation. Altogether, our data using models of both YAP activation 

and depletion are consistent and strongly suggest that YAP functions as a tumor 

suppressor in the colon.   

 Multiple strategies are being developed to target solid tumor stem cells. Our study 

suggests that reprogramming of these cells into a regenerative state could be harnessed 

as a novel therapeutic approach. In this context, the cell state induced by YAP, marked by 

high Klf6 expression during colonic regeneration, can be induced in CRC. Given that YAP 
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is negatively regulated by the upstream kinases LATS1/2 and MST1/2, our results indicate 

that Hippo kinase inhibitors could serve as potential therapeutic agents to combat CRC.  

 

3.6  Materials and Methods 

3.6.1 Mice 

All animal protocols and procedures were approved by the respective local animal 

institutional committees. All mice used for this study were on a C57BL/6J background 

unless indicated otherwise. 

 Organoid transplantation experiments: Both male and female 2-3 months old 

nude mice were used for flank injections, and male and female 2-4 months old NSG mice 

were used for colon orthotopic and intrasplenic injections. Mice were administered 

doxycycline (2 mg/ml with 0.5% sucrose) in drinking water ad libitum either immediately 

upon transplantation or starting on the days indicated as specified in the figure legends. 

Colon tumorigenesis: Both male and female Apcfl/fl and Apcfl/fl Yapfl/fl Tazfl/fl mice 

at 6-8 weeks old were used for injection of adenovirus expressing Cre recombinase. AOM-

induced carcinogenesis was performed in Villin-Cre Yapfl/fl Tazfl/fl animals and their 

Yapfl/fl Tazfl/fl littermates as controls. 

 

3.6.2 Azoxymethane-induced tumorigenesis 

A stock solution of azoxymethane (AOM) was prepared at a concentration of 1 

mg/mL. Colon tumorigenesis was induced by intraperitoneal injection of 10 mg/kg of 

AOM once weekly for six consecutive weeks into 8-week old mice of the indicated 

genotypes. Mice were harvested 2 months after the last injection for analysis.  
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3.6.3 Mouse colon organoid isolation and culturing 

For colon epithelial cell isolation for organoid culture, a 2 cm piece of distal colon 

was extracted from 2-month old mice and incubated in 4 mM EDTA in PBS with mild 

agitation for 45 min at 4°C. The colon pieces were cut open, and colon crypts were scraped 

from the tissue with a coverslip. After washing with cold PBS and centrifugation at 1000 

g for 5 min, crypts were resuspended in Matrigel and plated in 24-well plates (50 µL 

Matrigel/well). The Matrigel was allowed to solidify for 15-30 min in a 37°C incubator. 

500 µL of organoid culture media was then overlaid onto the Matrigel and changed every 

2-3 days. The organoid cultures were maintained at 37°C in fully humidified chambers 

containing 5% CO2.  

  Colon organoids were prepared from animals with the following genotypes: 

Col1a1tetO-YapS127A/+ Rosa26LSL-rtTA/+, Lrig1-CreERT2 Lats1fl/fl Lats2fl/fl, Apcfl/fl KrasLSL-G12D 

p53fl/fl, and Rosa26CAGs-rtTA3. Organoids were grown in conditioned media containing 

Wnt3a, R-Spondin, and noggin, generated as described previously from L-WRN cells 

(Miyoshi & Stappenbeck, 2013) and diluted 1:1 with Advanced DMEM/F-12 containing 1x 

N-2, 1x B-27, 1% Pen/Strep, and 2 mM L-glutamine. The growth media also contained 50 

ng/mL EGF, 0.1 mg/mL primocin, 1 µM N-acety-L-cysteine, 10 mM HEPES, and 10 µM 

Y-27632 (added only upon passaging). Induction of Lats1/2 knockout was performed by 

addition of 100 nM 4-OHT overnight whereas Yap overexpression was induced with 1 

µg/mL doxycycline in the media. 

To generate tetO-YapS127A rtTA organoids, organoids derived from Col1a1tetO-

YapS127A/+ Rosa26LSL-rtTA/+ mice were transduced with a lentivirus expressing Cre 

recombinase (generated from Cre-IRES-PuroR, a gift from Darrell Kotton) to activate 
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rtTA expression (Somers et al., 2010). Three days after infection, organoids were selected 

by adding 1 µg/mL puromycin. 

Knockout of Apc was performed by transfecting or transducing a plasmid or 

lentivirus, respectively, expressing Cas9 and a sgRNA against Apc (Apc sgRNA cloned 

into lentiCRISPR, a gift from Feng Zhang) (Schwank et al., 2013; Shalem et al., 2014). For 

organoids derived from Col1a1tetO-YapS127A/+ Rosa26LSL-rtTA/+ mice, the lentivirus 

additionally expressed Cre recombinase to activate rtTA (Apc sgRNA cloned into pSECC, 

a gift from Tyler Jacks) (Sanchez-Rivera et al., 2014). Three days after infection, 

organoids were selected by removing Wnt and R-Spondin from the media. These 

organoids were grown in the same media as wild-type organoids but did not contain 

conditioned media and were supplemented with 100 ng/mL noggin. Apc-/- CAGs-rtTA3 

organoids were infected with lentiviruses carrying inducible expression of mutant 

versions of YAP. Three days after infection, organoids were selected by adding 1 µg/mL 

puromycin for 3 days. 

Apcfl/fl KrasLSL-G12D p53fl/fl organoids were infected with an adenovirus expressing 

Cre recombinase and GFP (Cat#VVC-U of Iowa-1174) and selected 3 days after infection 

for 1 week by adding 1 µM EGFR inhibitor gefitinib and 5 µM nutlin-3 to organoid media 

without Wnt, R-Spondin, or EGF. Growth media was the same as for wildtype organoids 

but did not contain conditioned media or EGF and was supplemented with 100 ng/mL 

noggin. Organoids with inducible Yap overexpression were obtained by infecting with a 

lentivirus overexpressing Yap in the pLVX-Tight-Puro system (Clonetech Cat#632162) 

followed by selection with 1 µg/mL puromycin (starting 3 days after infection) and 

subsequent infection with a lentivirus expressing rtTA (generated from pLenti CMV rtTA3 
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Blast (w756-1), a gift from Eric Campeau) and selection with 10 µg/mL blasticidin. We 

isolated 20 clones for which we tested YAP overexpression by western blot and used the 

clone that displayed higher levels of YAP expression for all the experiments shown in this 

manuscript. 

Knockout of Smad4 was performed by transfecting AKP organoids with a plasmid 

expressing Cas9 and a sgRNA against Smad4 (Smad4 sgRNA cloned into lentiCRISPR, a 

gift from Feng Zhang) (Shalem et al., 2014; Weber et al., 2015). The organoids were 

selected 3 days after transfection by removing noggin from the culture media for AKP 

organoids and supplementing with 10 ng/ml TGF-b (Matano et al., 2015). Selected clones 

were maintained in the same culture media as AKP organoids but without noggin. 

 

3.6.4 Human colorectal cancer organoids 

The collection of fresh human CRC specimens and the generation of organoid lines 

was described previously (Roper et al., 2017). The line used in this study is derived from 

a moderately differentiated liver metastasis from a MSS rectal adenocarcinoma and 

carries mutations in KRAS, TP53, and PTCH1. Human CRC organoids were grown in 

Matrigel and maintained in the same culture media as for AKP mouse organoids. 

 

3.6.5 Murine colonoscopy and mucosal injection 

  Mouse colonoscopy was performed on anesthetized mice using Storz equipment. 

Injections were performed as described previously (Roper et al., 2017, 2018). We used a 

custom-made flexible steel needle, which was introduced through the working channel of 

the colonoscope. The injection was performed under observation by a very gentle mucosal 

penetration with the open side of the bevel heading up in a flat angle. A volume of 50-100 
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µL of virus or organoid solution was then injected into the colonic lamina propria. The 

viral titer of adenovirus expressing Cre recombinase (Cat#VVC-U of Iowa-5) was 10^9 

pfu/ml with 3 injections per mouse at different locations. 

  Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA organoids were prepared for injection by 

mechanically resuspending the Matrigel and growth media with a pipette. They were 

dissociated by passing them 3 times through a syringe with a 25G needle followed by a 

cold PBS wash. They were resuspended in PBS containing 10% Matrigel and kept on ice 

before injection. Typically, one well of a 24-well plate containing 50 µL of Matrigel and 

grown to confluency (~100,000 cells) was resuspended in a volume of 250 µL for 

injection.  

 

3.6.6 Subcutaneous transplantation of organoids 

  Apc-/- KrasG12D p53-/- and human organoids expressing tetO-YAP5SA and rtTA were 

injected subcutaneously in the flanks of nude mice. The organoids were prepared as 

described for colon injections but were resuspended in Matrigel diluted 1:1 in DMEM. 

Each flank was injected with organoids coming from three wells of a 24-well plate 

(~300,000 cells) resuspended in a volume of 100 µL. For secondary transplantation, 

18,000 sorted EpCAM+ Apc-/- KrasG12D p53-/- tetO-YAP5SA rtTA tumor cells were 

transplanted into the flanks of nude mice. 

 

3.6.7 Intrasplenic injection of organoids 

Apc-/- KrasG12D p53-/- Smad4-/- tetO-YAP5SA rtTA organoids were prepared as 

single cells following a 20 min incubation in dispase supplemented with 10 µM Y-27632 
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at 37°C, subsequent incubation in 0.25% trypsin with 10 µM Y-27632 at 37°C for 10 min, 

and enzyme inactivation with Advanced DMEM/F12 (+1% Pen/Strep, 2 mM L-glutamine, 

20% FBS). The cells were mechanically dissociated with a 25G needle, centrifuged, and 

resuspended in cold Advanced DMEM/F12. Mice were anesthetized with isoflurane, and 

under sterile conditions, the abdomens were depilated and sterilized. A small flank 

incision was made to expose the tip of the spleen, which was gently withdrawn from the 

abdomen with sterile tweezers and held in place with a sterile clamp by the fat tissue 

attached to the spleen. The bottom third of the spleen was loosely ligated using a non-

absorbable Vicryl coated suture, and 300,000 cells in a 100 µL volume were injected with 

a 25G needle underneath the splenic capsule past the ligation. After needle withdrawal, 

the spleen was ligated to close the wound, and the incision was closed with sutures.  

 

3.6.8 Lentivirus production 

Lentiviruses were generated in 293X cells by transfecting backbone and packaging 

plasmids using TransIT reagent following manufacturer’s instructions. 293X cells were 

maintained in DMEM (+10% FBS, 2 mM L-glutamine, 1% Pen/Strep). The supernatant 

containing the virus was collected 48 and 60-72 hours after transfection, concentrated by 

ultracentrifugation at 16,000 rpm for 90 min at 4°C, and resuspended in the remaining 

supernatant. 

 

3.6.9 Organoid transfection and infection 

  2-3 days prior to transfection or infection, organoids were treated with 10 mM 

nicotinamide. Organoids were washed with PBS and treated with dispase to dissolve the 

Matrigel. They were passaged through a 25G syringe three times, spun down for 5 min at 



  82 

1000 g and resuspended in 450 µL of culture media. The cell suspension was transferred 

to a 48-well plate, and 10 µL of a lentivirus solution (titer approximately 10^7 pfu/mL) 

or 50 µL of lipofectamine-DNA complex were added to the well. Cells were spinoculated 

for 1 hr at 30°C at 600 g. After a 4-6 h recovery at 37°C, the cells were resuspended, 

centrifuged in an Eppendorf tube, resuspended in 50 µL Matrigel, and cultured as 

described above. 

 

3.6.10 Histology 

Intestine, colon, and tumor samples were fixed overnight in 10% formalin, washed 

with PBS and 70% ethanol, and embedded in paraffin. Organoids grown in Matrigel were 

fixed in 4% paraformaldehyde/PBS, washed extensively with PBS and encapsulated in 

Histogel prior to embedding in paraffin. Livers were fixed 4% paraformaldehyde/PBS for 

36-48 hours and cut into 9-10 pieces before embedding in paraffin. The paraffin blocks 

were cut into 5 µm sections using a microtome. 

For immunohistochemistry, antigen retrieval for most epitopes was performed 

with citric-acid based pH 6.0 Antigen Unmasking Solution at 95°C in a pressure cooker 

for 1 hr. For epitopes requiring high pH, antigen retrieval was performed with tris-based 

pH 9.0 Antigen Unmasking Solution at 37°C for 10 min. The slides were blocked with 

0.3% hydrogen peroxide and subsequently 2.5% donkey serum in PBS and incubated with 

primary antibody in blocking buffer overnight at 4°C. After washing with PBS three times, 

slides were incubated with biotinylated secondary antibodies in PBS for 1 hr. The signal 

was amplified with VectaStain ABC Reagent and developed with DAB. Harris modified 
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hematoxylin was used to counterstain nuclei and subsequently slides were washed, 

dehydrated, and mounted using VectaMount.  

For immunofluorescence, following antigen retrieval, blocking, and primary 

antibody incubation, slides were incubated with appropriate fluorescent antibodies and 1 

µg/ml DAPI for 1 hour and then mounted with Prolong Gold antifade with DAPI. 

For RNA in situ hybridization, we used the RNAScope Brown HD 2.5 kit according 

to the manufacturer’s instructions.  

IHC and RNAScope images were taken using a Zeiss Axio Scope. IF images were 

obtained on a Zeiss AxioObserver Z1.  

 

3.6.11 RNA isolation and RT-qPCR 

RNA from organoids was extracted using Trizol reagent. cDNA was obtained using 

the cDNA Synthesis Kit and diluted 1:40 for RT-qPCR if starting from 500 ng of RNA. 

RT-qPCR was performed on a One Step plus Sequence Detection System (Applied 

Biosystems) using Fast SYBR® Green Master Mix (Life Technologies), and gene 

expression data was quantified using the DeltaDeltaCt method and normalized to 

Gapdh/GADPH.  

 

3.6.12 Protein extraction and Western blot analyses 

Organoids were washed in PBS, and the Matrigel was dissolved with dispase. After 

washing with PBS, the cells were lysed with RIPA buffer and quantified using Bradford 

Reagent. For western blot, 10 µg of total protein were loaded into each well of an SDS-

PAGE gel.  
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3.6.13 Fluorescence-activated cell sorting 

For isolation of tumor cells for FACS and subsequent secondary transplantation, 

tumors were chopped into small pieces in 300 U/ml collagenase IV in digestion buffer (1x 

HBSS, 10 mM HEPES, 1.25 mM CaCl2*2H2O, and 4 mM MgCl2*6H2O in MilliQ H2O) and 

subsequently incubated at 37°C for 30 min with occasional pipetting. The tumor pieces 

were then centrifuged and incubated in 0.25% trypsin at 37°C for 30 min with occasional 

pipetting followed by an addition of FBS to a 5% final concentration. The tumors cells 

were washed with cold PBS twice, filtered through 70 µm strainers, and stained in 2% 

FBS/PBS with fluorescent conjugated EpCAM, CD45, TER119, and CD11b antibodies 

diluted 1:100 for 30 min at 4°C.  

All sorting was performed on a BD FACSAria II, using a 100 µm nozzle, and FlowJo 

(Tree Star) software was used for all flow cytometry analysis. The following combinations 

were used to isolate each of the respective populations: intestinal/colonic epithelial cells: 

EpCAM+CD45-TER119-; tumor epithelial cells: EpCAM+CD45-TER119-CD11b-. For all 

sorts, 4’, 6-diamidino-2-phenylindole (DAPI) was used to eliminate dead cells.  

 

3.6.14 Bulk RNA sequencing and analysis 

RNA was isolated from organoids using the NucleoSpin RNA XS kit. The libraries 

for the RNA-seq analysis were prepared with 100 ng of RNA using the TruSeq RNA 

Library Preparation Kit v2 (Illumina) according to the manufacturer's protocol. All of the 

libraries were sequenced on an Illumina HiSeq 4000 using paired end 150 cycles kits at 

Novogene. Raw sequencing reads were aligned to a reference transcriptome generated 

from the Ensembl v98 database with Salmon v0.14.1 using options “--seqBias --useVBOpt 

--gcBias --numBootstraps 30 --validateMappings” (Patro et al., 2017). Length-scaled 
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transcripts per million were acquired using the tximport function, and log2 fold changes 

and false discovery rates were determined by DESeq2 in R (Love et al., 2014; Soneson et 

al., 2015). Shrunken log2 fold changes were determined with DESeq2, which were used 

to rank genes for GSEA of significant KEGG pathways by fgsea or of previously published 

gene signatures using the GSEA function (Kanehisa, 2000). In cases where there were 

duplicate gene symbols or Entrez IDs, the more significant gene was kept for the ranking. 

To identify the transcription factors differentially expressed, the differentially expressed 

genes at 72 hours with adjusted p-value < 0.05 and absolute log2 fold change > 1 were 

overlapped with the CIS-BP v2.00 database of mouse transcription factors (Weirauch et 

al., 2014). enrichGO in the clusterProfiler R package was used to identify significant GO 

biological processes overrepresented (G. Yu et al., 2012). 

 

3.6.15 Image analysis 

Quantification of tumor area was performed in ImageJ (Schneider et al., 2012). 

TIFF files were imported into ImageJ, and the scale for each image was set. Each liver 

piece was thresholded manually, which was used to calculate its area. The freehand 

selection tool was used to circle each tumor and calculate the area, which was summed 

for each liver piece to calculate the percent tumor burden. 

For quantification of RNA-ISH images, digital morphometric analysis was 

performed using the Trainable Weka Segmentation (TWS) plugin in Fiji (Arganda-

Carreras et al., 2017; Schindelin et al., 2012). TIFF files were imported into Fiji, and the 

TWS plugin was trained to produce a classifier, segmenting images into areas of 

background, nuclei, and probe. The same trained classifier was applied to all images, 

providing a percentage of positive staining for each image. 
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3.6.16 Quantification and statistical analysis 

  Data represented are expressed as mean ± standard error of mean unless 

otherwise specified. Data were analyzed using Prism Software 6.0 (GraphPad). Technical 

and biological replicates are specified for each experiment in the figure legends. P-values 

were determined by a two-tailed t test with Welch’s correction unless otherwise indicated 

whereas p-values for the Kaplan-Meier survival curve were determined with the log rank 

test. The p-values are presented as follows: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001. 

 

3.6.17 Data and code availability 

The datasets generated in this study are available in the NCBI GEO database under 

GSE152376. Code to reproduce the analyses of the bulk RNA-seq datasets can be found at 

https://github.com/cheungpriscilla/CellStemCell_2020. 

 

3.6.18 Antibodies 

Antibody Source Identifier 
Rabbit monoclonal anti-YAP (clone D8H1X) Cell Signaling 

Technology 
Cat#14074; 
RRID: 
AB_2650491 

Rabbit polyclonal anti-human Lysozyme Dako Cat#A0099; 
RRID: 
AB_2341230 

Rabbit monoclonal anti-Ki67 (clone SP6) GeneTex Cat#GTX16667; 
RRID: 
AB_422351 

Rat monoclonal anti-mouse CD44 BD Biosciences Cat#550538; 
RRID: 
AB_393732 

Goat polyclonal anti-mCherry (tdTomato) Sicgen Cat#AB0040-
200; RRID: 
AB_2333092 
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Rat monoclonal anti-Ki67 (clone SolA15) Invitrogen Cat#14-5698-82; 
RRID: 
AB_10854564 

Rabbit monoclonal non-phospho (active) β-
catenin (Ser33/37/Thr41) (clone D13A1) 

Cell Signaling 
Technology 

Cat#8814; RRID: 
AB_11127203 

Rabbit monoclonal anti-phospho-histone H3 
(Ser10) (clone E173) 

Millipore Cat#04-1093; 
RRID: 
AB_1977262 

Rabbit monoclonal anti-HA-tag (clone C29F4) Cell Signaling 
Technology 

Cat#3724; RRID: 
AB_1549585 

Rabbit monoclonal anti-GAPDH (clone 14C10) 
(HRP conjugated) 

Cell Signaling 
Technology 

Cat#3683; 
RRID: 
AB_1642205 

APC rat monoclonal anti-mouse CD326 (Ep-
CAM) 

BioLegend Cat#118214; 
RRID: 
AB_1134102 

APC/Cy7 rat monoclonal anti-mouse TER-119 BioLegend Cat#116223; 
RRID: 
AB_2137788 

APC/Cy7 rat anti-mouse CD45 (clone 30-F11) BD Biosciences Cat#557659; 
RRID: 
AB_396774 

APC/Cy7 rat anti-CD11b (clone M1/70) BD Biosciences Cat#557657; 
RRID: 
AB_396772 

Biotinylated goat anti-rabbit IgG Vector 
Laboratories 

Cat#BA-1000; 
RRID: 
AB_2313606 

Biotinylated goat anti-rat IgG Vector 
Laboratories 

Cat#BA-9400; 
RRID: 
AB_2336202 

Donkey anti-rabbit IgG, Alexa Fluor 488 Thermo Fisher 
Scientific 

Cat#A-21206; 
RRID: 
AB_2535792 

Donkey anti-rat IgG, Alexa Fluor 594 Thermo Fisher 
Scientific 

Cat#A-21209; 
RRID: 
AB_2535795 

 

3.6.19 RT-qPCR primers 

Gene Direction Sequence 5’ to 3’ Source 

Human AMOTL2 
Forward AGCTTCAATGAGGGTCTGCTC 

Galli et al., 2015 
Reverse CTGCTGAAGGACCTTGATCACT 
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Human CYR61 
Forward CATTCCTCTGTGTCCCCAAGAA 

Galli et al., 2015 
Reverse TACTATCCTCGTCACAGACCCA 

Human GAPDH 
Forward CTGACTTCAACAGCGACACC 

This paper 
Reverse TAGCCAAATTCGTTGTCATACC 

Human LGR5 
Forward CTTCCAACCTCAGCGTCTTC 

This paper 
Reverse TTTCCCGCAAGACGTAACTC 

Mouse AmotL2 
Forward TGGAGACTGTACTGAGGGAGAA 

Galli et al., 2015 
Reverse GAGCCGCTGGATTTCATTTTCC 

Mouse Ankrd1 
Forward CATGATGCTGTGAGGCTGAAC 

Galli et al., 2015 
Reverse CATGATGCTGTGAGGCTGAAC 

Mouse Axin2 
Forward GCCAAGTGTCTCTACCTCATTT 

This paper 
Reverse TCCAGCTCCAGTTTCAGTTTC 

Mouse Cyr61 
Forward AGGTCTGCGCTAAACAACTCA 

Galli et al., 2015 
Reverse ATATTCACAGGGTCTGCCTTCT 

Mouse Gapdh 
Forward AGGTCGGTGTGAACGGATTTG 

This paper 
Reverse TGTAGACCATGTAGTTGAGGTCA 

Mouse Lgr5 
Forward CCTACTCGAAGACTTACCCAGT 

This paper 
Reverse GCATTGGGGTGAATGATAGCA 

Mouse Muc2 
Forward AGGGCTCGGAACTCCAGAAA 

This paper 
Reverse CCAGGGAATCGGTAGACATCG 

Mouse Reg4 
Forward CTGGAATCCCAGGACAAAGAGTG Sasaki et al., 

2016 

 

3.6.20 RNAscope probes 

Probe Name Source Identifier 
RNAscope probe-Mm-AmotL2 Advanced Cell 

Diagnostics 
Cat#515181 

RNAscope probe-Mm-Lgr5 Advanced Cell 
Diagnostics 

Cat#312171 

RNAscope probe-Mm-Olfm4 Advanced Cell 
Diagnostics 

Cat#311831 

RNAscope probe-Mm-Axin2 Advanced Cell 
Diagnostics 

Cat#400331 
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RNAscope probe-Mm-Reg4 Advanced Cell 
Diagnostics 

Cat#409601 

RNAscope probe-Mm-Klf6 Advanced Cell 
Diagnostics 

Cat#426901 
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4  
4 Pharmacological targeting of the 

LATS1/2 Hippo kinases in colorectal 
cancer 
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4.1 Abstract 

We previously reported that genetic activation of the Hippo transcriptional 

coactivator YAP or equivalently inactivation of its upstream negative regulators LATS1 

and LATS2 lead to a regenerative reprogramming of the colon cancer stem cells in Wnt-

driven tumors. Here we describe our present efforts to develop, test, and characterize 

small molecule inhibitors of the LATS1/2 kinases. In collaboration with the NIH/NCATS, 

we performed an in vitro kinase screen and conducted a structure/activity/relationship 

campaign, identifying a panel of compounds with a diverse range of potency and 

selectivity against LATS1/2. YAP is activated upon LATS1/2 therapeutic inhibition in CRC 

organoid cultures, leading to decreased proliferation and stemness. We are currently 

testing and optimizing these small molecules for in vivo treatment with the goal of 

treating metastatic colorectal cancer in patients.  

 

4.2 Attributions 

Contributions to the work described in this chapter were made by Priscilla Cheung, 

Michele Ceribelli, Patrick Morris, Craig J. Thomas, and Fernando D. Camargo.  

M.C., P.C., F.D.C., and C.J.T. conceived of the study. C.J.T. and F.D.C. supervised the 

study. M.C. and P.M. performed the screen, structure/activity/relationship studies, and 

cell-based assays. P.C. performed all organoid and mouse experiments. P.C. wrote the 

manuscript with contributions from M.C. and C.J.T. 
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4.3 Introduction 

The Hippo signaling pathway is a highly conserved signal transduction cascade 

important in organ size control, tissue homeostasis, and cancer (F.-X. X. Yu et al., 2015). 

The major downstream transcriptional effectors of the pathway YAP/TAZ mediate the 

biological output of the pathway by regulating the transcription of genes involved in cell 

proliferation, anti-apoptosis, and stem cell self-renewal. In mammals, the LATS1 and 

LATS2 Hippo kinases directly regulate the activity of YAP/TAZ through phosphorylation, 

which leads to their cytoplasmic sequestration and eventual degradation, thereby 

inhibiting cell proliferation (Dong et al., 2007; Lei et al., 2008; Zhao et al., 2007, 2010). 

Indeed, activation of YAP or loss of its upstream negative regulators in mouse models 

have been shown to lead to the development of tumors (Harvey et al., 2013; Johnson & 

Halder, 2014). 

Although the Hippo pathway acts as a bona fide tumor suppressor many tissues, 

recent works have identified a tumor suppressive role for YAP in colorectal cancer (CRC) 

(Barry et al., 2013; Cheung et al., 2020). Additionally, reports have highlighted the central 

role of YAP/TAZ activation in tissue regeneration in different organs, such as in liver and 

heart (Apte et al., 2009; Grijalva et al., 2014; Heallen et al., 2013; Leach et al., 2017; Lu et 

al., 2018; Pepe-Mooney et al., 2019; Xin et al., 2013). Despite the growing interest in the 

pharmacological modulation of this pathway for cancer prevention and regenerative 

medicine, only two targeted small-molecule modulators of this pathway have been 

reported to date - the MST1/2 inhibitor XMU-MP-1 (Fan et al., 2016) and YAP activator 

PY-60 (Shalhout et al., 2021).  

 Here in collaboration with the NIH/NCATS, we set out to develop novel selective 

inhibitors against the currently un-drugged LATS1 and LATS2 Hippo kinases. Following  
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a large-scale in vitro kinase screen, structure/activity/relationship studies, and validation 

via orthogonal cell-based assays, we identified the small molecule LATSi B3 as a potent 

inhibitor of CRC organoid growth.  

 

4.4 Results 

In collaboration with the NIH/NCATS, we developed several novel LATS1/2 

inhibitors with a diverse range of potency and selectivity against LATS1/2. These were 

identified after a large-scale profiling of currently available kinases inhibitors against a 

panel of wild-type kinases, structure/activity/relationship efforts, and validation in 

orthogonal cell-based assays. We found these inhibitors to efficiently block LATS1/2-

dependent YAP phosphorylation, induce YAP nuclear translocation under high cell-

densities, and promote the transcription of YAP target genes. Consistent with the 

activation of a YAP-dependent transcriptional program, these inhibitors also promoted 

proliferation and regeneration in an in vitro, scratch-based wound-healing assay (data 

not shown), ultimately leading to the development of LATSi B3.  

We then investigated whether LATSi B3 was capable of inhibiting LATS1/2 kinase 

activities within CRC organoids. We first performed a 1:3 dose titration starting from 

10uM down to 1.5nM in Apc-/- KrasG12D/+ p53-/- (AKP) cancer organoids and found that 

LATSi B3 was able to inhibit organoid growth as low as 1.11 uM (Figure 4.1A). Using an 

organoid-forming assay, we found that LATSi B3 at 1 uM prevented AKP organoids from 

reforming organoids upon passaging after treatment for 4 days (Figure 4.1B). These 

results were recapitulated in a different AKP clone as well as in an Apc-/- line (Figure 

4.1C). Both AKP organoid lines treated with 1 uM LATSi B3 demonstrated upregulation 

of YAP target genes, confirming that the compound inhibits organoid growth in part  
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Figure 4.1. (A) Brightfield images of Apc-/- KrasG12D p53-/- organoids treated with 1:3 
serial dilutions of LATSiB3 starting from 10uM with 0uM as vehicle control. (B) 
Brightfield images of Apc-/- KrasG12D p53-/- organoid clone 2 on the indicated days 
treated with 1uM LATSi B3 or vehicle control. The organoids were split on day 4. (C) 
Brightfield images of Apc-/- organoids and Apc-/- KrasG12D p53-/- organoid clone 1 after 
4 days on treatment with 1uM LATSi B3 or vehicle control. (D) RT-qPCR analysis of the 
indicated genes in Apc-/- KrasG12D p53-/- organoid clones 1 and 2 after 2 days on 
treatment with 1uM LATSi B3 or vehicle control. 
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Figure 4.2. (A) Brightfield images of Apc-/- KrasG12D p53-/- organoids treated with 
10uM LATSiB3, its derivatives, or vehicle control for indicated days. The organoids 
were split on day 4. (B) Brightfield images of Apc-/- KrasG12D p53-/- organoids treated 
with 1uM LATSiB3, its derivatives, or vehicle control for indicated days. The organoids 
were split on day 4. 
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Figure 4.3. (A) RT-qPCR analysis of the indicated genes in Apc-/- KrasG12D p53-/- 
organoids 2 days after treatment with 10 or 1uM LATSi B3 or vehicle control. (B) RT-
qPCR analysis of the indicated genes in Apc-/- KrasG12D p53-/- organoids 2 days after 
treatment with 1uM LATSi B3 or vehicle control. 
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through LATS1/2 inhibition (Figure 4.1D). Structure/activity/relationship analysis of 

LATSi B3 revealed that B3 derivatives were optimal for inhibiting growth in AKP 

organoids compared to the linear series, effects of which become apparent at 1 uM when 

compared to 10 uM (Figures 4.2A-B and 4.3A). At 1uM, treatment of the organoids 

with the linear series for the most part did not upregulate YAP targets or downregulate 

the intestinal stem cell marker Lgr5 as well as the B3 series (Figure 4.3B).  

Recently, YAP activation in CRC cells has been shown to suppress primary and 

metastatic colorectal cancer (Cheung et al., 2020). To investigate the effect of the 

compound on CRC growth, we treated nude mice with LATSi B3 at 5 mg/kg, the 

maximum non-lethal dose, daily 2 weeks following subcutaneous injection of mouse AKP 

CRC organoids (Figure 4.4A). We observed no difference in tumor growth compared to 

mice treated with vehicle (Figure 4.4B). To determine whether LATSi B3 can activate 

YAP and its downstream targets in vivo, we treated Cyr61-eGFP mice daily for 8 days and 

sacrificed the mice 2 and 4 hours after the last injection. We did not observe any 

upregulation of YAP target genes in the livers of these mice (Figure 4.4C), likely due to 

the high plasma binding property of LATSi B3 that is limiting the amount of free drug 

that can engaging LATS1/2 in vivo. 

 

4.5 Discussion 

Recent work indicate that Hippo kinases are targetable therapeutic vulnerabilities 

in CRC (Barry et al., 2013; Cheung et al., 2020). With this in mind, we identified a 

candidate LATS1/2 inhibitor that was able to suppress CRC organoid growth in vitro 

following an in vitro kinase screen, structure/activity/relationship efforts, and validation 

in cell-based assays. However, due the high plasma binding property of the compound,  
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Figure 4.4. (A) Schematic of timeline for subcutaneous injection of Apc-/- KrasG12D 
p53-/- organoids in the flanks of nude mice, tumor measurements, and treatment with 
LATSiB3 or vehicle control. (B) Growth curve of subcutaneous tumors from Apc-/- 
KrasG12D p53-/- organoids injected in the flanks of nude mice. Measurements were 
started one week after injection (shown as day 0 on the plot). The arrow indicates the 
day doxycycline treatment was started. Data are represented as mean ± SD; n = 10 
tumors per treatment group. (C) RT-qPCR analysis of the indicated genes in livers of 
Cyr61-eGFP mice treated with LATSi B3 or vehicle control for 8 days. 
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LATSi B3 was unable to activate YAP targets in vivo and therefore had no effect on tumor 

growth. Future work will require optimization of LATSi B3 to identify structural elements 

needed for high activity and engagement of LATS1/2 in vivo. 

 
4.6 Materials and Methods 

4.6.1 Intraperitoneal injection of LATSi B3 in mice 

8–10-week-old nude or Cyr61-eGFP mice were treated once daily intraperitoneally 

for the indicated number of days consecutively with either vehicle only (20% 2-

hydroxypropyl-β-cyclodextrin) or LATSi B3 (5mg/ml). In all models, animals were 

randomly assorted into groups of equal mean tumor volume or body weight before dosing. 

No animals were excluded from the analysis. The investigators were not blinded during 

group allocation or dosing. All animal studies were performed in compliance with 

protocols approved by the Boston Children’s Hospital Institutional Animal Care and Use 

Committee.  

 

4.6.2 Subcutaneous transplantation of organoids 

Apc-/- KrasG12D p53-/- organoids were injected subcutaneously in the flanks of nude 

mice. The organoids were prepared for injection by mechanically resuspending the 

Matrigel and growth media with a pipette. They were dissociated by passing them 3 times 

through a syringe with a 25G needle followed by a cold PBS wash. They were then 

resuspended in Matrigel diluted 1:1 in DMEM. Each flank was injected with organoids 

coming from three wells of a 24-well plate (~300,000 cells) resuspended in a volume of 

100 µL.  
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4.6.3 Mouse colon organoid isolation and culturing 

For colon epithelial cell isolation for organoid culture, a 2 cm piece of distal colon 

was extracted from 2-month-old mice and incubated in 4 mM EDTA in PBS with mild 

agitation for 45 min at 4°C. The colon pieces were cut open, and colon crypts were scraped 

from the tissue with a coverslip. After washing with cold PBS and centrifugation at 1000 

g for 5 min, crypts were resuspended in Matrigel and plated in 24-well plates (50 µL 

Matrigel/well). The Matrigel was allowed to solidify for 15-30 min in a 37°C incubator. 

500 µL of organoid culture media was then overlaid onto the Matrigel and changed every 

2-3 days. The organoid cultures were maintained at 37°C in fully humidified chambers 

containing 5% CO2.  

  Colon organoids were prepared from animals with the following genotypes: Lrig1-

CreERT2 Lats1fl/fl Lats2fl/fl and Apcfl/fl KrasLSL-G12D p53fl/fl. Organoids were grown in 

conditioned media containing Wnt3a, R-Spondin, and noggin, generated as described 

previously from L-WRN cells (Miyoshi & Stappenbeck, 2013) and diluted 1:1 with 

Advanced DMEM/F-12 containing 1x N-2, 1x B-27, 1% Pen/Strep, and 2 mM L-glutamine. 

The growth media also contained 50 ng/mL EGF, 0.1 mg/mL primocin, 1 µM N-acety-L-

cysteine, 10 mM HEPES, and 10 µM Y-27632 (added only upon passaging). 

Knockout of Apc was performed by transducing a lentivirus expressing Cas9 and a 

sgRNA against Apc (Apc sgRNA 5’-GTCTGCCATCCCTTCACGTT-3’ cloned into 

lentiCRISPR, a gift from Feng Zhang) (Schwank et al., 2013; Shalem et al., 2014). Three 

days after infection, organoids were selected by removing Wnt and R-Spondin from the 

media. These organoids were grown in the same media as wild-type organoids but did not 

contain conditioned media and were supplemented with 100 ng/mL noggin. 
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Apcfl/fl KrasLSL-G12D p53fl/fl organoids were infected with an adenovirus expressing 

Cre recombinase and GFP (Cat#VVC-U of Iowa-1174) and selected 3 days after infection 

for 1 week by adding 1 µM EGFR inhibitor gefitinib and 5 µM nutlin-3 to organoid media 

without Wnt, R-Spondin, or EGF. Growth media was the same as for wildtype organoids 

but did not contain conditioned media or EGF and was supplemented with 100 ng/mL 

noggin. 

 

4.6.4 Lentivirus production 

Lentiviruses were generated in 293X cells by transfecting backbone and packaging 

plasmids using TransIT reagent following manufacturer’s instructions. 293X cells were 

maintained in DMEM (+10% FBS, 2 mM L-glutamine, 1% Pen/Strep). The supernatant 

containing the virus was collected 48 and 60-72 hours after transfection, concentrated by 

ultracentrifugation at 16,000 rpm for 90 min at 4°C, and resuspended in the remaining 

supernatant. 

 

4.6.5 Organoid infection 

  2-3 days prior to transfection or infection, organoids were treated with 10 mM 

nicotinamide. Organoids were washed with PBS and treated with dispase to dissolve the 

Matrigel. They were passaged through a 25G syringe three times, spun down for 5 min at 

1000 g and resuspended in 450 µL of culture media. The cell suspension was transferred 

to a 48-well plate, and 10 µL of a lentivirus solution (titer approximately 10^7 pfu/mL) 

were added to the well. Cells were spinoculated for 1 hr at 30°C at 600 g. After a 4-6 h 
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recovery at 37°C, the cells were resuspended, centrifuged in an Eppendorf tube, 

resuspended in 50 µL Matrigel, and cultured as described above. 

 

4.6.6 RNA isolation and RT-qPCR 

RNA from organoids was extracted using Trizol reagent. cDNA was obtained using 

the cDNA Synthesis Kit and diluted 1:40 for RT-qPCR if starting from 500 ng of RNA. 

RT-qPCR was performed on a One Step plus Sequence Detection System (Applied 

Biosystems) using Fast SYBR® Green Master Mix (Life Technologies), and gene 

expression data was quantified using the DeltaDeltaCt method and normalized to 

Gapdh/GADPH.  

 

4.6.7 RT-qPCR primers 

Gene Direction Sequence 5’ to 3’ Source 

Mouse AmotL2 
Forward TGGAGACTGTACTGAGGGAGAA 

Galli et al., 2015 
Reverse GAGCCGCTGGATTTCATTTTCC 

Mouse Ankrd1 
Forward CATGATGCTGTGAGGCTGAAC 

Galli et al., 2015 
Reverse CATGATGCTGTGAGGCTGAAC 

Mouse Cyr61 
Forward AGGTCTGCGCTAAACAACTCA 

Galli et al., 2015 
Reverse ATATTCACAGGGTCTGCCTTCT 

Mouse Gapdh 
Forward AGGTCGGTGTGAACGGATTTG 

This paper 
Reverse TGTAGACCATGTAGTTGAGGTCA 

Mouse Lgr5 Forward CCTACTCGAAGACTTACCCAGT This paper 
Reverse GCATTGGGGTGAATGATAGCA 
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5 Conclusion 
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5.1 Overview of Results 

Colorectal cancer (CRC) is a prevalent cancer in the United States with an 

estimated 150,000 new cases diagnosed and estimated 50,000 deaths in 2021. While 

diagnoses and therapies for patients with primary tumors are quite high, many CRC 

patients unfortunately succumb to metastatic disease and disease relapse, underscoring 

the need for better targeted therapies. Here we used single-cell RNA-sequencing (scRNA-

seq) to elucidate a role for YAP in reprogramming intestinal stem cells into a wound-

healing like cell state that is characterized by low Wnt activity and reduced stemness. This 

state can be induced via YAP to suppress both mouse and human tumor growth and 

metastatic seeding to the liver. Conversely, genetic deletion of YAP/TAZ leads to 

increased tumor growth, suggesting that YAP is indeed a tumor suppressor in the colon. 

Based on these findings, we have identified a small molecule inhibitor of the LATS1 and 

LATS2 Hippo kinases to activate YAP therapeutically for the treatment of this disease.  

 

5.2 Discussion 

5.2.1 Hippo inhibition reprograms intestinal stem cells to a regenerative cell state 

The intestine has developed a remarkable ability to maintain its integrity and 

function amidst insults from the external environment through the highly proliferative 

capacity and self-renewal properties of the intestinal stem cell. This process of intestinal 

renewal is intricately regulated by crosstalk between the Hippo and Wnt signaling 

pathways. However, this cross-regulation between the Hippo and Wnt pathways has been 

a long-standing subject of debate (Barry et al., 2013; Cai et al., 2010; Gregorieff et al., 

2015; Zhou et al., 2011). Using scRNA-seq, we demonstrate for the first time that Hippo 
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inhibition through knockout of LATS1/2 in intestinal stem cells leads to the 

reprogramming of these cells to a distinct cell state not found in the homeostatic intestine. 

This cell state, marked by expression of the transcription factor Klf6, is characterized by 

low Wnt signaling, confirming earlier findings that we and others have made (Barry et al., 

2013; Gregorieff et al., 2015; Q. Li et al., 2020). Our work is consonant with a recent 

scRNA-seq study identifying a stem cell type enriched in YAP target genes (Ayyaz et al., 

2019). In contrast to this work, our data suggest that this YAP-driven cell state does not 

exist in homeostasis, and it instead arises from the reprogramming of traditional 

intestinal stem cells. In fact, YAP overexpression in intestinal stem cells results in their 

loss from the intestinal epithelium. Furthermore, organoid-forming assays and lineage 

tracing data indicate that this cell state cannot self-renew, contrasting Gregorieff and 

colleagues’ work demonstrating that YAP expands rare, quiescent stem cells to promote 

their survival and self-renewal upon injury (Ayyaz et al., 2019; Gregorieff et al., 2015). 

Interestingly, we find transcriptional similarities with that of the regenerating colon, 

suggesting this cell state represents a physiological equivalent of a transiently repairing 

cell type.  

 

5.2.2 YAP as a tumor suppressive program in the adult colon 

 Based on our findings that YAP suppresses Wnt and stemness in the intestine, we 

reasoned that YAP activation could be leveraged for the treatment of CRC. We found that 

YAP expression can overcome Wnt hyperactivation downstream of Apc deletion as well 

as in the presence of additional cancer-driving mutations to inhibit the cancer stem cell 

state. By antagonizing Lgr5+ cancer stem cell content and activity, YAP hampered not 

only tumor growth and initiation but also metastatic seeding to the liver in both mouse 
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and patient-derived models of metastatic CRC. Conversely, we found that YAP is not 

required for and even restrains tumor growth in the context of an Apc deletion and 

sporadic tumor formation. 

In many tissues, YAP is classically considered an oncogene. Interestingly, in some 

CRC cell lines, YAP depletion suppresses growth and invasion, providing evidence of its 

oncogenic role (Konsavage et al., 2012; Rosenbluh et al., 2012; Zhou et al., 2011). 

However, YAP is not required in vivo under normal homeostatic conditions (Cai et al., 

2010). This dependence on YAP instead is likely a feature of in vitro growth as studies in 

intestinal organoids have revealed a requirement for YAP in vitro, the culture of which 

mimics features of the regenerating epithelium where YAP is required (Azzolin et al., 

2014; Gregorieff et al., 2015; Serra et al., 2019). Furthermore, the genetic background of 

these CRC cell lines could be a contributing factor as recent work has identified one mouse 

CRC cell line with a dependency on LATS1/2 for growth (Pan et al., 2019). Our data show 

that in vivo in the context of an Apc deletion and sporadic tumor formation, YAP is not 

required for and even restrains tumor growth. Consistent with these results, we find that 

YAP activation suppresses Wnt and the cancer stem cell state in vivo and in vitro thereby 

inhibiting tumor progression, initiation, and metastatic seeding. These observations are 

supported by recent data demonstrating transient stages of YAP activation during 

organoid formation, where YAP activity is negatively correlated with the presence of 

Lgr5+ stem cells (Serra et al., 2019). In contrast to our findings, this work and others 

showed that YAP activation promotes the survival of organoids in vitro (Gregorieff et al., 

2015; Serra et al., 2019), which might be reflective of tissue differences from which these 

organoids were derived (e.g., small intestine versus colon in our work).  
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Interestingly, some studies have shown that YAP depletion suppresses tumor 

growth in mouse models of familial adenomatous polyposis, which carry a germline 

mutation in one allele of Apc (Cai et al., 2015; Gregorieff et al., 2015). However, tumor 

progression in this model depends on the loss of the second Apc allele (Haigis & Dove, 

2003; Haines et al., 2005), which could reflect a role of YAP in mitotic recombination 

rather than in tumor growth. Furthermore, these experiments were performed in the 

context of developmental YAP deletions and might not be informative of what would 

occur in an adult mutation. Additionally, as tumors in these mice form in the small 

intestine, these models do not recapitulate what occur in CRC patients. Therefore, the use 

of an acute adult and colon-specific manipulation of YAP as done here represents the most 

relevant model to study the role of YAP in adenoma growth. Furthermore, our results 

demonstrating YAP is not required f0r the formation of sporadic tumors eliminate the 

possibility that YAP functions in tumor initiation. Altogether, our data using models of 

both YAP activation and depletion specifically in the colon suggest that YAP functions as 

a tumor suppressor in this context. 

 

5.2.3 Pharmacological inhibition of LATS1/2 inhibits colorectal cancer organoid growth 

Given that YAP is negatively regulated by the upstream kinases LATS1/2 and 

MST1/2, our results indicate that Hippo kinase inhibitors could serve as potential 

therapeutic agents to combat CRC. However, only two small molecules targeting the 

Hippo pathway have been reported to date with none targeting LATS1/2 (Fan et al., 2016; 

Shalhout et al., 2021). In collaboration with the NIH/NCATS, we identified LATSi B3, a 

candidate small molecule inhibitor of the LATS1/2 Hippo kinases, to suppress CRC 

organoid growth, following an in vitro kinase screen and a structure/activity/ relationship 
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campaign. These results are consistent with data from our genetic models of LATS1/2 

inactivation, suggesting that LATS1/2 are indeed oncogenic in this context. While this 

compound activated YAP downstream targets and downregulated intestinal stem cells in 

vitro, this inhibitor did not have any effect on YAP target gene expression in vivo, 

explaining the minimal effect observed on tumor growth. This lack of effect in vivo could 

be explained by the high protein plasma binding properties of the compound, which is 

likely limiting the amount of free drug available to engage LATS1/2 in vivo. Ongoing work 

to modify structural elements of our current LATSi B3 compound could improve tissue 

access of this inhibitor for therapeutic activation of YAP in vivo. A future challenge of this 

work is to determine how we can pharmacologically modulate LATS1/2 specifically for 

treatment of CRC without affecting other tissues where YAP is pro-proliferative. 

 

5.3 Future Directions 

5.3.1 Mechanism of YAP inhibition of Wnt signaling 

As is evident from many studies including ours, Hippo and Wnt signaling crosstalk 

intricately regulate intestinal homeostasis. However, the mechanism of this cross-

regulation remains unclear as different models have been proposed for how the Hippo 

pathway interacts with Wnt signaling in the intestine. Numerous studies have suggested 

a cytoplasmic role of YAP for inhibiting Wnt, including incorporation of YAP/TAZ into 

the APC destruction complex to sequester β-catenin (Azzolin et al., 2014; Imajo et al., 

2012) and interaction with a Wnt positive regulator Dishevelled (Barry et al., 2013; 

Varelas et al., 2010). Recent work suggested a YAP/TAZ dependent but TEAD 

independent role for Wnt inhibition in the intestine (Q. Li et al., 2020), which is in 
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contrast to our data demonstrating that this inhibition is mediated by the TEAD-

dependent transcriptional activity of YAP through the use of a TEAD-binding mutant. 

One caveat of their study is that the conclusion of those experiments was derived from the 

use of a small molecule inhibitor of TEAD, which could have off-targets confounding the 

results of the experiments.  

As transcription factors are the main drivers of reprogramming, one potential 

mechanism is YAP-mediated induction of transcription factors involved in this 

phenotype. It is interesting to note that in our study, KLF6, a zinc finger transcription 

factor known to be an immediate early gene in response to injury and reported to be a 

tumor suppressor in CRC (Inuzuka et al., 1999; Kojima et al., 2000; Ratziu et al., 1998; 

Reeves et al., 2004), upon knockout in the context of YAP overexpression did not rescue 

the phenotype in organoids (data not shown). One possibility is that this transcription 

factor is only positively correlated with this YAP-mediated phenotype or that more than 

one transcription factor is required for this. Future work would require identification of 

candidate transcription factors upregulated upon YAP overexpression in organoids via 

genetic screening. Deconvoluting this mechanism would not only unveil putative targets 

for the development of tailored therapies but also prognostic markers for CRC patients. 

 

5.3.2 Translational application of therapeutically activating YAP in CRC 

CRC is a highly heterogeneous disease with different consensus molecular 

subtypes as well as underlying differences in genetic mutations (Cancer Genome Atlas 

Network, 2012; Linnekamp et al., 2015; Wood et al., 2007). In our work, we f0cus on CRC 

associated with the traditional adenoma-carcinoma sequence, relying primarily on the 

deletion of the Apc tumor suppressor as the initial driver in many of our murine models 
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of the disease. However, only ~50-60% of CRCs follow this sequence as the remaining 

CRC follow other routes of CRC development, such as the serrated pathway (IJspeert et 

al., 2015) and colitis-associated CRC (Leedham et al., 2009; Punt et al., 2016). It remains 

to be seen whether the therapeutic activation of YAP may translate in the context of other 

cancer-driving mutations or chronic inflammation. Interestingly, of the two human CRC 

lines we tested, only one responded to YAP activation (Chapter 3 and data not shown), 

indicating that the genetic background of CRC must be considered when using YAP 

activation as a therapy. Confounding mutations in the non-responsive line could likely be 

responsible for this difference that are yet to be elucidated. Future work on understanding 

the genetic vulnerabilities underlying sensitivity to YAP activation would have 

tremendous implications for precision medicine in this disease. 

 

5.4 Conclusion 

In summary, this work provides new insight into the role of Hippo-Wnt crosstalk 

in intestinal homeostasis and CRC progression. Using scRNA-seq, we identified a distinct 

regenerative cell state that emerges upon YAP-mediated reprogramming of intestinal 

stem cells. Moreover, we are able to leverage YAP activation to reprogram cancer stem 

cells to suppress both primary and metastatic CRC. Further work needs to be done to 

translate our findings to clinically tractable modalities and in the context of other cancer-

driving mutations. 
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