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Abstract 

 

 Constant regeneration of the intestinal epithelium, a dynamic tissue with vital digestive 

and barrier functions, depends on proliferation of resident stem cells and their differentiation into 

mature cell types. This epithelium thus provides an ideal model to study stem cells and 

mechanisms of cell differentiation in an adult tissue.  

 The identification of a proliferative population of intestinal stem cells (ISCs) at the base 

of intestinal crypts presents the prospect of understanding their regulation by extrinsic and 

intrinsic factors. Although activation of Wnt signaling in ISCs is thought to be one crucial 

function of the ISC niche, the cellular source of Wnt ligands is uncertain. Chapter 2 addresses 

this question through genetic elimination of Wnt ligand secretion in candidate niche cell 

populations. The data reveal that Wnts originating in any of the sources considered in the 

literature – the epithelium (including Paneth cells) and sub-epithelial myofibroblasts – are not 

required for ISC function. These data support models of highly complex cell redundancy or 

alternative, non-Wnt ligands. Chapter 3 investigates the cell-intrinsic contributions of an 

intestine-restricted transcription factor (TF), CDX2, to important ISC behaviors. Cdx2 loss in 

vivo perturbs ISC proliferation and differentiation, distinct from its functions in mature 
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enterocytes. Analysis of candidate direct CDX2 target genes in ISCs suggests that CDX2 

modulates Fibroblast Growth Factor signaling, thus opening new avenues of investigation. 

 Although cells that differentiate from ISCs rely on gene expression changes mediated by 

TFs, loss of several individual TFs in vivo has modest effects on intestinal function. Chapter 4 

characterizes the functional interactions of CDX2, which has many properties of a master 

regulator, with two other intestinal TFs: GATA4 and Hepatocyte Nuclear Factor 4 alpha 

(HNF4A). Analysis of compound mutant mouse intestines elucidated combinatorial roles for 

CDX2 with GATA4 in crypt cell proliferation and with HNF4A in enterocyte differentiation. 

Building on this foundation, Chapter 5 describes preliminary investigations into another TF, 

HNF1A, in intestinal gene regulation and its relationship with CDX2 in controlling cell 

differentiation and tissue architecture.  These studies highlight the complexities of TF 

interactions and the functions of diverse TF complexes in controlling tissue-specific genes during 

cell differentiation. !
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Chapter 1: Introduction 
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The development and structure of the intestinal epithelium 
  

The adult intestinal epithelium undergoes constant renewal during normal homeostasis, 

characterized by rapid cell proliferation, migration and differentiation (Cheng and Leblond, 

1974a, b, c).  These dynamic processes occur within the crypts of Lieberkühn and villi, the 

functional units of the small intestine.  Morphologically, the crypts form tubular invaginations of 

the epithelium into the surrounding mesenchyme, while the villi form finger-like projections into 

the intestinal lumen (Figure 1.1).  The crypt contains a proliferating intestinal stem cell (ISC) 

population, quiescent ISCs and transit-amplifying cells, a population of highly-proliferative 

intermediate progenitors (Cheng and Leblond, 1974a).  As the transit-amplifying cells divide, 

their progeny undergo migration and terminal differentiation into the four mature cell types 

found within the intestine, including the secretory goblet and Paneth cells, hormone-producing 

enteroendocrine cells and absorptive enterocytes (Figure 1.1).  While Paneth cells migrate down 

into the base of the crypts, goblet cells, enteroendocrine cells and enterocytes migrate up the 

villus and are shed into the intestinal lumen upon reaching the tip.  A complete cycle takes 3-5 

days (Potten and Loeffler, 1990), making the intestine one of the most rapidly cycling tissues in 

the body.  This rapid tissue replacement ensures that the physiological functions of the intestinal 

epithelium, including absorption of water and nutrients, are maintained while avoiding damage 

from substances that pass through the intestine.  
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Figure 1.1 Cellular architecture of crypt-villus units of the small intestine. (A) H&E of 

mouse small intestine. (B-D) Four main differentiated cell types identified by various 

histochemical and immunohistochemical stains: (B) goblet (periodic acid-Schiff), (C) 

enteroendocrine (α-synaptophysin), (D) Paneth (α-lysozyme), and (E) enterocytes (alkaline 

phosphatase). Adapted from (van der Flier and Clevers, 2009). 

 

 The development of the murine gastrointestinal tract begins with the formation of the 

definitive endoderm during gastrulation (embryonic day (E) 6.5-7.5; Figure 1.2A) and is 

completed several weeks after birth (Arnold and Robertson, 2009; Wells and Melton, 1999; Zorn 

and Wells, 2009).  During morphogenesis of the gut tube, it is regionalized on the anterior-

posterior axis into foregut, midgut and hindgut, largely through epithelial-mesenchymal 

interactions (Zorn and Wells, 2009).  From the foregut, the tissues of the esophagus, lung, liver, 

pancreas and stomach arise, while the midgut and hindgut develop into the small intestine and 

colon, respectively (E9.5-10.5; Figure 1.2A). At the foregut-midgut boundary, the homeodomain 

A B C 

D E 
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transcription factor (TF) CDX2, a master regulator of the intestinal transcriptional program, 

plays a role in initially specifying the intestine (Gao et al., 2009).  

 

Figure 1.2. Development of the intestinal epithelium. (A) Stages of mouse endoderm (yellow) 

development. Adapted from (Zorn and Wells, 2009). (B) Villi form embryonically, followed by 

formation of crypts postnatally. At E17.5, proliferation (visualized by Ki67 immunostaining) is 

restricted to the intervillus space, while in the adult, proliferation occurs in the crypts. Adapted 

from (Kim et al., 2007). 

 

 After intestinal specification, proliferation combined with convergent extension and 

radial cell intercalation, contribute to gut tube elongation.  These morphogenetic movements are 

dependent on the planar cell polarity pathway and continue well into neonatal life (Cervantes et 

al., 2009; Yamada et al., 2010). Between E9.5 and E14, the intestinal lining transitions from a 

simple cuboidal to a pseudo-stratified epithelium; a process relying on cellular actin-myosin and 

microtubule networks (Grosse et al., 2011), which is followed by a second transition to a 

columnar epithelium beginning in the anterior region and progresses as a wave posteriorly (from 

!

E7.5 
  
  
E8.5 
  
  
  
E9.5 
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E14-16). Villi begin to form during the second transition, which is influenced by the layers of 

tissue beneath the epithelium. The stiffness of the smooth muscle and condensation of hedgehog 

and platelet-derived growth factor (PDGF) responsive cells imparts mechanical and inductive 

cues, respectively (Karlsson et al., 2000; Shyer et al., 2013; Walton et al., 2012).  Following 

villus formation, epithelial proliferation becomes restricted to the intervillus space, which will 

form the crypts of Lieberkühn postnatally (Figure 1.2B). Crypt morphogenesis has not been 

well-studied, however it is thought invasion of the mesenchyme by intervillus cells and the 

upward motion of the crypt-villus junction may play a role (Calvert and Pothier, 1990). To keep 

up with the demand of the elongating gut, and in response to injury, new crypts form by fission 

of single crypts that bud at the base and bifurcate into two new crypts, likely due to 

biomechanical strain of an excess of cells in the crypt (Clarke, 1972; Totafurno et al., 1987).  

Consistent with this mechanism, clonal patches of crypt/villus units can be observed in the 

epithelium (Cairnie and Millen, 1975; Cummins et al., 2008; Greaves et al., 2006; Gutierrez-

Gonzalez et al., 2009; Kim and Shibata, 2004; Li et al., 1994; McDonald et al., 2006). The 

mature intestinal epithelium is achieved at the suckling-to-weaning transition, approximately 3-4 

weeks after birth in the mouse.   

 

 

The intestinal stem cell and its niche 

To support the incredible regenerative capacities of the intestine, a robust stem cell pool 

must be maintained that is able to self-renew and differentiate into the four major cell types of 

the intestine.  One such population of ISCs occupies the spaces between Paneth cells in the crypt, 

making up a group of cells historically termed the crypt base columnar cells (CBCs; Figure 

1.3A; (Cheng and Leblond, 1974a)).  The leucine-rich repeat G-protein coupled receptor 5 
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(Lgr5), a Wnt target gene and receptor for the Wnt-agonist R-spondin, marks this population 

(Barker et al., 2007; Carmon et al., 2011; de Lau et al., 2011; Glinka et al., 2011).  To confirm 

Lgr5 as an intestinal stem cell marker, Barker et al. generated a knock-in mouse strain (Lgr5-

EGFP-IRES-creERT2) that expresses enhanced green fluorescent protein (EGFP) in the crypt 

base columnar cells (Figures 1.3B,C; (Barker et al., 2007)).  In addition, lineage tracing and 

knockout of floxed alleles is enabled by the addition of an internal ribosomal entry site (IRES) 

followed by a tamoxifen-inducible Cre recombinase (CreERT2; Figure 1.3B).  By crossing to the 

Rosa26-lox-STOP-lox-LacZ Cre-recombinase reporter mouse (R26RLacZ), it was shown that all 

mature cell types in the intestine could be formed from the Lgr5+ population (Figures 1.3D-F).  

The evidence for Lgr5 as a stem cell marker was further supported by an in vitro culture 

experiment in which entire crypt-villus organoids were formed from single Lgr5+ stem cells, 

which can be passaged over many months (Figures 1.3 G-I; (Sato et al., 2009)). 
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Figure 1.3. Lgr5 is a marker of a population of ISCs residing at the crypt base. (A) Electron 

microscopy of CBCs sandwiched between Paneth cells. Adapted from (Cheng and Leblond, 

1974a). (B) Lgr5-EGFP-CreERT2 knock-in allele and the R26RLacZ reporter lineage tracing 

strategy. (C) Lgr5-driven GFP expression in the crypt base of small intestine marks CBCs. (B-C) 

Adapted from (Barker et al., 2007). (D-F) Lineage tracing using the R26RLacZ allele 1 day (D), 5 

days (E), and 60 days (F) after tamoxifen-induced recombination. Adapted from (Barker et al., 

2007). (G) Formation of intestinal organoids in vitro from isolated intestinal crypts. (H) Lgr5-

driven GFP expression is observed at the base of crypts protruding from organoids. (I) 

Schematic illustrating structure of intestinal organoids in which crypts containing Lgr5+ ISCs 

protrude from the organoids, while differentiated cells of the villi are found inside the organoid 

surrounding a central lumen, into which cells are shed (G-I) Adapted from (Sato et al., 2009).

+ Tamoxifen 

C 

A 

D E F 
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Subsequently, several groups published markers identifying other pools of ISCs that 

reside in the “+4” position from the crypt base and are quiescent. Interestingly, this was a 

population historically termed “label retaining cells” and postulated to be the intestinal stem cells 

(Potten et al., 1978). These markers include Bmi1, Hopx, mTert and Lrig1 (Figure 1.4; 

(Montgomery et al., 2011; Powell et al., 2012; Sangiorgi and Capecchi, 2008; Takeda et al., 

2011)). Experts now postulate that both proliferative (Lgr5+) and quiescent ISC populations exist 

to provide the constant epithelial renewal, and to respond to epithelial injury, respectively (Li 

and Clevers, 2010). In addition, it has been shown that these cells are interconvertible: Bmi1+, 

mTert+ and Hopx+ cells can give rise to Lgr5+ ISCs and vice versa (Montgomery et al., 2011; 

Takeda et al., 2011; Tian et al., 2011; Yan et al., 2012).  Despite the interest in other ISC 

populations, Lgr5+ CBCs constitute a “workhorse” population of ISCs that makes the principal 

contribution toward ongoing villus renewal, have been rigorously identified, characterized and 

can be isolated as a pure population. In this thesis, I will consider Lgr5+ CBCs to represent a 

bona fide ISC population. 
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Figure 1.4. Markers of ISC populations at the “+4” position. (A,C,D) Bmi1-CreERT2 (A), 

Hopx-CreERT2 (C) or Lrig1-CreERT2 (D) mice were crossed with the Rosa26LacZ reporter, injected 

with tamoxifen and LacZ staining was observed after 20, 18 and 24 hours, respectively, resulting 

in labeled cells mostly in the +4-5 position. Of note, Lrig1-marked cells were also found in the 

CBC zone as well as higher in the crypt.  Adapted from (Powell et al., 2012; Sangiorgi and 

Capecchi, 2008; Takeda et al., 2011). (B) Immunohistochemistry for mTert-driven GFP shows 

that these cells are highest in the +5-7 position. Adapted from (Montgomery et al., 2011).  

 

The discovery of tools to identify and isolate Lgr5+ ISCs has made it possible to 

investigate how the critical functions of this cell population are controlled, both extrinsically and 

intrinsically. In terms of extrinsic signals, attention has been focused on the local 

microenvironment surrounding the ISCs, termed the “niche.” The ISC niche is the region at the 

base of the crypt and is comprised of many different cell types found in the crypt base epithelium 

and in the surrounding tissues, including Paneth cells, sub-epithelial myofibroblasts, non-muscle 

fibroblasts, endothelial cells, neurons, muscle cells and blood cells (Shaker and Rubin, 2010). 

Several signaling pathways activated by factors within the niche participate in ISC regulation 

including Wnt, bone morphogenetic protein (BMP), Notch and hedgehog (Hh) (Walker et al., 

2009; Yen and Wright, 2006). The Wnt pathway has been most thoroughly studied due to 

activating mutations in the pathway found consistently in human colon cancer, most of which 

disrupt the Apc gene or stabilize β-catenin (Clarke, 2006; Gregorieff and Clevers, 2005; Harada 

A
C 

B C D 

Bmi1 mTert Hopx Lrig1 
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et al., 1999). Experiments that abrogate Wnt signaling through expression of the antagonist 

Dickkopf-1 (Dkk1) or deletion of the effector Tcf4 revealed loss of proliferation and marked 

epithelial defects (Korinek et al., 1998; Kuhnert et al., 2004; Pinto et al., 2003; van Es et al., 

2012). In culture, isolated Lgr5+ ISCs only proliferate and form intestinal organoids in the 

presence of the Wnt agonist R-spondin (Sato et al., 2009).  Thus, two main questions regarding 

the ISC niche are which cell(s) secretes Wnt ligands and which Wnt ligand(s) is important.   

There are two likely cell types that have been hotly debated in the field: the Paneth cells, 

which reside directly adjacent to the ISCs in the base of the crypt, and the intestinal subepithelial 

myofibroblasts, which sit below the crypts. Several papers have addressed this question, 

although the results are conflicting.  Four studies ablated the Paneth cells in different ways: using 

a Paneth cell specific diphtheria toxin, Gfi1-/- mice, and two using Sox9 conditional knockout 

mice and all showed no effect in the homeostasis of the intestine, resulting in the conclusion that 

Paneth cells must not be required in the ISC niche (Bastide et al., 2007; Garabedian et al., 1997; 

Mori-Akiyama et al., 2007; Shroyer et al., 2005).  However, these studies were called into 

question due to two main observations. First, it was shown that Paneth cells are not completely 

absent in the diphtheria toxin model and Gfi1-/- mice.  Second, by examining the Sox9 conditional 

knockout crypts at early time-points, it was proposed that these crypts without Paneth cells are at 

an initial disadvantage, however crypts that escape Cre-mediated Sox9 recombination replenish 

the epithelium with wild-type cells, making the phenotype look normal at the later time points 

initially reported (Sato et al., 2011). Additional arguments based upon in vitro experiments in 

which Paneth cells co-cultured with ISCs form better organoids than ISCs alone led to the 

conclusion that Paneth cells actually do constitute the ISC niche (Sato et al., 2011).  

Subsequently, two papers using Atoh1 knockout mice, which genetically eliminate all secretory 
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cells including Paneth cells, showed no reduced ISC function in vivo (Durand et al., 2012; Kim 

et al., 2012). Most recently, it was shown that Wnt3 expression is required for in vitro culture of 

organoids, but not to maintain the epithelium in vivo and the requirement in organoids can be 

bypassed by co-culture with mesenchymal cells, suggesting that redundant sources of Wnt within 

the ISC niche (Farin et al., 2012). The cellular source of intestinal Wnt ligands within the ISC 

niche is investigated in Chapter 2.  

In addition to extrinsic factors provided by the ISC niche, intrinsic factors also play an 

important role. The precise control of an ISC specific gene expression program is crucial for 

controlling cell functions and to respond to the extrinsic signals.  Unsurprisingly many of the 

factors intrinsic to ISCs that seem to play a functional role are transcription factors (TFs). The 

first identified factor was the Wnt-responsive TF achaete scute-like 2 (ASCL2), the loss of which 

results in the elimination of the Lgr5+ ISC population, and the deregulation of Wnt-responsive 

genes (van der Flier et al., 2009). Subsequently, several other TFs have been identified in 

controlling ISC functions during normal homeostasis, including KLF5, VDR and YY1 (Bell and 

Shroyer, 2014; Nakaya et al., 2014; Peregrina et al., 2014; Perekatt et al., 2014), and in response 

to injury, including ID1 (Zhang et al., 2014).  Chapter 3 will describe the requirement of another 

TF, CDX2, in controlling gene expression and ISC functions. 

 

 

Epigenetic regulation of the intestinal epithelium 

Cell differentiation in the intestinal epithelium requires the execution of lineage-specific gene 

expression programs, which involves changes in the expression levels of hundreds or thousands 

of genes. These programs are mediated through alterations in the chromatin structure, which can 

be stably inherited through differentiation and through tissue or lineage specific transcription 
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factor binding (Struhl, 1999).  The activation of gene expression in eukaryotes is largely 

accomplished at distal cis-regulatory elements (CREs), known as enhancers, at which clusters of 

transcription factor binding sites are found.  The nucleoprotein complexes formed at these 

enhancer regions are termed the “enhanceosome” and there has been much recent interest in 

understanding how this controls gene expression (Carey, 1998).   

While we know that assembly of enhanceosomes is critical for proper gene regulation, it 

is challenging to find the locations of CREs and to determine what genes they regulate, as they 

can be found at large distances from the transcription start site, within introns and in any 

orientation (Visel et al., 2009).  Initial attempts used a comparative genomic approach to mine 

conserved non-coding regions for CREs (Pennacchio et al., 2006; Visel et al., 2008).  While this 

yielded some positional information, it did not provide any indication to the temporal or cell-type 

specific activity of these CREs (Pennacchio and Visel, 2010). Subsequently, more advanced 

approaches were developed to take into account general features of enhanceosomes, which have 

generally been more successful (Ong and Corces, 2011; Visel et al., 2009).  Since many proteins 

need to gain access to the DNA in CREs, enhanceosomes tend to be relatively nucleosome free, a 

general property, which new techniques have successfully exploited.  Some labs have used 

DNaseI hypersensitivity and other assays to try and determine regions of nucleosome free DNA 

(Crawford et al., 2006).  Others have investigated the presence of unstable histone variants H3.3 

and H2A.Z (Jin and Felsenfeld, 2007; Jin et al., 2009), while still others have looked at the 

presence of ATP-dependent chromatin remodelers which loosen the DNA from contact with 

histone proteins (Rada-Iglesias et al., 2011).  Another useful strategy for finding CREs is looking 

for the specific combination of histone modifications that generally correlates with active 

chromatin or assessing the presence of histone-modifying factors (Heintzman et al., 2007).  



! 13!

Studies combining several of these strategies have identified temporal and spatial activity at 

enhancers during early development, establishing a proof of principle that the identification of 

enhancers in this way can predict gene expression (Rada-Iglesias et al., 2011).   

 Much work on the enhanceosome of various cell populations within the intestinal 

epithelium has been performed in the Shivdasani Lab.  To begin to understand how gene 

expression changes are mediated during differentiation of the intestinal epithelium, the active 

cis-regulatory elements in progenitor versus differentiated cells were profiled (Verzi et al., 

2010b).  The Caco2 human colon cancer cell line was used as a model because the cells resemble 

a progenitor state while proliferating and mature enterocytes, the largest class of differentiated 

cells in the intestine, post-confluence.  Chromatin immunoprecipitation coupled with massively 

parallel sequencing (ChIP-seq) using antibodies for histone marks correlated with active 

enhancers (H3K4Me2 and H3K27Ac) was used to identify locations of active CREs in each cell 

population by looking for a pattern of two marked nucleosomes flanking a central unmarked 

region (Figure 1.5A).  By analyzing the DNA sequences in the center of active CREs, the motif 

for CDX2, a homeodomain transcription factor that is exclusively restricted to the epithelium in 

the adult (Silberg et al., 2000), was found to be present at many sites in both populations of cells.  

CDX2 was previously known to be required for proper specification of the intestine during 

development (Gao et al., 2009) and is considered to be a master regulator transcription factor in 

the intestine because its ectopic expression in the stomach or esophagus leads to the expression 

of intestinal markers (Liu et al., 2007; Silberg et al., 2002).  Other transcription factor binding 

motifs enriched in active chromatin of proliferating cells were GATA and BACH1, while 

hepatocyte nuclear factor (HNF) 1 and HNF4A were enriched in differentiated cells (Figures 

1.5B,C).  
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Figure 1.5. Identification of transcription factor motifs within H3K4me2-marked cis-

regulatory elements in proliferating and differentiated Caco2 cells. (A) Schematic 

diagramming inactive chromatin (left) containing three adjacent nucleosomes bearing the 

H3K4me2 mark.  Right, active chromatin is characterized by two well-positioned H3K4me2-

marked nucleosomes flanking a central unmarked region in which TF motifs can be found. (B) 

Composite tag counts of H3K4me2 ChIP-seq data, showing sites that are active specifically in 

proliferating cells. At the center of these sites, the motifs for GATA and BACH1 are enriched. 

(C) Sites that are active specifically in differentiated cells contain the motifs for HNF1A, 

HNF4A and CDX2. (D) Venn diagram comparing ChIP-seq binding sites in proliferating and 

differentiated Caco2 cells reveals dynamic changes in CDX2 binding during cell differentiation. 

All figures adapted from (Verzi et al., 2010a).  

A
A!

BB! C!

D!



! 15!

To better understand the role of CDX2 in controlling gene expression during cell 

differentiation within the adult intestine, CDX2 binding sites were mapped using ChIP-seq in 

proliferating and differentiated cells.  Interestingly, CDX2 bound to many different sites in each 

state (Figure 1.5D) and motifs for different transcription factors near CDX2 binding sites were 

differentially enriched in each state.  In proliferating cells, the GATA motif was commonly 

found, while in differentiated cells, the HNF4A motif was found.  To ascertain the role of CDX2 

in vivo, a mouse strain was generated in which CDX2 was conditionally deleted in the intestine 

using a tamoxifen-inducible Cre-recombinase driven by the Villin gene, which is ubiquitously 

expressed in the intestinal epithelium (Madison et al., 2002).  Phenotypic analysis of the 

knockout mice revealed that CDX2 is required for intestinal cell differentiation in the intestine.  

Additionally, many of the sites with H3K4me2-marked chromatin in wild-type epithelium lacked 

these marks upon CDX2 knockout, suggesting that the presence of CDX2 affects chromatin 

dynamics in the intestinal epithelium.  This study provided a foundation for current studies in the 

Shivdasani Lab aimed at understanding the dynamics of CDX2 binding during cell 

differentiation in vivo (discussed in Chapter 3), and the mechanisms controlling these changes.  

One hypothesis is that the other transcription factors also predicted to bind at CREs in progenitor 

and differentiated cells with CDX2, including GATA, HNF4A and HNF1, may interact with 

CDX2 to mediate its functions at these sites. Indeed, Chapters 4 and 5 present evidence for 

functional interactions of CDX2 with GATA4 in proliferating cells, and CDX2 with HNF4A and 

HNF1A in differentiated cells.  
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Conclusions and Significance 

  Elucidation of epigenetic regulation of cell differentiation within the intestinal 

epithelium has broad implications for the fields of genetics, developmental biology and medicine.  

Any information gained in this area has the potential to influence our understanding of 

pathologies of the intestine including cancer and maturity onset diabetes of the young, a disease 

that the TFs HNF4A and HNF1 contribute to when inactive. In addition, understanding the 

factors that regulate the functions of ISCs will facilitate their culture for cell-based regenerative 

therapies, which could be applied to patients suffering from congenital short bowel syndrome, 

inflammatory bowel disease or radiation damage (Shaker and Rubin, 2010).  Furthermore, the 

knowledge of how transcription factors interact at enhanceosomes to regulate gene expression 

may result in new paradigms for understanding fundamental mechanisms behind the execution of 

genetic programs.  
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Summary 
 
Wnt signaling is a crucial aspect of the intestinal stem cell niche required for crypt cell 

proliferation and differentiation. Paneth cells or sub-epithelial myofibroblasts are leading 

candidate sources of the required Wnt ligands, but this has not been tested in vivo. To abolish 

Wnt ligand secretion, we used Porcupine (Porcn) conditional-null mice crossed to strains 

expressing inducible Cre recombinase in the epithelium, including Paneth cells (Villin-CreERT2); 

in smooth muscle, including sub-epithelial myofibroblasts (Myh11-CreERT2); and simultaneously 

in both compartments. Elimination of Wnt secretion from any of these compartments did not 

disrupt tissue morphology, cell proliferation, differentiation, or Wnt pathway activity. Thus, Wnt 

ligand secretion from these cell populations is dispensable for intestinal homeostasis, revealing 

that a minor cell type or significant and unexpected redundancy is responsible for physiologic 

Wnt signaling in vivo. 

 

 

Introduction 
 

Intestinal crypts house self-renewing stem cells and transit-amplifying progenitors that 

depend on Wnt signaling. Expression of endogenous pathway antagonists such as Dickkopf-1 

(Dkk1) reduces Wnt signaling, arrests stem and progenitor cell proliferation, and impairs 

secretory cell differentiation (Kuhnert et al., 2004; Pinto et al., 2003). Additionally, although it is 

unclear exactly when Wnt signaling begins in the developing intestine (Kim et al., 2007), mice 

lacking Tcf4, a transcriptional effector of the Wnt pathway, show marked epithelial defects 

(Korinek et al., 1998; van Es et al., 2012). Conversely, constitutive Wnt activity drives excessive 

cell replication and tumors, including human colorectal cancer (Korinek et al., 1997; Morin et al., 
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1997). Intestinal stem cells (ISCs) located at the base of mouse small intestine crypts express the 

Wnt-responsive gene Lgr5 (Barker et al., 2007), which encodes a co-receptor for Wnt-agonist R-

spondins (Carmon et al., 2011; de Lau et al., 2011; Glinka et al., 2011), and are the origin for 

epithelial tumors spurred by constitutive Wnt activity (Barker et al., 2009). Although Wnt 

signaling is thus an imperative aspect of intestinal homeostasis, the bona fide physiologic Wnt 

source within the ISC niche in vivo is unknown.  

Current hypotheses for this source draw on diverse observations. Paneth cells are a 

favored epithelial source because they reside in intimate contact with Lgr5+ ISCs (Barker et al., 

2007; Cheng and Leblond, 1974) and their co-culture with the latter improves mouse organoid 

formation (Sato et al., 2011). Wnts 3, 6, and 9b are highly expressed at the crypt base and Wnt3, 

in particular, is present at higher levels in Paneth cells than in ISCs (Gregorieff et al., 2005; Sato 

et al., 2011). However, partial (Bastide et al., 2007; Garabedian et al., 1997; Mori-Akiyama et al., 

2007; Shroyer et al., 2005) or complete, irreversible (Durand et al., 2012; Kim et al., 2012) 

Paneth cell ablation preserves mouse crypt homeostasis in vivo, suggesting extra-epithelial Wnt 

sources. A likely mesenchymal source is the sub-epithelial myofibroblasts (SEMFs) that envelop 

intestinal crypts (Powell et al., 2011) and support intestinal epithelial growth ex vivo and in tissue 

xenografts, likely through Wnt secretion (Lahar et al., 2011). SEMFs and other sub-epithelial 

cells express several Wnts, including Wnt2b, Wnt4, and Wnt5a (Gregorieff et al., 2005). Non-

SEMF mesenchymal cells, such as non-muscle fibroblasts, endothelial cells, neurons or blood 

leukocytes, could also provide the required Wnts. Finally, epithelial and sub-epithelial cells may 

serve as redundant sources, much as renal development and function reveal complex, 

overlapping sites of Wnt production (Kispert et al., 1998; Park et al., 2007).  
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We used Porcupine (Porcn) conditional knockout mice to identify the source of intestinal 

Wnts. Porcn encodes an O-acyltransferase that palmitoylates all vertebrate Wnts at a conserved 

serine residue and is necessary for their secretion (Chen et al., 2009; Najdi et al., 2012; Proffitt 

and Virshup, 2012). PORCN mutations cause focal dermal hypoplasia in humans (Grzeschik et 

al., 2007; Wang et al., 2007) and the tissue defects in Porcn-null mice resemble those observed 

upon loss of single Wnts, including Wnt3, Wnt3a, Wnt5a, and Wnt7b (Barrott et al., 2011; 

Biechele et al., 2013; Biechele et al., 2011; Liu et al., 2012). Thus, our approach circumvented 

the problem of redundancy that afflicts studies of single Wnt gene disruption. We used Villin-

CreERT2 mice (el Marjou et al., 2004) to delete Porcn in the intestinal epithelium and Myh11-

CreERT2 mice (Wirth et al., 2007) for deletion in sub-epithelial cells. Loss of Porcn from all 

epithelial or smooth muscle (including SEMF) cells, alone or in combination, produced none of 

the defects in crypt cell proliferation, differentiation, or Wnt target gene expression expected 

from Wnt deficiency. This rigorous genetic study therefore points to some other minor cell type 

as a source of Wnt ligands in the mammalian intestine. 

 

 

Experimental Procedures 
 
Mice 

Villin-CreERT2, Myh11-CreERT2, Rosa26-lox-STOP-lox-YFP, and PorcnFl/Y mouse strains 

were described previously (Barrott et al., 2011; el Marjou et al., 2004; Srinivas et al., 2001; 

Wirth et al., 2007). To induce recombination of conditional alleles, mice were injected 

intraperitoneally (IP) with 1-2 mg Tamoxifen (TAM, Sigma) dissolved in sunflower oil (Sigma) 

on 5 consecutive days. 
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Tissue harvests 

Small intestines were dissected and flushed with cold phosphate buffered saline (PBS). 

The proximal and distal 1/3 were fixed overnight in 4% paraformaldehyde, then washed in PBS 

and embedded in paraffin or frozen for immunohistochemical analysis. The first 1 cm of the 

middle 1/3 was reserved for whole intestine (unfractionated) DNA or mRNA analysis. The 

remainder was used for isolating epithelium by incubating in 5mM EDTA, shaking by hand, and 

passage through 70 µm filters to separate crypts and villi. 

 

DNA isolation and genotyping 

Epithelium or whole intestine was agitated in SNET buffer (0.2% SDS, 0.2 M NaCl, 100 

mM Tris pH 8, and 5 mM EDTA) with 15 µg Proteinase K at 55°C for 2 hours (epithelium) or 

overnight (whole intestine) and DNA was isolated. Porcn gene recombination was assessed 

using primers specifically detecting the wild-type, floxed and deleted allele, as described in 

Supplemental Information.  

 

RNA isolation and gene expression analysis 

RNA was isolated using TRIzol reagent (Invitrogen) and RNeasy mini kits (Qiagen), 

followed by treatment with DNaseI and reverse transcription using the Superscript III First-

Strand Synthesis System (Invitrogen). Quantitative RT-PCR was performed using FastStart 

Universal SYBR Green Master (Roche) and gene-specific primers; data analysis is described in 

Supplemental Information. 
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Histochemistry and immunohistochemistry 

Some mice received 1 mg bromodeoxyuridine (BrdU, Sigma) 1 hour before euthanasia. 5 

µm paraffin tissue sections were stained with Hematoxylin & Eosin, Alcian blue, or specific 

antibodies (Ab) to Ki67, BrdU, Chromogranin A, β-catenin, Cleaved Caspase 3, GFP and 

Lysozyme. 10 µm frozen tissue sections were co-stained with Ki67, GFP, or SMA Ab, followed 

by incubation with Cy3-, FITC- or Alexa546-conjugated anti-IgG. See Supplemental 

Information for antibody sources and conditions. 

 

Detailed descriptions of all materials and methods can be found in the Supplemental Information. 

 

 

Results and Discussion 
 

To test if the Wnt ligand(s) required for intestinal homeostasis originate in epithelial 

(including Paneth) cells, we crossed Villin-CreERT2 and PorcnFl/Y mice (Figure 2.1A) (Barrott et 

al., 2011; el Marjou et al., 2004). LoxP sites flank exons 2 and 3 in the PorcnFl allele, poised for 

Cre recombinase-mediated deletion of the first 3 transmembrane domains to produce a null allele. 

As Porcn is X-linked, hemizygote males carry a single null allele. Although Villin-Cre is active 

in Paneth cells (Kim et al., 2012; Verzi et al., 2010), we examined PorcnFl/Y;Villin-CreERT2 

(PorcnE-Del for epithelium-deleted) males at least 8 weeks after tamoxifen (TAM) exposure to 

ensure that Paneth cells were derived from Porcn-null ISCs. PCR on genomic DNA and qRT-

PCR on mRNA isolated from the small intestine epithelium verified efficient Porcn deletion 

(Figure 2.1B) and loss of Porcn transcripts (Figure 2.1C, note logarithmic scale). PorcnE-Del 

mice thrived without weight loss or morbidity (Figure S2.1A), and tissue morphology and crypt 
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cell replication were intact. Both Paneth cells and goblet cells, which require Wnt signaling to 

differentiate (Pinto et al., 2003; van Es et al., 2005), were undisturbed (Figures 2.1D, S2.1B,C). 

Nuclear β-catenin was present in crypt base cells and the levels of well-characterized Wnt target 

mRNAs, including Axin2, Myc, Cyclin D1, Cd44, Sox9 and Lgr5 were equal in PorcnE-Del and 

wild-type small intestine crypt epithelium (Figure 2.1E and Table S2.1). These data reveal that 

intestinal epithelium is not an essential source of Wnt ligands in vivo.
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Figure 2.1. Porcn deletion in epithelial cells spares intestinal epithelial morphology and 

function. (A) Strategy for Porcn deletion by TAM-inducible Cre recombinase driven by 

epithelium-specific Villin promoter. (B) Genomic PCR of epithelium isolated from 4 PorcnE-Del 

intestines indicates complete recombination of the floxed allele (485-bp band), compared to two 

Porcn+/Y control mice (685-bp band from the wild-type allele). For reference, DNA is also shown 

from single PorcnDel/X (485-bp and 685-bp products) and PorcnFl/Y;Cre- (762-bp band from the 

unrecombined floxed allele) mice. (C) qRT-PCR analysis of Porcn mRNA in isolated PorcnE-Del 

intestinal crypts (N=4) reveals reduction by orders of magnitude compared to controls (N=2). (D) 

Histology and immunohistochemistry (IHC) of PorcnE-Del (N=5) and control (Porcn+/Y;Villin-

CreERT2, N=3) mice reveals no abnormalities. Left to right: hematoxylin and eosin (H&E) 

staining, Ki67 IHC, Lysozyme IHC, and Alcian blue staining. High-magnification images are 

shown to the right of low-magnification views. (E) Left, β-catenin IHC in control and PorcnE-Del 

mice shows nuclear staining crypt base cells (arrows). Right, qRT-PCR analysis of Wnt target 

mRNAs in isolated control (N=2) and PorcnE-Del (N=4) crypt epithelium demonstrates 

unperturbed Wnt pathway activity. Bars represent mean ± standard error of the mean (SEM) of 

biological replicates; all scale bars, 50 µm.
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Figure 2.1 (Continued) 
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To determine if sub-epithelial cells, such as SEMFs, are a required physiologic Wnt 

source, we used Myh11-CreERT2 mice. Myh11–encoded smooth muscle myosin heavy chain is 

expressed in much of the intestinal sub-epithelium (Wirth et al., 2007). To define the precise 

expression domain, we crossed Myh11-CreERT2 to Rosa26-lox-STOP-lox-YFP (Rosa26R) reporter 

mice and treated with TAM. YFP expression was evident in circular and longitudinal muscle 

layers as well as in SEMF 5 days post Cre induction, co-localizing with α-smooth muscle actin 

(Figures 2A, S2.2). Most sub-epithelial cells expressed YFP but the lamina propria was not 

totally marked, indicating that Myh11-CreERT2 is expressed in most, but not all sub-epithelial 

lineages. We then crossed Myh11-CreERT2 and PorcnFl/Y mice to ablate Wnt ligand secretion 

specifically in SEMF and smooth muscle (Figure 2.2B), while preserving Porcn expression in 

the epithelium (Figure 2.2C). To estimate the mesenchymal cell fraction with recombined Porcn, 

we genotyped Porcn alleles in unfractionated PorcnFl/Y;Myh11-CreERT2 (PorcnM-Del) intestines, 

expecting no recombination in epithelial, serosal, endothelial or blood cells, which lack Myh11 

expression. In this light, a substantial contribution from recombined null Porcn DNA implied 

efficient recombination in most Myh11+ cells (Figure 2.2D), a point we demonstrate with 

greater confidence below (Figure 2.3B). Three weeks following Cre activation in PorcnM-Del 

males we did not observe weight loss (Figure S2.1A), implying preserved intestinal function. 

Gross and microscopic intestinal anatomy were intact, and PorcnM-Del did not differ from control 

mice in the numbers of proliferating Ki67+ crypt cells; Paneth or other secretory cells (Figures 

2.2E, S2.1B,C); expression of nuclear β-catenin; or levels of Wnt target genes in crypt 

epithelium (Figure 2.2F). Thus, disruption of a sub-epithelial Myh11+ cell source of Wnts also 

did not perturb intestinal homeostasis. 
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Figure 2.2. Porcn loss in intestinal smooth muscle cells and SEMFs does not adversely 

affect epithelial morphology and function.   (A) Myh11-CreERT2;Rosa26R mice activate Cre 

recombinase in all muscle layers, including subepithelial myofibroblasts. The dotted line in the 

high-magnification image (right) outlines a crypt and arrows point to the thin SEMF layer of 

YFP+ cells enveloping the crypt. Scale bars, 30 µm. See also Figure S2.2. (B) Strategy to induce 

muscle cell-specific recombination in PorcnFl/Y;Myh11-CreERT2 mice. (C) qRT-PCR analysis of 

isolated crypt epithelium shows no significant difference in Porcn mRNA expression in PorcnM-

Del (N=4) mice compared to control (Porcn+/Y;Myh11-CreERT2, N=4) mice, P=0.35. (D) PCR 

from whole intestine genomic DNA, revealing the expected proportion of recombined Porcn in 

smooth muscle, with residual unrecombined Porcn DNA contributed by epithelial and other cell 

types that lack Myh11-CreERT2 expression. (E) Histology and immunostains on PorcnM-Del (N=7) 

and control (Porcn+/Y;Myh11-CreERT2, N=6) intestines reveal no abnormalities. (F) Left, β-

catenin IHC in control and PorcnM-Del mice shows nuclear staining in crypt base cells (arrows). 

Right, qRT-PCR reveals intact Wnt target expression in crypts isolated from PorcnM-Del intestines, 

compared to controls (N=4; statistics in Table S2.1). Bars represent mean ± SEM of biological 

replicates; scale bars E-F, 50 µm.
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Figure 2.2 (Continued) 
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Intestinal organoid cultures from isolated Lgr5+ ISCs require supplemental WNT3A, 

which is thought to derive in vivo from Paneth cells (Sato et al., 2011). However, mouse 

intestines devoid of epithelial Wnt3 are normal and co-culture of Lgr5+ ISCs with mesenchymal 

cells can substitute for WNT3A in organoid formation, suggesting redundant Wnt sources (Farin 

et al., 2012). To test this idea in vivo, we crossed PorcnFl/Y mice onto a compound Villin-

CreERT2;Myh11-CreERT2 background and treated conditional-null mice with TAM to force Porcn 

loss from both compartments (PorcnEM-Del). Three weeks post Cre activation, we observed nearly 

complete recombination of the floxed mutant allele in unfractionated intestines (Figure 2.3A), 

producing total absence of Porcn mRNA in the epithelium (Figure 2.3B). Unfractionated 

intestines showed 40% less Porcn mRNA in PorcnM-Del mice and 85% less in compound 

PorcnEM-Del mice (Figure 2.3B). Together, these data reveal highly efficient Porcn depletion in 

both compartments, with the expected residual contribution from Villin-;Myh11- cells. 

Compound mutant mice showed no weight loss (Figure S2.1A) or clinical compromise; decrease 

in proliferation as assessed by Ki67 expression or bromodeoxyuridine (BrdU) uptake (Figures 

2.3C,D); or defects in intestine morphology (Figures 2.3D, S2.1B,C). Strong immunostaining 

for nuclear β-catenin provided direct evidence for sustained Wnt signaling activity and qRT-PCR 

analysis revealed subtle, statistically insignificant deficits in Wnt target transcripts (Figure 2.3E). 

Thus, combined loss of Porcn in the gut epithelium and the dominant sub-epithelial compartment, 

including SEMFs, preserves all measurable Wnt-dependent functions. 
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Figure 2.3. Consequences of simultaneous loss of Porcn from epithelial and muscle cells. (A) 

DNA from whole intestines in TAM-treated PorcnFl/Y;Villin-CreERT2;Myh11-CreERT2 mice shows 

significant recombination at the floxed Porcn allele, with a minimal contribution of 

unrecombined DNA from non-epithelial, non-muscle cells. (B) Left, qRT-PCR analysis of RNA 

from crypts of PorcnEM-Del mutants (N=3) compared to controls (Porcn+/Y;Villin-CreERT2;Myh11-

CreERT2; N=3) shows total Porcn deficiency, P=0.0013.  Right, qRT-PCR of unfractionated 

PorcnM-Del (N=2) intestines shows lower Porcn expression than controls (Porcn+/Y;Villin-

CreERT2;Myh11-CreERT2 and Porcn+/Y;Myh11-CreERT2, N=4), which is further reduced in 

PorcnEM-Del (N=2) mice. (C) Equivalent BrdU uptake in control and PorcnEM-Del intestinal crypts. 

(D) Histology and immunostains from PorcnEM-Del and control intestines reveal intact 

morphology, cell proliferation, and differentiation (N=3). (E) Left, β-catenin IHC in control and 

PorcnEM-Del mice shows nuclear staining in crypt base cells (arrows). Right, qRT-PCR analysis 

of control (N=3) and PorcnEM-Del (N=3) intestines indicates a statistically insignificant (Table 

S2.1) reduction in levels of Wnt target transcripts. Bars in graphs represent mean ± SEM of 

biological replicates; all scale bars, 50 µm.
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Figure. 2.3 (Continued) 
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These findings conflict with previous results from forced expression of Wnt antagonists, which 

produced crypt atrophy, villus shortening, loss of Wnt target transcripts, and failure of secretory 

cell differentiation within 2-4 days (Kuhnert et al., 2004). There are several possible reasons for 

the absence of similar defects in PorcnDel intestines. First, Wnts necessary for intestinal 

homeostasis might circumvent the requirement for PORCN in secretion. This is unlikely because 

two independent studies reveal that PORCN seems necessary to palmitoylate all human Wnts; 

this in turn is required for Wnts to bind the carrier protein Wntless for secretory transport 

(Coombs et al., 2010; Liu et al., 2013) and to bind Frizzled receptors (Janda et al., 2012; Najdi et 

al., 2012). Second, the potent effect of Wnt antagonists on crypt functions might not reflect the 

native activity of Wnts per se, but rather of R-spondin or another family of ligands. Available 

evidence, however, indicates that R-spondins act in conjunction with, and not separate from, 

Wnts (Niehrs, 2012). A third possibility is that Wnt reserves in the sub-epithelial basement 

membrane or elsewhere persisted for the duration of our experiments. Wnts can bind heparan 

sulfate proteoglycans present on the surface of Wnt-recipient cells, a proposed mechanism to 

prevent their diffusion and allow prolonged activity (Mikels and Nusse, 2006). However, even in 

the absence of information on intestinal Wnt concentrations, turnover or reserves, secreted Wnts 

are unlikely to have persisted for the length of our studies. Porcn deletion was efficient and we 

deliberately examined mice weeks after Cre activation, giving time for Wnt reserves to decay. 

Moreover, in a tissue that self-renews continually and responds quickly to injury or cell loss 

(Clevers, 2013), Wnts probably turn over rapidly to allow responsive homeostasis. 

We therefore favor the final possibility: that a cell type that evaded Cre-mediated Porcn 

deletion is a sufficient source of essential, intestine-active Wnts. That cell is unlikely to reside in 

the epithelium, where Villin-CreERT2 mice drove efficient Cre expression, leaving no intact Porcn 
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DNA in isolated epithelial cells. By contrast, although Myh11-expressing smooth muscle cells or 

SEMF are not a required physiologic Wnt source, gut mesenchyme contains diverse additional 

cell types, including endothelium, non-muscle fibroblasts, leukocytes, lymphocytes, and neurons 

(Powell et al., 2011). Endothelial and neuronal contributions cannot readily be assessed in mice 

because their deficiencies are lethal early (Dumont et al., 1994; Enomoto et al., 1998) and 

intestinal functions seem intact in Rag2-null mice (Shinkai et al., 1992), indicating that 

lymphocytes either provide no essential Wnts or act redundantly with other cells. This extent of 

specificity or redundancy in intestinal Wnt source(s) challenges the prevailing view and reveals 

unanticipated complexity in control of intestinal self-renewal. 
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Chapter 3: CDX2 is a critical regulator of intestinal stem cell 
functions 
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Summary 
 

Intestinal stem cells (ISCs) renew the adult gut epithelium and are a useful model 

to study stem cell biology and control of cell differentiation. Self-renewal of ISCs and 

their differentiation requires control of genes by transcription factors (TFs) and chromatin 

through mechanisms that are not well understood. One pool of ISCs, marked by Lgr5, 

resides at the base of the crypts, cycles rapidly, and can be isolated using Lgr5-GFP 

knock-in mice. To gauge the scope of gene expression changes during cell differentiation, 

we performed global RNA-seq analysis of Lgr5+ ISCs and purified enterocytes, the most 

abundant differentiated cell type. This analysis identified genes enriched in ISCs or 

enterocytes and others expressed equally in both populations. One gene highly expressed 

in both, Cdx2, encodes a homeodomain TF that maintains active chromatin at thousands 

of enterocyte genes. Abundant Cdx2 expression in ISCs suggested a previously 

unappreciated role in this cell. We observed replication defects of Cdx2-/- mouse ISCs, 

and an inability to produce mature cell types or to generate intestinal organoids in vitro. 

These findings reveal functions for CDX2 in ISCs distinct from its requirement to 

activate enterocyte genes for nutrient digestion and absorption. To identify direct CDX2 

targets, we performed ChIP-seq, and RNA-seq of wild-type and Cdx2-/- ISCs. 

Underscoring the role for CDX2 in cell proliferation, analysis of genes dysregulated in 

Cdx2-/- ISCs revealed significant aberration in genes related to the cell cycle. We detected 

CDX2 binding near 10% of dysregulated genes, including Fgfbp1, a factor involved in 

promoting fibroblast growth factor signaling, which may account for the observed defects. 

This study reveals a broad role for CDX2 in maintaining stem cell properties and 
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functions and identifies specific transcriptional targets that may mediate canonical stem 

cell behaviors. 

 
 
 

Introduction 
 

The intestinal epithelium is a continuously renewing tissue that relies on a 

population of adult intestinal stem cells (ISCs) to differentiate into mature cell types to 

maintain the physiological functions of the intestine.  This regenerative capacity requires 

the precise execution of gene expression programs during ISC maintenance and 

differentiation to mature cell types, but the mechanisms controlling these processes 

remain unclear. The intestinal epithelium represents an excellent system to study cell 

differentiation and stem cell dynamics due to its highly compartmentalized structure.  

The crypts of Lieberkühn contain stem cells, which give rise to a highly proliferative 

population of transit-amplifying (TA) cells. TA cells produce the mature cell types found 

in the villi, which are structures that protrude into the lumen of the intestine, thus 

increasing the surface area.  Absorptive enterocytes make up the majority of cells in the 

villi, followed by mucous secreting goblet cells and hormone secreting enteroendocrine 

cells. The final major differentiated cell type is the Paneth cell, which migrates to the 

base of the crypt and is nestled between crypt base columnar cells (CBCs).   

One particular challenge to studying cell differentiation in the intestinal 

epithelium is that several populations of ISCs have been described.  There are at least two 

types of ISC populations in intestinal crypts: the proliferative CBCs, marked by Lgr5, 

and quiescent cells located at the +4 position or higher that respond to epithelial 
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injury.  Markers of quiescent ISCs include Bmi1, Lrig1, Hopx, and mTert (Montgomery 

et al., 2011; Powell et al., 2012; Sangiorgi and Capecchi, 2008; Takeda et al., 2011).  The 

relationships between these types of ISCs is bidirectional; studies have demonstrated that 

Bmi1+, mTert+ and Hopx+ cells can give rise to Lgr5+ ISCs and vice versa (Montgomery 

et al., 2011; Takeda et al., 2011; Tian et al., 2011; Yan et al., 2012).  In our study we 

chose to use Lgr5+ cells for several reasons. First, Lgr5+ CBCs contribute to all mature 

villus cell lineages over many months in vivo (Barker et al., 2007). Second, in culture, 

Lgr5+ CBCs are uniquely capable of generating “organoids” that self-renew for months 

(Sato et al., 2009). Third, Lgr5+ CBCs can integrate into the mouse intestine and give rise 

to normal epithelial tissue when transplanted (Yui et al., 2012). Fourth, Lgr5+ CBCs are 

monoclonal (a crypt hallmark) and can give rise to other ISC populations (Barker et al., 

2007; Takeda et al., 2011). Finally, recent data show that Lgr5+ CBCs express the 

candidate ISC markers Bmi1, mTert, Hopx and Lrig1 (Itzkovitz et al., 2011; Muñoz et al., 

2012).  

 Since their identification in 2007, there has been considerable effort to identify 

factors controlling functions of Lgr5+ ISCs.  Not surprisingly, several transcription 

factors (TFs) have been described to be specifically required for ISC functions in normal 

and during times of injury. These include ASCL2, KLF5, ID1, YY1, and VDR (Bell and 

Shroyer, 2014; Nakaya et al., 2014; Peregrina et al., 2014; Perekatt et al., 2014; van der 

Flier et al., 2009; Zhang et al., 2014).  Many of these studies used genetic knockout mice 

to show specific defects in the functions of ISCs, however the specific transcriptional 

mechanisms by which these TFs control ISC genes have not been worked out, largely 
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because it is difficult to isolate the large cell numbers required for TF chromatin-

immunoprecipitation and sequencing (ChIP-seq) experiments.  

  To better understand the cell differentiation process and functions of ISCs, we 

compared the global gene expression profile of purified absorptive enterocytes to Lgr5+ 

ISCs to by RNA-seq.  In addition to the genes that are differentially expressed during 

differentiation, we were interested to find that CDX2, a homeodomain TF that we had 

previously studied in the context of mature enterocyte gene expression (Verzi et al., 

2010), was highly and equally expressed in both populations, suggesting it may have an 

unappreciated role in the ISCs.  By crossing our Cdx2Fl/Fl mice to Lgr5-GFP-CREERT2 

knock-in mice (Barker et al., 2007), we identified a cell autonomous proliferation defect 

in ISCs.  Lineage tracing revealed that Cdx2-null ISCs are unable to differentiate into 

mature cell types of the intestine, and instead form undifferentiated cystic structures.  In 

addition, crypts lacking Cdx2 are unable to form mature organoids in culture, 

corroborating previous reports (Stringer et al., 2012).  To find the mechanism by which 

CDX2 affects ISC functions, we performed chromatin immunoprecipitation and 

sequencing (ChIP-seq) and gene expression profiling by RNA-seq on isolated control and 

Cdx2-/- ISCs. After identifying direct target genes of CDX2 in the ISCs, we honed in on 

the fibroblast growth factor (FGF) signaling pathway and plan to investigate its 

contributions to ISC functions further in the future. 
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Experimental Procedures 
 
Mouse strains, conditional knockouts and genetic lineage tracing 

To deplete Cdx2 in Lgr5+ ISCs or in the entire intestinal epithelium, Cdx2Fl/Fl mice were 

crossed with either Lgr5-EGFP-CreERT2 or Villin-CreERT2 mice, respectively (Barker et al., 

2007; el Marjou et al., 2004; Verzi et al., 2010).  For ISC isolation, Cdx2Fl/Fl;Lgr5-

EGFP-CreERT2 and control (Cdx2+/+;Lgr5-EGFP-CreERT2) mice were injected with 2mg 

tamoxifen (TAM) for 4 consecutive days and Lgr5-GFPHigh cells, representing the crypt 

base columnar stem cells, were harvested on the following day via fluorescence activated 

cell sorting (FACS). Whole epithelium devoid of Cdx2 was generated by injecting 

Cdx2Fl/Fl;Villin-CreERT2 and control (non-Cre Cdx2Fl/Fl) mice with 1mg TAM for 5 

consecutive days and intestines were harvested at least 3 days later.  To obtain pure 

enterocytes, Atoh1Fl/Fl;Villin-CreERT2 mice were injected with 1mg TAM for 5 

consecutive days to eliminate secretory cells and villus epithelium was harvested 3 weeks 

later. For lineage tracing experiments, Cdx2Fl/Fl;Lgr5-EGFP-CreERT2;Rosa26-lox-STOP-

lox-YFP and control (Cdx2+/+;Lgr5-EGFP-CreERT2;Rosa26-lox-STOP-lox-YFP) mice 

were injected with 2mg TAM for 5 consecutive days and intestines were harvested at 

each of the following time points after the first tamoxifen injection: 10 days, 2 weeks, 1 

month, 3 months, and 6 months.   

 

 Isolation of Lgr5+ ISCs, crypts and villi 

ISCs were harvested from mice containing the Lgr5-EGFP-CreERT2 allele, which 

is expressed in a mosaic fashion throughout the intestine.  As the frequency of marked 

ISCs is higher in the proximal intestine, we used the proximal half of the small intestine 
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to isolate crypts for sorting.  Intestines were isolated and flushed with cold phosphate-

buffered saline (PBS), splayed open and the surface was gently scraped using glass slides 

to remove the majority of villi.  The remaining tissue was incubated in 5mM EDTA in 

PBS at 4°C for 30 minutes on a shaker with intermittent vigorous shaking by 

hand.  Tissues were transferred to fresh 5mM EDTA in PBS at 4°C for 15 additional 

minutes and shaken by hand for 2 minutes to remove the crypt epithelium.  Isolated 

epithelium from both steps were pooled and disaggregated by treatment with 4X TrypLE 

(Invitrogen) in DMEM without phenol red (Mediatech) at 37°C for 45 minutes on a 

rotator.  Cells were pelleted, washed in PBS, stained with Live/Dead cell viability dye 

(Invitrogen) and sorted using the FACSAria III instrument (BD Biosciences).  Single, 

live cells expressing high levels of GFP were collected.   

To harvest whole crypts and villi, intestines were isolated and flushed as above, 

but villi were not scraped.  Following EDTA incubations and shaking, the detached 

epithelium was poured through a 70 µm filter, upon which the villi are captured and 

crypts flow through. Villi and crypts were pelleted and snap-frozen in liquid nitrogen for 

protein analysis or resuspended in TRIzol reagent for RNA isolation, and stored at -80°C 

until ready for use. 

 

Cell cycle analysis of isolated Lgr5+ ISCs   

For cell cycle analysis of isolated Lgr5+ ISCs, we followed the ISC isolation and 

cell sorting protocol, with the addition of 10 µg/ml Hoechst Dye (Invitrogen) during 

trypsinization.  Cell cycle analysis was performed by gating on single, Lgr5-GFPHigh cells, 

followed by detection with the UV laser for Hoechst Dye.  Data were analyzed with 
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Flowjo software (Tree Star) using the Watson Pragmatic Test to determine cell cycle 

phase distribution.  This experiment was repeated 3 times on different mice with similar 

results, and one representative experiment is presented here. 

 

RNA-Seq 

Approximately 100,000 ISCs or villus cells were collected from a single mouse 

and mRNA was extracted using oligo d(T)25 magnetic beads (New England 

Biolabs).  On-column DNaseI treatment was subsequently performed using the RNeasy 

kit (Qiagen).  mRNA was quantified using Ribogreen (Life Technologies) and 500 

picograms of mRNA was used as input for cDNA synthesis and library generation using 

the Encore Complete RNA-Seq Library System (Nugen) modified for ½ volume 

reactions.  Size selection of the libraries for 200-450 base pair fragments was performed 

using Pippin Prep (Sage Science).  Sequencing was performed (50 bp, single end reads) 

using the Illumina Hi-Seq 2000 and sequence tags were aligned to the Mus musculus 

reference genome build 9 (mm9).  The Tuxedo software package was used to align reads, 

assemble transcripts, and determine differences in transcript levels using an FDR of 0.05 

(Trapnell et al., 2012).  Two biological replicates were sequenced and compared for each 

condition.  Some 3’ bias was noted for the samples, however this was comparable 

between samples and the results are highly concordant with data on ISC expression from 

other labs such as (Munoz et al., 2012; Sheaffer et al., 2014). 
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Gene ontology and network analysis 

 Significantly differentially expressed genes from RNA-seq were analyzed using 

DAVID functional annotation clustering software (default options, medium stringency) to 

identify significantly enriched gene ontology clusters (scores > 1.3) (Huang da et al., 

2009). To represent clusters, we chose a representative gene ontology (GO) term and list 

it with the enrichment score.  Gene regulatory networks were generated from the down-

regulated genes in Cdx2-null ISCs using Metacore software (Thomson Reuters).   

 

qRT-PCR 

RNA was isolated using TRIzol reagent (Invitrogen) and the RNeasy kit (Qiagen), 

with on-column DNase treatment. RNA was reversed transcribed (Superscript III, 

Invitrogen) and transcripts were assessed by quantitative RT-PCR with FastStart 

Universal SYBR Green Master Mix (Roche) using the following specific primers: 

Gene Forward Reverse 
Fgf1 GAAGCATGCGGAGAAGAACTG CGAGGACCGCGCTTACA 
Fgf2 GTCACGGAAATACTCCAGTTGGT CCCGTTTTGGATCCGAGTTT 
Fgf3 CTGGAGATTACTGCGGTGGAA CCAGGTACCGCCCAGAAA 
Fgf4 TGCCTTTCTTTACCGACGAGT GCGTAGGATTCGTAGGCGTT 
Fgf6 GGATATAAGGACCCATGGATGAAG GCAGAAGCGTTCTCTTAGTGTAAAATC 
Fgf7 TGGGCACTATATCTCTAGCTTGC GGGTGCGACAGAACAGTCT 
Fgf8 GGTCTCTACATCTGCATGAACAAGA CTTGCCTTTGCCGTTGCT 
Fgf9 TGTGGACACCGGAAGGAGATA GCCGTTTAGTCCTGGTCCC 

Fgf10 TTTGGTGTCTTCGTTCCCTGT TAGCTCCGCACATGCCTTC 
Fgf16 GTGTTTTCCGGGAACAGTTTGA GGTGAGCCGTCTTTATTCAGG 
Fgf18 AAGGAGTGCGTGTTCATTGAG AGCCCACATACCAACCAGAGT 
Fgf19 AGAGAACAGCTCCAGGACCA TTCTCCATCCTGTCGGAATC 
Fgf22 CTCTGTGGACTGTAGGTTCCG GAGGCGTATGTGTTGTAGCC 
Fgf23 ATGCTAGGGACCTGCCTTAGA AGCCAAGCAATGGGGAAGTG 
 
Statistical significance was calculated by t-test adjusted for multiple comparisons using 

Graphpad Prism. 
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Histology, immunofluorescence and immunohistochemistry 

Intestinal segments were splayed open and fixed in 4% paraformaldehyde 

overnight at 4°C.  For histological analysis, fixed tissues were washed in PBS and 

dehydrated in 70% ethanol, and processed for paraffin embedding as swiss rolls. 

Hematoxylin and eosin (H&E), alkaline phosphatase, alcian blue staining and 

immunohistochemistry were performed according to standard procedures and as 

described previously (Verzi et al., 2010).  For immunohistochemistry, tissues were 

probed with goat anti-CRS4C (1:1000, gift of Andre Ouellette, University of Southern 

California, Los Angeles, CA) or pre-treated in a pressure cooker in 10 mM sodium citrate 

buffer (pH 6) for antigen retrieval followed by antibodies against mouse anti-CDX2 (1:20, 

Biogenex), mouse anti-KI67 (1:1,000, Vector labs), rabbit anti-KI67 (1:200, Santa Cruz), 

rabbit anti-Cleaved Caspase 3 (1:1,000, Cell Signaling), rabbit anti-Chromogranin A 

(1:1,000, DNA Star), mouse anti-GFP (1:100, Santa Cruz), rabbit anti-GFP/YFP (1:100, 

Cell Signaling), mouse anti-β Catenin (1:250, BD Biosciences), mouse anti-Ezrin (1:100, 

Neomarker), and rabbit anti-NHERF (1:100, Abcam). Quantification of KI67+ cells was 

performed by counting 25 crypts in at least 3 mice. 

 

Electron microscopy 

Mouse ilea were flushed with PBS, fixed overnight or longer in EM fixative (2% 

formaldehyde, 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4), and 

embedded in Taab 812 Resin (Marivac Ltd., Nova Scotia, Canada). 80 nm sections were 

cut, stained with 0.2% Lead Citrate, viewed, and imaged with a Philips Technai BioTwin 

Spirit Electron Microscope at an accelerating voltage of 80 kV. 
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Intestinal organoid culture 

 Crypts from the proximal small intestine of Cdx2Fl/Fl;Villin-CreERT2 and control 

(no Cre, Cdx2Fl/Fl) mice were isolated and cultured in matrigel and organoid growth 

factor media, without Wnt, as previously described (Sato et al., 2009). 4-OH-Tamoxifen 

(4-OHT; Sigma) was added to the media at a concentration of 1 µm for the first two days 

to activate the CreERT2.  Afterwards, media without 4-OHT was replaced and changed 

every other day until day 8, when the organoids were fixed for 40 minutes in 4% PFA.  

Organoids were rinsed in PBS and 70% ethanol and resuspended in HistoGel (Thermo 

Scientific).  Gel-embedded organoids were then treated the same as tissues for processing, 

paraffin embedding, sectioning and immunohistochemistry. 

 

ChIP-seq 

Lgr5-GFPHigh ISCs were collected via FACS and chromatin was cross-linked in 

1% formaldehyde at room temperature for 25 minutes. 5 million cells were pooled for 

ChIP, performed as previously described (Verzi et al., 2013), but using ½ reaction 

volumes and 1.5 µg of CDX2 antibody (Bethyl).  Immunoprecipitated and input (non-

immunoprecipitated) DNA was quantified using Picogreen (Life Technologies) and the 

ThruPLEX-FD Prep Kit (Rubicon Genomics) was used to generate libraries, according to 

the manufacturer’s instructions. Size selection of libraries for 200-450 base pair 

fragments was performed using Pippin Prep (Sage Science) and sequenced using the 

Illumina Hi-Seq 2000 (50 bp, single end reads).  Sequences were aligned to the Mus 

musculus reference genome build 9 (mm9).  Binding peaks were identified using MACS 



 

! 59!

software, version 1.4.2, (Zhang et al., 2008) considering the non-immunoprecipitated 

input sample and local background. Motif calling within ChIP-Seq samples was 

performed using SeqPos; distribution of binding peaks within genomic features using 

CEAS; and conservation scores of binding sites using Conservation Plot, all tools in the 

Cistrome project (http://cistrome.org/ap/) (Liu et al., 2011). Peak to gene assignments 

were performed using GREAT and the single nearest gene within 100 kb was considered.  

 

Protein extraction and Western blotting 

Whole cell protein extracts were obtained by lysing mouse epithelium pellets in 

RIPA buffer, supplemented with 1mM PMSF, 2mM sodium orthovanadate, and protease 

inhibitors (Roche) on ice for 15 minutes.  The concentration of the resulting lysates were 

measured using the Pierce BCA Protein Assay Kit for equal loading, boiled in Laemmli 

sample buffer for 5 minutes, resolved on a 10% SDS-PAGE gel, and transferred to 

nitrocellulose membranes.  For immunoblotting, membranes were probed overnight at 

4°C with the following primary antibodies: mouse anti-Actin (1:200, Santa Cruz); rabbit 

anti-FGFR3 (1:200, Santa Cruz); or rabbit anti-FGFR4 (1:100, Santa-Cruz). 

 
 
 
 

Results 
 
Gene expression changes from ISCs to enterocytes 

 To profile the global gene expression changes during cell differentiation, we 

collected purified Lgr5+ ISCs from Lgr5-EGFP-ires-CreERT2 mice by flow cytometry 

and compared them to a pure population of enterocytes, collected from the villus fraction 
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of tamoxifen-induced Atoh1 knockout mice, which lack all secretory cells.  We collected 

samples from 2 mice for each cell type and performed global RNA-seq analysis to 

quantitatively measure transcript expression during the cell differentiation process.  To 

assess the results, we plotted the average fragments per kilobase per million mapped 

reads (FPKM) levels for each transcript (Figure 3.1A). Notably, enterocyte marker genes, 

sucrose isomaltase (Sis), alkaline phosphatase (Alpi/Akp3), lactase (Lct), and fatty acid 

binding protein 1 (Fabp1) were highly expressed and enriched in enterocytes, while ISC 

markers Lgr5, Ascl2, Notch1, Axin2, Myc and Olfm4 were enriched in ISCs (Figure 

3.1A). We find markers of other ISC populations expressed highly in our Lgr5+ ISC and 

enterocyte data including Bmi1, Lrig1, Prom1, Hopx and DCAMKL-1 (Figure 3.1B), 

consistent with recent reports (Itzkovitz et al., 2012; Munoz et al., 2012). Gene ontology 

analysis reveals genes highly enriched in ISCs (fold change > 4) are involved in cell 

cycle regulation, DNA replication and the microtubule cytoskeleton, while those enriched 

in enterocytes (fold change > 4) are primarily involved in metabolic processes, oxidation-

reduction, and transport (Figure 3.1C).  As these cell populations have been relatively 

well studied, the observation of many expected categories highlight the reliability of the 

RNA-seq assay for defining cell type specific gene modules. Through this analysis we 

also identified genes that are expressed at high levels in both cell populations (grey dots 

in Figure 3.1A).  One such gene was Cdx2, an intestinal-specific homeobox gene we 

previously implicated in control of expression of genes in terminally differentiated 

enterocytes, but its role has not been well-characterized in ISCs.  
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Figure 3.1: RNA-seq profiling of ISCs and enterocytes reveals gene expression 

changes. (A,B) RNA-seq data from isolated Lgr5+ ISCs and purified enterocytes from 

Atoh1-/- villi reveals gene expression changes during the differentiation axis. Each point 

represents one gene. Genes with FPKM values <0.5 in both samples were considered not 

expressed (10,667 genes; dark grey). 9,749 genes had FPKM values >0.5 in at least one 

cell type, however were not differentially expressed (light grey). 1,639 genes were 

enriched in enterocytes (red), while 1,157 were enriched in ISCs (blue) with Q<0.05 and 

fold-change > 2. (A) To validate the RNA-seq results, validated markers of enterocytes 

and ISCs are superimposed with larger dots. (B) With this data we also observed 

expression of marker genes of other ISC populations described in the literature (large 

green dots). (C) We performed a gene ontology analysis using DAVID software to 

profile the categories of genes enriched in ISCs (blue) and enterocytes (red) using 

stringent cutoffs: Q<0.05, fold change > 4.
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Loss of CDX2 impairs proliferation and differentiation of ISCs 

To investigate the consequences of Cdx2 loss for intestinal stem cells, we used 

conditional knockout mice in which Cdx2 was deleted throughout the intestinal 

epithelium upon tamoxifen injection (referred to here as Cdx2E-DEL for epithelium 

deleted; Cdx2Fl/Fl;Villin-CreERT2). Proliferation was assessed by immunohistochemistry 

(IHC) and quantification of CBCs marked with KI67.  Compared to controls, (mice 

without Villin-CreERT2), the number of crypts with at least one KI67+ CBC was reduced in 

Cdx2E-Del mice, with the most significant results in the distal 1/3 of the small intestine 

(ileum), where CDX2 levels are highest in wild type mice (Figures 3.2A,B).  This defect 

was highly restricted to the stem cell (CBC) zone, as transient amplifying (TA) cells 

higher in the crypt retain much proliferation (Figure 3.2A).  The loss of KI67+ cells in 

the CBC zone was not due to absence of the CBCs themselves, as their nuclei remain 

visible by histology and CBCs can be identified by electron microscopy (Figure 3.2C).    

To visualize and isolate Cdx2-/- ISCs for analysis, we crossed Cdx2Fl/Fl mice with 

Lgr5-EGFP-ires-CreERT2 mice. After 4 days of tamoxifen injection, loss of CDX2 was 

observed in clusters of Lgr5-GFP positive crypts (Figure 3.2D; these mice are referred to 

as Cdx2ISC-Del). Notably, as Paneth cells turn over slowly, they retained CDX2 expression 

at this time point (Figure 3.2D), meaning phenotypes observed in ISCs were likely cell 

autonomous. To further investigate the proliferation defect, we analyzed the DNA 

content in Lgr5-GFPHigh cells.  Despite the ileum having the most significant proliferation 

defect, we chose to use the proximal half of the small intestine for this experiment 

because the Lgr5-knockin allele is mosaic and there is a much higher proportion of crypts 

expressing the allele proximally (Barker et al., 2007). With this caveat in mind, we 
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profiled the cell cycle phase distribution in Lgr5-GFPHigh cells based on the intensity of 

Hoechst dye staining and we detected a decrease in the percentage of cells in S-phase, 

with an increase in cells in G1 (Figure 3.2E).  Together, our immunohistochemistry and 

flow cytometry experiments point to a cell-autonomous requirement for CDX2 in 

controlling ISC proliferation.  
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Figure 3.2. CDX2 is required for ISC proliferation.  (A) Immunohistochemistry (IHC) 

for KI67 in the ileum of control and Cdx2E-Del mice reveals specific loss of proliferation 

in CBC in most crypts, while TA-zone proliferation is retained. Top, scale bars 50 um; 

bottom scale bars 10 um.  (B) Quantification of percentage of crypts with a KI67+ CBC 

throughout the intestine shows the defect is most severe in the ileum. Significance was 

assessed by t-test; *, P<0.05.  (C) Electron microscopy on Cdx2E-Del ileum confirms the 

presence of CBCs.  (D) Four days after TAM injection, ISCs in Lgr5-GFP-Cre+ patches 

of crypts (brackets) in Cdx2ISC-Del mice are negative for CDX2, however Paneth cells in 

these crypts retain expression (arrows; inset shows magnified view of one crypt base). 

Scale bars, 50 µm. (E) Left, flow cytometry analysis from the proximal ½ of the small 

intestine reveals no difference in the percentage of Lgr5-GFPHigh cells between control 

and Cdx2ISC-Del mice.  Right, histograms of DNA content (via Hoechst dye staining) are 

analyzed using the Watson Pragmatic Test to identify the percentage of cells in each 

phase of the cell cycle.  Notably, Cdx2-/- ISCs have a reduction in cells in S-phase and an 

increase in cells in G1.   



 

! 65!

Figure 3.2 (Continued)  
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To understand whether loss of CDX2 affects cell differentiation from ISCs we bred 

the Rosa26-lox-STOP-lox-YFP Cre reporter allele [referred to here as R26RYFP; (Srinivas 

et al., 2001)] into our Cdx2Fl/Fl;Lgr5-EGFP-ires-CreERT2 line.  We injected mice with 

TAM for 5 days and observed YFP tracing at several intervals afterwards (Figure 3.3A). 

At 10 days post injection, tracing was observed throughout the crypts and villi in both 

control (Cdx2+/+;Lgr5-EGFP-ires-CreERT2;R26RYFP) and, although less frequently, in 

Cdx2ISC-Del mice (Figure 3.3B).  However, beginning at one month and up to six months 

after injection, tracing was never observed in the villi; instead traced cysts and some 

crypts remained (Figure 3.3B). This experiment expands on previously published results 

describing similar cystic structures by providing a cell lineage for these cysts; all the cells 

descended from a Cdx2-null ISC.  The cysts are completely lacking CDX2 and do not 

contain markers of mature villus cells including alkaline phosphatase, which marks 

absorptive enterocytes, periodic acid-Schiff (PAS) or Alcian blue stain, which mark 

goblet cells (Figure 3.3C).  Columnar cell shape is not retained in the cells lining the 

cysts; nuclei are circular and cells more cuboidal (Figure 3.3D).  However, cells lining 

cysts retain apico-basal polarity, as shown by apical staining of Ezrin and NHERF 

(Figure 3.3E).  Interestingly, the cysts retain some qualities of intestinal crypts: Lgr5-

GFP staining can be observed in the base of cysts, proliferation is observed along the 

sides in a transit amplifying-like zone, and cells slough off the top of cysts into the lumen, 

perhaps contributing to the observed debris in some cysts (Figure 3.3F).  
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Figure 3.3. CDX2 is required for differentiation of ISCs into mature cell types. (A) 

Schematic of lineage tracing experiment. Cdx2Fl/Fl;Lgr5-EGFP-CreERT2;R26RYFP and 

control mice were injected with TAM for 5 days, and sacrificed at the indicated times for 

analysis of lineage tracing. (B) Native YFP fluorescence at 10 days indicates that traced 

Cdx2-/- crypts continue to contribute to villi (marked with dotted lines), as in controls. In 

contrast, at 90 days tracing is confined to cysts in Cdx2ISC-Del mice.  Observation of whole 

tissues from the outside of the intestine through the muscle layers (bottom-up) reveals 

halo-like structures corresponding to the Cdx2-/- cysts.  A view from the lumen of the 

intestine looking down on the villi (top-down) normally reveals ribbons of YFP-labeled 

cells, which are never observed in Cdx2ISC-Del mice. (C) H&E of the cysts reveals 

accumulation of debris in the lumen. Antibody staining for CDX2 confirms that traced 

cysts are Cdx2-/-, and are surrounded by CDX2-positive cells in crypts that did not 

express the Lgr5-EGFP-CreERT2 allele. Staining for alkaline phosphatase and periodic 

acid-Schiff (PAS) or Alcian blue (AB) reveals that cysts lack mature enterocytes and 

goblet cells, respectively. (D) Close-up of a cyst reveals changes in cell morphology 

within the cells lining the cyst, compared to columnar cells of the normal epithelium  

(area in box is magnified to the right; arrow highlights round nuclear shape). (E) IHC for 

Ezrin and NHERF reveal normal apical staining in the cysts (on the lumen side), 

suggesting that these cells retain their apico-basal polarity. (F) Cysts also retain 

information on the differentiation axis, as cells can be detected with IHC for Lgr5-GFP 

towards the base (arrows), KI67 on the sides (bracket), and cells are observed being 

extruded from the top of the cyst into the lumen (arrows). Areas in boxes are magnified 

to the right of the image. Scale bars (C,E,F: GFP/KI67), 30 µm; (D,F: H&E), 50 µm.  
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Figure 3.3 (Continued)  



 

! 69!

Another property of Lgr5+ ISCs is that they can form organoids when isolated and 

cultured in a defined media.  To test whether loss of Cdx2 affects organoid formation, we 

isolated intestinal crypts from Cdx2Fl/Fl;Villin-CreERT2 and control (no Villin-CreERT2) 

mice and exposed them to 4-OH-Tamoxifen (4-OHT) in culture from 0-2 days (Figure 

3.4A).  After 8 days of culture, organoids from control mice and grown in normal media 

contained large organoids with many protruding crypts (Figure 3.4B).  Cdx2Fl/Fl;Villin-

CreERT2 crypts exposed to 4-OHT from 0-2 days formed either none or a few organoids, 

which were small, round, contained few crypt protrusions, and completely lacked CDX2 

(Figures 3.4B-C). Together, the lack of proliferation, lineage tracing and differentiation 

into mature intestinal cell types, and organoid forming ability describe a role for CDX2 in 

controlling critical ISC functions, which is unique from its role in mature cell types. 
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Figure 3.4. CDX2 is required for organoid formation from crypts. (A) Experimental 

scheme for organoid culture assay. Control and Cdx2Fl/Fl;Villin-CreERT2 crypts were 

isolated from the proximal half of the small intestine and seeded in Matrigel for culture.  

Organoid growth media was added and 4-OHT was supplemented in some wells from 0-2 

days. (B) On day 8, organoids from two different Cdx2Fl/Fl;Villin-CreERT2 mice were 

comparable to controls without 4-OHT.  However, in wells supplemented with 4-OHT, 

organoids were either very small (middle) or non-existent (bottom). Scale bars, 1 mm. 

(C) IHC for CDX2 and H&E on organoids supplemented with 4-OHT shows that Cdx2-/- 

organoids form few crypts and have a circular shape.



 

! 71!

CDX2 loss in ISCs affects genes regulating proliferation 

 As our data suggests that CDX2 may play a unique role in ISCs, we wanted to 

follow up on the mechanism by which it may have these effects.  Since CDX2 has been 

described as a transcriptional activator in mature villus cells (Verzi et al., 2013), we 

decided to investigate which genes are dysregulated upon CDX2 knockout in ISCs.  We 

collected ISCs from control (Cdx2+/+;Lgr5-EGFP-ires-CreERT2) and Cdx2ISC-Del 

(Cdx2Fl/Fl;Lgr5-EGFP-ires-CreERT2) mice by flow cytometry after 4 days of tamoxifen 

injection and isolated mRNA for sequencing (Figure 3.5A).  We confirmed our knockout 

by observing the aligned reads to Cdx2 exon 2, which is removed via recombination, 

although the rest of the mRNA is produced (Figure 3.5B).  We observed an 

approximately equal distribution of genes upregulated and down-regulated at least 1.5 

fold by the loss of Cdx2 (448 vs. 464, respectively; P<0.05; Figure 3.5C).  Genes down-

regulated upon Cdx2 loss were enriched for terms related to mitosis, while up-regulated 

genes varied more in functions, resulting in low cluster enrichment scores (Figure 3.5D).   

As the Wnt signaling pathway is related to proliferation in ISCs, we decided to 

analyze specifically whether any of the Wnt target genes are affected by Cdx2 loss.  We 

imagined that this could occur either through direct regulation of Wnt target genes by 

CDX2, as has been suggested in cell lines (Verzi et al., 2010a) or through the control of 

upstream members of the pathway.  We used a curated list of 202 intestinal Wnt target 

genes to assess this pathway (van de Wetering et al., 2002). When we compare the 

average FPKM values for the 202 Wnt target genes in enterocytes and ISCs, we see that 

these genes are expressed at significantly higher levels in ISCs (Figure 3.5E). The same 

analysis on the Cdx2Del ISCs versus control showed no significant difference (Figure 



 

! 72!

3.5F) and we found that only 10 Wnt target genes were significantly perturbed upon 

Cdx2 loss. 

To analyze what cell signaling pathways might be affected by Cdx2 loss and 

follow up on the mechanism by which it controls ISC functions, we generated gene 

networks based upon down-regulated genes using Metacore software.  The most 

significant (P=7.86x10-8) down-regulated network assembled was the cellular response to 

fibroblast growth factor stimulus (Figure 3.5G), in which several genes were 

significantly dysregulated in our data. Although this is a promising pathway for follow-

up, we cannot say from expression data alone that the dysregulated genes were direct 

targets of CDX2.  To accomplish this task, we needed to find CDX2 binding sites. 
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Figure 3.5. Loss of Cdx2 perturbs hundreds of genes related to cell proliferation, 

perhaps through the FGF signaling pathway. (A) For collection of control and Cdx2-/- 

ISCs, mice were injected for 4 days and cells were collected the following day by flow 

cytometry.  (B) Analysis of aligned reads in the isolated cells confirms the excision of 

Cdx2 exon 2 (magenta box) in isolated Cdx2-/- Lgr5-GFPHigh cells.  Grey bars represent 

single aligned reads. Teal lines indicate reads spanning two exons. (C) RNA-seq data 

from control and Cdx2Del ISCs. 448 genes go up in Cdx2-/- ISCs (green), while 464 go 

down (blue). Genes that did not meet the cutoffs (P<0.05, fold-change > 1.5) are 

indicated in grey. (D) Gene ontology clusters from down-regulated (blue) and up-

regulated (green) genes in Cdx2Del ISCs indicate that CDX2 controls genes involved in 

proliferation. (E) Comparison of average FPKM values from 202 Wnt target genes in 

enterocytes (red) and ISCs (blue) indicate a significant increase in ISCs (P<0.0001). (F) 

The average FPKM values for the Wnt target genes are not affected in the Cdx2Del ISCs. 

(G) Metacore software identified the fibroblast growth factor pathway due to enrichment 

of genes down regulated in Cdx2Del ISCs. Blue circles next to genes indicate significant 

down-regulation, while red circles indicate up-regulation.  
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Figure 3.5 (Continued) 
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Identification of CDX2 binding sites target genes in ISCs by combining ChIP-seq and 

RNA-seq data  

 To understand where CDX2 is binding in the ISC population, we performed 

CDX2 ChIP-Seq on 5 million isolated control (Cdx2+/+;Lgr5-EGFP-ires-CreERT2) ISCs. 

We used the MACS algorithm to call peaks, which identified 1,442 high-confidence 

regions enriched for CDX2 binding (example data in Figure 3.6A). We had previously 

identified 12,121 CDX2 peaks in differentiated villus cells.  In a previous study using the 

Caco2 cell line to model differentiation, more CDX2 binding sites were also identified in 

the differentiated cells, making the small number in ISCs unlikely to be due to technical 

reasons (Verzi et al., 2010b). To validate the peaks, we searched for enriched motifs 

around peak summits, which showed CDX2 to be the top hit (Figure 3.6B).  We found 

that approximately 85% of peaks are within intronic or distal intergenic regions (potential 

enhancers), while 10% are at the promoter (2 kb upstream and 1 kb downstream from the 

TSS), which is very similar to what was found in CDX2 ChIP-seq in mouse villus 

(Figure 3.6C). Suggesting functional relevance, the CDX2 peaks are found in 

evolutionarily conserved regions, as measured by the average PhastCons score (Figure 

3.6D). Together, these results show that we have generated a robust CDX2 binding 

profile using a small number of ISCs. 

 To understand how CDX2 gene regulates cell differentiation, we first looked at 

overlap between called peaks in ISCs and villus (Figure 3.6E).  Overall, about one-third 

of the CDX2 binding sites identified in ISCs were from the villus sites, and two-thirds 

overlapped by at least 1 base-pair, indicating the possibility of unique regulation in this 

cell population.  To understand the differential binding contributes to functional 
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regulation of differentiation, we associated peaks with the single nearest gene within 30 

kb using GREAT software.  To associate the CDX2 binding with gene expression 

changes during cell differentiation, we binned groups of 100 genes and ordered them 

from ISC-specific to enterocyte specific.  Based on these groups, we found the average 

number of associated CDX2 binding peaks in ISC and villus and normalized them to the 

average of all genes. This analysis reveals that CDX2 binding in the villus is associated 

with genes enriched in enterocytes, while binding in ISCs is not enriched along this axis, 

but rather is distributed (Figure 3.6F). This analysis suggests that CDX2 binds genes in 

ISCs that will be expressed in the future enterocytes.  To test whether this binding 

represents repression of these genes in ISCs, we associated the CDX2 binding data with 

the control and Cdx2Del RNA-seq data. We find that unlike in villi where CDX2 is mainly 

an activator (Verzi et al., 2013), CDX2 equally binds a percentage of genes that goes up 

and down upon its loss (Figure 3.6G). 
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Figure 3.6. CDX2 ChIP-Seq defines differential occupancy in ISCs and villi. (A) 

ChIP-seq signal near the Hes1 gene; the Y-axis represents aligned ChIP-seq tag counts. 3 

regions of identified CDX2 peaks are indicated below (black bars).   (B) The CDX2 motif 

was the top-scoring in an unbiased search within CDX2 ISC peaks, with a very 

significant Z-score of -36.58. (C) Association of CDX2 binding sites to UCSC annotated 

promoters, exons, introns, and distal intergenic regions reveals a similar distribution for 

CDX2 peaks within ISCs and villi.  Most of the binding occurs in intronic or distal 

intergenic regions, which represent putative enhancer elements. (D) Plot showing average 

PhastCons score around CDX2 ISC peaks indicates that these regions are evolutionarily 

conserved. (E) Venn diagram of CDX2 binding sites in ISC and villus show that 1/3 of 

the ISC sites are unique. Below, representative unique binding sites are represented. Y-

axis represents aligned ChIP-seq tag counts.  (F) Genes were ordered based upon fold 

change comparing enterocyte to ISC expression. Genes were then binned into groups of 

100. The average number of CDX2 binding sites within 30kb of all the genes was 

calculated for each group. Binding data was normalized in each sample by dividing by 

the average CDX2 signal across all genes. The data show that in the villus, CDX2 peaks 

cluster near genes specifically expressed in enterocytes, however the reverse is not 

observed for ISCs, which have a more broad distribution. (G) CDX2 binding near genes 

within the indicated distances was combined with gene expression changes upon loss of 

Cdx2 in ISCs.  This data shows that a similar percentage of genes bound within the 30-

100kb window are significantly up and down regulated. 
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Figure 3.6 (continued) 
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CDX2 may control ISC proliferation through the FGF pathway 

 To better understand what genes CDX2 may regulate to mediate its control of ISC 

functions, we focused on putative direct target genes: those significantly dysregulated 

upon CDX2 loss and also bound by CDX2 within 100 kb.  There were 41 up-regulated 

and 47 down-regulated genes that fit these criteria (Figure 3.7B).  Several of the genes 

on this list may play a role in ISC regulation, however we decided to focus on Fgfbp1 

(Hbp17) (Figure 3.7C) based upon the Metacore analysis that identified the FGF 

pathway in the gene expression data (Figure 3.5G).  Fgfbp1 encodes a secreted FGF 

binding protein that activates the FGF signaling pathway, promoting proliferation (Beer 

et al., 2005; Czubayko et al., 1994; Tassi et al., 2001). 

To determine whether the CDX2 could be acting through the FGF pathway, we 

sought to characterize this pathway in the ISCs. First, we surveyed our RNA-seq data and 

found that in addition to Fgfbp1 several members of the FGF pathway were expressed 

(FPKM>0.5; Figure 3.7D), including FGF receptors 2-4, however Fgfbp1 is the only 

gene with nearby CDX2 binding (Figure 3.7C).  All the factors (except FGFBP3) were 

expressed at higher levels in ISCs, with Fgf1, and Fgfbp1 being significantly enriched 

(>4 fold) in ISCs, compared to enterocytes (Figure 3.7D).  Interestingly, upon Cdx2 

knockout there was a slight increase in mRNA for Fgfbp3, Fgfr2, Fgfr3 and a significant 

increase in Fgfr4 (Figure 3.7D). The increase in FGFR3 and FGFR4 was confirmed by 

Western blot, where an increase in the glycosylated versions of the protein (found on the 

cell surface) was evident, without a relative increase in phosphorylated receptors (Figure 

3.7D). This up-regulation may indicate compensation for the lack of FGF signaling due 

to reduced FGFBP1 and FGF1 levels.  
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 FGFBP1 acts through releasing FGF ligands from interactions with heparan 

sulfate proteoglycans in the extracellular matrix and making them available to bind their 

receptors (Wu et al., 1991).  Thus, we were interested in determining what ligands could 

be mediating these effects with FGFBP1.  Based upon the receptors expressed in the ISCs 

(FGFR2, isoform IIIb; FGFR3, isoforms IIIb and IIIc; and FGFR4) and reports from the 

literature, we were able to narrow down the possible FGF ligands to FGF1, 2, 3, 4, 5, 7, 8, 

9, 10, 16, 18, 19, 22 and 23.  To test which might be expressed in the intestinal stem cell 

niche, we extracted RNA from whole intestinal tissue and performed qPCR for each gene.  

We compared the results to qPCR on RNA extracted from crypt epithelium, where 

expression should be low based on our RNA-seq results, although other cell types in the 

crypt, such as Paneth cells may contribute signal.  Unfortunately, primers for FGF6 and 

FGF10 did not work to amplify any transcript, however we did have success with several 

other of the primer sets. We found that Fgf1 and Fgf19 were expressed at significantly 

lower levels in the whole intestine compared to isolated crypts, suggesting they are 

relatively epithelium-specific (Figure 3.7F).  We honed in on Fgf4 and Fgf7, which were 

both highly expressed in the whole intestine compared to crypts, with Fgf7 being a very 

significant result (Figure 3.7F). Together, this evidence begins to characterize the 

involvement of the FGF pathway in ISC proliferation in vivo, as a result of CDX2 

binding. 
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Figure 3.7. Direct target genes of CDX2 in ISCs include FGFBP1, flagging the FGF 

pathway for further investigation. (A) Significantly dysregulated genes upon Cdx2 loss 

in ISCs that contain CDX2 binding sites within 100 kb (superimposed white dots) are 

good candidate CDX2 target genes in ISCs. (B) List of CDX2 target genes in ISCs. (C) 

CDX2 binding signal near Fgfbp1 in ISCs. There is a significant binding peak in the 

Prom1 intron that may regulate Fgfbp1 expression.  Y-axis, sequence tag counts from 

CDX2 ChIP-seq. (D) FGF pathway members expressed in control ISCs (FPKM>0.5) are 

listed with data on gene expression changes upon Cdx2 loss in ISCs and along the 

differentiation axis. Significant results are shaded in blue (down regulated in Cdx2Del 

ISCs), green (up regulated in Cdx2Del ISCs) or yellow (enriched in ISCs versus 

enterocytes). (E) Western blots indicating an increase in the glycosylated versions 

(asterisk) of FGFR3 (~105 kDa band) and FGFR4 (~100 kDa band). The top band in both 

cases (arrow) refers to the phosphorylated (active) receptors. (F) Survey of FGF 

expression by qRT-PCR on RNA isolated from whole intestine (grey bars) and crypts 

(black bars). Data were normalized to Gapdh mRNA and expressed relative to the crypt 

samples. Significant results (assessed by t-test adjusted for multiple comparisons with an 

FDR cutoff of 5%) are indicated with an asterisk. Fgf1, P=0.006; Fgf7, P=0.0036; Fgf19, 

P=0.00016.
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Figure 3.7 (Continued)  
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Discussion 
 

This work supports a role for CDX2 in controlling a unique gene expression program in 

ISCs compared to villus. Additionally, through analysis of cell proliferation, differentiation and 

organoid formation, we conclude that CDX2 is required for normal functions of ISCs.  Based 

upon the genes dysregulated and bound by CDX2, we determined direct target genes of CDX2 

leading us to the FGF pathway.  We note that several other direct targets of CDX2 also 

contribute to ISC functions and are worth future examination.  One interesting down-regulated 

gene that is interesting is Pofut1, which is required to enable ligand binding to the notch receptor 

extracellular domain, and has a similar loss of proliferation in CBCs when deleted throughout the 

intestinal epithelium (Guilmeau et al., 2008).   

Nevertheless, the FGF signaling pathway is a good candidate for regulating ISC functions 

for several reasons.  First, there is evidence for FGFs, especially FGF7, having mitogenic effects 

in intestinal cells during normal homeostasis and during injury (Bajaj-Elliott et al., 1997; 

Brauchle et al., 1996; Finch et al., 1996).  FGF ligands and FGFBP1 are both up-regulated in 

human colorectal cancers and the Apc-min mouse model (Ray et al., 2003; Tassi et al., 2006), 

and the inhibition of FGFBP1 has anti-tumor effects (Schulze et al., 2011).  This is interesting 

because the intestinal stem cell is hypothesized to be the cell of origin for intestinal cancers.  

In the future, we would like to follow up on whether the FGF pathway truly plays a role in 

the regulation of CDX2 ISCs through several approaches.  First, we would like to survey the 

status of FGF pathway activation in control and Cdx2Del ISCs using phospho receptor-tyrosine 

kinase (RTK) arrays.  The arrays have the added benefit of informing us on several other 

pathways that might be active in ISCs and potentially disturbed upon loss of Cdx2.  We would 

also like to perform the RTK arrays on organoids to understand their activation status and to 
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assess the feasibility of performing further experiments in vitro.  If we see that the FGF pathway 

is active in the organoids, we would like to treat it with a specific receptor tyrosine kinase 

inhibitor to abrogate FGF signaling and assess the consequences on organoid growth.  In 

addition, we would like to supplement Cdx2Del organoids with recombinant FGF ligands and 

FGFBP1 to try to rescue their growth.   

 More broadly, the results from this study have several implications on our understanding 

of the contribution of CDX2 to ISC maintenance and cell differentiation.  We have shown that 

CDX2 has unique occupancy in ISCs and that during cell differentiation it transitions to binding 

at thousands of additional sites.  We saw that unlike in the villus, CDX2 binding in ISCs does not 

correlate well with cell-type specific expression, but rather it is distributed to genes that are 

expressed throughout differentiation.  Another difference between CDX2 binding in ISCs and 

villus was the observation that CDX2 can act as both an activator and repressor in ISCs. These 

differences may be explained by CDX2 interacting with specific TFs in different compartments, 

as has been suggested previously (Verzi et al., 2010b). Alternatively, post-translational 

modifications or the differential availability of chromatin may also contribute.  Further studies 

using purified ISC populations to profile other TFs and additional chromatin marks will be useful 

to determine whether these mechanisms play a role in the differential actions of CDX2 during 

intestinal cell differentiation. 
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Summary 
 
Distinct groups of transcription factors (TFs) assemble at tissue-specific cis-regulatory sites, 

implying that different TF combinations may control different genes and cellular functions. 

Within such combinations, TFs that specify or maintain a lineage, and are therefore considered 

master regulators, may play a key role. Gene enhancers often attract these tissue-restricted TFs as 

well as TFs that are expressed more broadly. However, the contributions of the individual TFs 

toward combinatorial regulatory activity have not been examined critically in many cases in vivo. 

We address this question using a genetic approach in mice to inactivate the intestine-specifying 

and intestine-restricted factor CDX2, alone or in combination with its more broadly expressed 

partner factors, GATA4 or HNF4A. Compared to single mutants, each combination produced 

significantly greater defects and rapid lethality, through distinct anomalies. Intestines lacking 

Gata4 and Cdx2 were deficient in crypt cell replication, whereas combined loss of Hnf4a and 

Cdx2 specifically impaired viability and maturation of villus enterocytes. Integrated analysis of 

TF binding and of transcripts affected in Cdx2;Hnf4a compound mutant intestines indicated that 

this TF pair controls genes required to construct the apical brush border and absorb nutrients, 

including dietary lipids. This study thus defines combinatorial TF activities, their specific 

requirements during tissue homeostasis, and modules of transcriptional targets in intestinal 

epithelial cells in vivo. 

 

Introduction 

Tissue-specific gene expression reflects the coordinated activities of transcription factors 

(TFs) that are restricted to one or a few cell types and others that are expressed more broadly. In 

tissues of endodermal origin, TFs such as CDX2, PTF1 and PDX1 are restricted to individual 
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organs (James et al., 1994; Krapp et al., 1996; Ohlsson et al., 1993), whereas others such as 

Hepatocyte Nuclear Factor 4 Alpha (HNF4A) and GATA are expressed in many endoderm-

derived tissues. It is unclear if the latter TFs control separate and distinct programs and cellular 

function or merely support the activity of master regulators, such as the intestine-restricted 

CDX2. 

 In adult mammals, the small intestine contains abundant proliferative cells in sub-

mucosal crypts, and mature, post-mitotic cells along the villi. The homeodomain TF CDX2 is 

expressed exclusively in the epithelium of the small intestine and colon, both in replicating crypt 

cells and differentiated villus cells (German et al., 1992; James and Kazenwadel, 1991; Jin and 

Drucker, 1996; Suh et al., 1994). CDX2 is required for proper specification of the intestine 

during development (Gao et al., 2009) and is considered a master regulator of intestinal identity 

because its ectopic expression in the stomach or esophagus activates intestine-restricted genes 

(Liu et al., 2007; Silberg et al., 2002). In adult mice, absence of CDX2 dysregulates genes 

involved in terminal cell differentiation and fatal malnutrition ensues over ~3 weeks (Hryniuk et 

al., 2012; Stringer et al., 2012; Verzi et al., 2010). Simultaneous inactivation of its homolog 

CDX1 resulted in nearly complete arrest of intestinal crypt cell proliferation (Verzi et al., 2011). 

Together, these findings demonstrate diverse requirements for CDX2 in embryonic tissue 

specification, cell differentiation, and maintenance of the adult gut epithelium. It is unclear how 

CDX2 partners with various TFs to mediate these diverse functions. 

One way to identify the TFs important in any tissue is through DNA sequence motifs that 

are highly enriched among active cis-regulatory sites. Enhancers active in the intestinal 

epithelium show few recurring sequence motifs, including the one preferred by CDX2; the 

GATA motif, especially in replicating cells; and the consensus motif for HNF4A, mainly in 
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differentiated villus cells (Verzi et al., 2010). This select group of TFs thus seems particularly 

important in intestinal gene regulation. Indeed, knockout mice lacking single factors show 

diverse, subtle, and non-lethal defects. GATA4 and GATA6 show regional (proximal 4/5) and 

global intestinal expression, respectively, and the corresponding mutant mice have subtle defects 

in crypt cell replication, secretory cell differentiation, and control of selected enterocyte genes 

(Beuling et al., 2012; Beuling et al., 2011; Bosse et al., 2006). Loss of HNF4A perturbs colon 

development (Garrison et al., 2006), but adult Hnf4a-/- mouse intestines are overtly normal, with 

modestly perturbed gene expression (Babeu et al., 2009). Coupled with the frequent co-

occurrence of their specific sequence motifs near CDX2 binding sites, the limited defects in Gata 

and Hnf4a mutant mice led us to postulate that they may regulate intestinal genes in combination 

with CDX2. These TFs might act in several different ways: (i) simply support CDX2 activity at 

CDX2-dependent genes, (ii) partner with CDX2 in distinct combinations to regulate different 

cellular functions, or (iii) to serve additional, CDX2-independent functions. 

To evaluate these possibilities, we generated compound inducible mutant mice that lack 

Cdx2 and either Gata4/6 or Hnf4a in the adult intestine. Distinct defects in each compound 

mutant strain revealed unambiguous joint requirements for CDX2 and GATA4 in crypt cell 

proliferation and for CDX2 and HNF4A in differentiated villus enterocytes. CDX2 and HNF4A, 

in particular, co-regulate genes necessary to absorb dietary lipids. Thus, the lineage-restricted 

factor CDX2 functions in obligate partnerships with different broadly expressed factors to 

regulate distinct aspects of intestinal epithelial structure and function. 
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Experimental Procedures 

Mice 

Gata4Fl/Fl, Gata6Fl/Fl, Cdx2Fl/Fl, Hnf4aFl/Fl, and transgenic VillinCreERT2 mice were 

described previously (el Marjou et al., 2004; Hayhurst et al., 2001; Pu et al., 2004; Sodhi et al., 

2006; Verzi et al., 2010).  Gata4Fl/Fl, Gata6Fl/Fl, Cdx2Fl/Fl and VillinCreERT2 mice were crossed to 

generate compound conditional-mutant Gata4Fl/Fl;Gata6Fl/Fl;Cdx2Fl/Fl;VillinCreERT2 mice.  

Cdx2Fl/Fl, Hnf4aFl/Fl, and VillinCreERT2 mice were mated to generate 

Hnf4aFl/Fl;Cdx2Fl/Fl;VillinCreERT2 mice. Genotypes were verified using previously published 

protocols for each mutant strain (el Marjou et al., 2004; Hayhurst et al., 2001; Pu et al., 2004; 

Sodhi et al., 2006; Verzi et al., 2010). To activate Cre, mice received intraperitoneal (IP) 

injections of 1 mg tamoxifen (TAM, Sigma) in sunflower oil (Sigma) daily for 4-5 days. Mice 

were weighed daily and euthanized when the first mouse of a particular genotype became 

moribund (4 days for Gata4delCdx2del, 7 days for Hnf4adelCdx2del mice). Controls were injected 

with tamoxifen, but lacked VillinCreERT2. Animal Care and Use Committees at our institutions 

approved and monitored animal use. 

 

Motif enrichment in ChIP-seq data 

CDX2 ChIP-Seq data on intestinal villus cells (Verzi et al., 2013) (GEO accession: 

GSM851117) was analyzed using SeqPos (Liu et al., 2011) to identify enriched TF motifs within 

the 5,000 most significant CDX2 peaks. 
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Histochemistry and immunohistochemistry 

The proximal (duodenum), central (jejunum), or distal (ileum) thirds of the small intestine 

were fixed overnight in 4% paraformaldehyde, embedded in paraffin and sectioned at 5 µm 

thickness. Some mice were injected IP with BrdU (Sigma, 1 mg/ml) 1 hour before euthanasia. 

Hematoxylin & eosin (H&E), Alcian blue and periodic acid-Schiff staining followed standard 

procedures. To detect alkaline phosphatase, slides were incubated in NTM solution (2 mM NaCl, 

10 mM Tris-HCl pH 9.5, 5 mM MgCl2) for 5 min, followed by nitroblue tetrazolium and 5-

bromo-4-chloro-3-indolylphosphate (NBT/BCIP ready-to-use tablets; Roche) solution for 15-30 

min, and washed in PBS.  

Immunohistochemistry (IHC) was performed as previously described (Verzi et al., 2010) 

using the following primary antibodies: rabbit anti-Ki67 (Santa Cruz, 1:200), rat anti-BrdU (AbD 

Serotec, 1:300), mouse anti-CDX2 (Biogenex, 1:20), goat anti-HNF4A (Santa Cruz, 1:1000), 

rabbit anti-Cleaved Caspase 3 (Cell Signaling, 1:1000), goat anti-CRS4C-1 (1:1000; gift of 

Andre Ouellette, University of Southern California, Los Angeles, CA), goat anti-GATA6 (R&D 

Laboratories, 1:50), or goat anti-GATA4 (Santa Cruz, 1:400). Representative images of 

histology and IHC from at least 5 mice of each genotype were obtained using an Olympus BX40 

light microscope. Addition of scale bars and adjustment for brightness and contrast were 

performed in Photoshop.  

To quantify morphological changes, at least 50 crypts or villi from each mouse (N=3) were 

measured and averaged. For Ki67 and goblet cell counts, at least 10 crypts or villi from at least 3 

mice were counted and averaged; for BrdU+ counts, 25 crypts were counted and averaged. 

Significance was determined by t-test using GraphPad Prism software. P-values <0.05 were 

considered significant and are indicated in each figure. 
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Analysis of microarray data 

Raw microarray data from the Cdx2/Hnf4a knockout genetic series (GEO accession 

GSE34567 (Verzi et al., 2013)) were re-analyzed using OneChannelGUI (Sanges et al., 2007). 

Background correction and normalization were performed using the robust multi-array average 

(RMA) method (Irizarry et al., 2003). Significant differential gene expression was determined 

using Limma (Smyth, 2004), with P-value adjustment (Q-value) using Benjamini-Hochberg 

correction for multiple testing (Benjamini and Hochberg, 1995). Fold-change values of probes 

targeting the same gene were averaged together, so that each gene is represented in the list only 

once. GENE-E software (http://www.broadinstitute.org/cancer/software/GENE-E/index.html) 

was used to perform hierarchical clustering of samples based on Pearson correlation and to create 

heatmap images.  The genes displayed in the heatmap (Figure 4.5C) were bound by CDX2 (see 

methods below) and significantly down-regulated in Hnf4adelCdx2del, compared to control, 

intestines. Each row displays the relative expression value in that row from the minimum (blue) 

to maximum (red). Rows were then clustered using k-means clustering into 3 groups containing 

genes with similar expression patterns across the genotypes. 

 

RNA expression analysis 

Mouse intestinal epithelium was harvested by incubating fresh jejuna in 5 mM EDTA 

solution for 45 min, as described previously (Verzi et al., 2013). RNA was isolated using TRIzol 

reagent (Invitrogen) and the RNeasy kit (Qiagen). For quantitative, reverse transcriptase-PCR, 

RNA was reverse transcribed (SuperScript III, Invitrogen) and assessed using FastStart Universal 

SYBR Green Master Mix (Roche) and specific primers for Cdx2 (5’-
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TCACCATCAGGAGGAAAAGTG-3’ and 5’-GCAAGGAGGTCACAGGACTC-3’), Gata4 

(5’- TTTGAGCGAGTTGGG -3’ and 5’- GAATGCGGGTGTGC -3’), Gata6 (5’-

CAGCAAGCTGTTGTGGTC-3’ and 5’-GTCTGGTACATTTCCTCCG-3’), and Hnf4a (5’-

GGTCAAGCTACGAGGACAGC-3’ and 5’-ATGTACTTGGCCCACTCGAC-3’). Data were 

normalized for abundance of Gapdh (5’-GCCTTCCGTGTTCCTACCC-3’ and 5’-

TGCCTGCTTCACCACCTTC-3’) or HPRT (5’-AAGCTTGCTGGTGAAAAGGA-3’ and 5’-

TTGCGCTCATCTTAGGCTTT-3’) mRNA and expressed relative to control tissues.  

Global assessment of RNA levels was performed on isolated jejunal epithelium from two 

control and two Hnf4adelCdx2del mice. RNA was isolated using TRIzol reagent and the RNeasy 

kit, followed by treatment with the Turbo DNA-free kit (Ambion) to remove genomic DNA. The 

RNA integrity number (RIN) for each sample was ≥ 9.8. RNA-sequencing libraries were 

prepared with the TruSeq RNA Sample Preparation Kit (Illumina), according to the 

manufacturer’s instructions. 75 base pair single-end reads were sequenced on an Illumina 

NextSeq 500 instrument.  Sequence tags were aligned to the Mus musculus reference genome 

build 9 (mm9) and the Tuxedo software package was used to align reads, assemble transcripts, 

and determine differences in transcript levels using a false discovery rate of 0.05 (Trapnell et al., 

2012).  The integrative genome viewer (IGV) was used to visualize aligned reads (Robinson et 

al., 2011). RNA-seq data are deposited in the GEO database, with accession number GSE62633.  

 

Association of TF binding with nearby genes 

Binding sites for CDX2 and HNF4A from ChIP-Seq experiments (GEO accession 

GSE34568 (Verzi et al., 2013)) were associated with the nearest gene within 30 kb using 

GREAT software (McLean et al., 2010). Genes with at least one binding site for each TF within 
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this range were considered in our further analysis. Biovenn was used to generate Venn diagrams 

(Hulsen et al., 2008).  

 

Gene Ontology analysis 

DAVID functional annotation clustering analysis was performed using medium 

classification stringency and default options (Huang da et al., 2009). Clusters with significant 

enrichment scores (>1.3) were considered (Huang da et al., 2009). When similar annotation 

clusters recurred in the list, we selected a representative GO term from the cluster and listed it 

with the cluster enrichment score for that group of terms. 

 

Electron microscopy 

Mouse ilea were flushed with PBS, fixed overnight or longer in EM fixative (2% 

formaldehyde, 2.5 % glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4), and embedded 

in Taab 812 Resin (Marivac Ltd., Nova Scotia, Canada). 80 nm sections were cut, stained with 

0.2% Lead Citrate, viewed, and imaged with a Philips Technai BioTwin Spirit Electron 

Microscope at an accelerating voltage of 80 kV. 

 

Analysis of intestinal lipid absorption 

Mice were placed on a diet (D12331 Research Diets) containing 58% calories from fat 

(the regular diet – Prolab Isopro RMH 3000 – contains 14% calories from fat), starting 5 days 

before the 1st dose of TAM until euthanasia. Intestines were fixed overnight at 4°C, equilibrated 

in 20% sucrose overnight at 4°C, embedded in O.C.T. compound (Tissue-Tek) and frozen on dry 
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ice. Lipid accumulation was visualized in 10 µm tissue sections incubated in 0.6% Oil Red O 

(Sigma) in propylene glycol at 60°C for 8 min. 

 

 

Results 

Cis-element features identify candidate partner TFs in gut epithelial cells  

To assess the potential for coordinate regulation among intestine-specific and pan-

endodermal TFs, we searched for overrepresented sequence motifs in CDX2 chromatin 

immunoprecipitation (ChIP)-seq data from mouse intestinal villus cells (Verzi et al., 2013). 

Sequences corresponding to GATA and HNF4A were significantly enriched near CDX2-bound 

sites (Figure 4.1A), indicating that these endoderm-restricted TFs may recurrently join CDX2 at 

intestinal enhancers in vivo. Indeed, ChIP-seq for GATA4 and HNF4A in intestinal villus 

indicate co-occupancy with CDX2 at thousands of sites (Aronson et al., 2014; Verzi et al., 2013).  

Interestingly, all three TFs are expressed in crypt and villus epithelial cells (Figure 4.1B), 

suggesting the possibility of overlapping requirements that might be revealed in compound 

mutant mice. If CDX2 and these partner TFs largely overlap in function, then the compound 

mutant mice should phenocopy one another. Alternatively, distinct phenotypes would indicate 

that TF pairs control distinct programs. Moreover, transcripts perturbed upon combined TF loss 

should identify genes that require more than one TF for optimal expression. 
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Figure 4.1. Recurrence of DNA sequence motifs at CDX2 binding sites in mouse intestinal 

villus cells and efficient gene deletion in conditional mutant mice. (A) Motifs for CDX2, 

GATA and HNF4A are enriched near the 5,000 strongest CDX2 binding sites in wild-type 

mouse intestinal villus cells. Position weight matrices, with the corresponding Z-score and P-

value, are indicated for each motif. (B) Immunohistochemistry (IHC) for each TF shows nuclear 

staining throughout the crypt-villus axis in wild-type mice (dashed boxes and insets show crypt 

details). (C) CDX2 (top) and GATA4 (middle) IHC in control and Gata4delCdx2del jejunum 

confirms absence of the targeted TF proteins. IHC for HNF4A (bottom) reveals similar levels in 

Gata4delCdx2del and control mice. (D) Quantitative RT-PCR for Cdx2 and Gata4 reveals 

complete loss of these mRNAs in the Gata4delCdx2del jejunum, compared to controls (N=2 each). 

However, Gata6 mRNA levels are only mildly reduced (N≥4 each). (E) GATA6 IHC shows 

persistent protein in Gata4delCdx2del jejunum after 4 days of tamoxifen. At the same time, mice 

with Gata6del alone recombined the allele efficiently and lost GATA6. (F) IHC for HNF4A (top) 

and CDX2 (middle) verifies absence of both proteins in the ileum of compound mutant intestines. 

Staining for GATA4 (bottom) in the duodenum of Hnf4adelCdx2del mice (GATA4 is not 

expressed in the ileum) is similar to the control. (G) Quantitative RT-PCR for Cdx2 and Hnf4a 

shows complete and nearly complete loss of mRNA levels, respectively (N=3 each). All scale 

bars, 30 µm. All graphs show means +/- standard error of the mean (SEM).
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Figure 4.1 (Continued) 
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Efficient depletion of TFs in mouse intestinal epithelium  
As GATA4 and CDX2 are implicated in control of selected villus cell genes in vivo 

(Benoit et al., 2010; Bosse et al., 2006) and in replication of cultured progenitor cells (Verzi et al., 

2010), we first considered the intestinal GATA factors, and crossed mice to obtain conditional 

Gata4Fl/Fl;Gata6Fl/Fl;Cdx2Fl/Fl;Villin-CreERT2 mutants. Tamoxifen treatment activated Cre 

recombinase and achieved intestinal loss of GATA4 and CDX2 mRNA and protein (Figures 

4.1C,D), though Gata6 loss was incomplete owing to inefficient recombination at the Gata6Fl 

allele (Beuling et al., 2012) (Figures 4.1D,E). Thus, we refer to these mice as Gata4delCdx2del 

and note that HNF4A expression was preserved (Figure 4.1C).  

CDX2 and HNF4A co-occupy thousands of intestinal enhancers, where loss of CDX2 

perturbs chromatin structure, resulting in decreases or loss of HNF4A binding (Verzi et al., 

2013). Absence of HNF4A alone has little consequence on intestinal function (Babeu et al., 

2009) or chromatin structure, but combined absence of CDX2 and HNF4A affects more 

transcripts than loss of either TF alone (Verzi et al., 2013). To determine the functional 

consequences of combined TF loss, we produced Hnf4adelCdx2del intestines, which showed total 

or near-total loss of CDX2 and HNF4A mRNA and protein throughout the intestine (Figures 

4.1F,G), without affecting GATA4 (Figure 4.1F). 

 

Loss of Cdx2 and Gata4 impairs intestinal crypt cell replication 

Gata4delCdx2del mice lost weight rapidly (Figure 4.2A), became moribund, and required 

euthanasia within days of induced gene recombination. GATA4 is not expressed in the distal 

ileum, where CDX2 levels are the highest and the defects in Cdx2del intestines are the most 

severe (van Wering et al., 2004). In the duodenum and jejunum, where GATA4 is abundant in 

wild-type mice, villi are slightly stunted in Gata4del mutants. In contrast, Gata4delCdx2del mice 
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showed shallow crypts and short villi throughout the small intestine (Figures 4.2B-D). As the 

effects of the Cdx2del mice are most severe distally, we focused analysis on the most distal 

portion of the intestine that normally expresses Gata4, i.e., the jejunum. Here, significantly fewer 

crypt cells expressed the proliferation marker Ki67 (Figures 4.3A,B). In addition, the number of 

cells in S-phase, as marked by incorporation of BrdU during a 1 hour pulse, was also reduced in 

Gata4delCdx2del mice (Figure 4.3A,B). The reduced crypt and villus heights did not reflect 

increased apoptosis in addition to the proliferation deficit (Figure 4.3C), but ectopic alkaline 

phosphatase expression (enterocytes) and Alcian blue staining (goblet cells) in Gata4delCdx2del 

crypts indicated precocious cell maturation (Figure 4.3D), probably reflecting the cell cycle 

arrest. Villus alkaline phosphatase expression and Alcian blue staining verified the presence of 

mature cells (Figure 4.3D), and although cells retained a columnar morphology, they varied in 

shape, size, and nuclear morphology. The fraction of goblet cells, but not of enterocytes or 

Paneth cells, was modestly increased over intestines lacking only GATA4 or CDX2 (Figures 

4.3D,E). These data show that intestinal crypt cell replication is a prominent shared function for 

CDX2 and GATA4, with a significantly larger defect in the compound mutant than either single 

mutant mouse. The villus defects may reflect this poor crypt cell turnover or indicate additional 

joint functions in cell maturation.
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Figure 4.2. Morbidity and morphologic defects with combined loss of Gata4 and Cdx2. (A) 

Mouse body weights each day after the start of tamoxifen injection reveal weight loss in Cdx2del 

and Gata4delCdx2del mice. Significance was calculated between Gata4delCdx2del mice and other 

genotypes on day 4 (N≥5).  (B) Duodenum (top), jejunum (middle) and ileum (bottom) tissue 

sections stained with hematoxylin and eosin (H&E) show reduced villus height and crypt depth 

in Gata4delCdx2del intestines, compared to loss of either TF alone. Scale bars, 30 µm.  (C-D) 

Quantitation of crypt (C) and villus (D) length in Gata4delCdx2del jejunum, compared to single 

mutants and controls (N≥3).  All graphs represent the means +/- SEM. Statistical significance 

was assessed using Student’s t-test; P-values are indicated when significant and color-coded to 

match the sample to which Gata4delCdx2del samples were compared. 
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Figure 4.3. Effects of combined loss of Gata4 and Cdx2 on proliferating and differentiated 

intestinal cells. (A) IHC of proliferative markers Ki67 and BrdU (administered 1 hour before 

euthanasia) confirms significantly reduced proliferation in Gata4delCdx2del jejuni, compared to 

single mutant and control littermates, quantified in (B). Dashed boxes outline the areas 

magnified to the right. Scale bars, 50 µm. (C) Cleaved caspase 3 staining reveals that apoptosis is 

not increased in Gata4delCdx2del intestines compared to control villi or crypts (area in dotted 

region magnified below). Arrows, Caspase 3-positive cells (an example is magnified in the 

dotted region to the top left. (D) Histochemistry and IHC of jejunum for alkaline phosphatase 

and CRS4C in Gata4delCdx2del and control mice show no differences in mature enterocytes and 

Paneth cells, respectively. Alcian Blue staining reveals an increased fraction of villus goblet cells 

in Gata4delCdx2del intestines, quantified in (E). Of note, Gata4delCdx2del mice have ectopic 

alkaline phosphatase and Alcian blue staining in crypts. All graphs show means +/- SEM. 

Significant changes between Gata4delCdx2del and other genotypes were calculated using 

Student’s t-test. Results are color-coded by genotype; insignificant differences are not marked.  

Scale bars in (A) are 50 µm, all others 30 µm. 
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Figure 4.3 (Continued) 
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Combined loss of CDX2 and HNF4A compromises enterocyte differentiation without affecting 
crypt cell replication  

Swift weight loss in Hnf4adelCdx2del mice (Figure 4.4A) warranted euthanasia two weeks 

earlier than in Cdx2del littermates, with severe diarrhea and steatorrhea occurring during the 

course of tamoxifen administration. Duodenal and jejunal villus heights were similar to those in 

Cdx2del intestines, and enterocytes in these regions showed little cellular atypia (data not shown). 

By contrast, villi in the ileum were dysplastic and significantly stunted (Figures 4.4B,C), with 

many cells showing pyknosis, and total villus cell numbers were significantly lower than in 

Hnf4adel or Cdx2del villi (Figures 4.4D). Importantly, and in contrast to Gata4delCdx2del mice, 

this was not a result of reduced crypt cell proliferation (Figures 4.4E,F) or of increased 

apoptosis (Figure 4.4G) but rather of aberrant epithelial cell differentiation. A total absence of 

alkaline phosphatase in Cdx2del and Hnf4adelCdx2del villi in the ileum (Figure 4.4B) implicated 

the enterocyte compartment. Indeed, Alcian blue staining revealed a predominance of goblet 

cells (Figure 4.4B), whereas total goblet cell numbers were similar to control mice (Figure 

4.4H). Thus, the fraction of goblet cells per villus was significantly increased in the 

Hnf4adelCdx2del ileum (Figure 4.4I), indicating a lack of mature enterocytes. Weight loss, 

leading to rapid demise, is likely due to this enterocyte deficit, which was greatest in the ileum, 

distinct from the absent (Hnf4adel) or subtle (Cdx2del) defects observed in single mutant mice. 

The rapid and dramatic consequences of combined loss of CDX2 and HNF4A indicate that the 

two TFs control, cooperatively or in parallel, transcriptional programs specific to mature 

intestinal villus cells. 
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Figure 4.4. Combined loss of Hnf4a and Cdx2 accelerates death and results in reduction of 

absorptive enterocytes. (A) Weight loss in Hnf4delCdx2del mice is accelerated compared to 

single mutants or controls, requiring euthanasia within 7 days of induced gene deletion. 

Significance was calculated between Hnf4adelCdx2del mice and other genotypes on day 7 (N=6). 

(B) H&E staining of ileum in the Hnf4a/Cdx2 genetic series shows significant shortening of 

Hnf4adelCdx2del villi, quantified in (C). Both Cdx2del and Hnf4adelCdx2del mice lack alkaline 

phosphatase in ileal villus cells, indicating defective enterocyte maturation. Alcian blue staining 

reveals goblet cell abundance on Hnf4adelCdx2del villi. Dashed boxes outline areas magnified to 

the right. (D) Total numbers of ileal villus cells are reduced in Hnf4adelCdx2del mice. (E) Ki67 

IHC shows that combined loss of Hnf4a and Cdx2 affects proliferation no more than loss of 

Cdx2 alone, quantified in (F). (G) Cleaved caspase 3 staining reveals no significant apoptosis in 

Hnf4adelCdx2del ileal epithelium; a few apoptotic cells were present at the villus tips in control 

mice (arrow). Caspase 3-positive cell magnified in dotted area at bottom left. (H) Quantitation of 

total goblet cell numbers per villus in the ileum shows no increase in Hnf4adelCdx2del, compared 

to single mutant, intestines. (I) Hnf4adelCdx2del mice exhibit an increased proportion of ileal 

goblet cells. Scale bars in (B) and (E), 30 µm; in (G), 50 µm.  All graphs show means +/- SEM; 

significant changes between Hnf4adelCdx2del and other genotypes were calculated using 

Student’s t-test. Results are color coded by genotype as indicated; insignificant results not 

indicated.  
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Figure 4.4 (Continued) 
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Identification of genes co-regulated by CDX2 and HNF4A  

To investigate transcriptional programs that depend on CDX2 and/or HNF4A in maturing 

cells, we first compared transcriptomes in mature villi 7 days after tamoxifen-induced deletion of 

Hnf4a, Cdx2, or both genes (Verzi et al., 2013). Because abnormalities in the ileum could 

represent direct consequences of TF loss or the indirect effects of epithelial dysfunction, we 

examined jejunal transcriptomes, reasoning that the absence of a strong phenotype in this region 

would highlight the primary effects, free of confounding considerations. Compound mutant 

Hnf4adelCdx2del samples clustered separately from single Hnf4adel or Cdx2del mutants, indicating 

increased severity of global changes in gene expression (Figure 4.5A). Compared to the controls, 

573 transcripts were significantly increased and 586 transcripts were reduced in Hnf4adelCdx2del 

intestines (Q<0.05).  

  To identify likely direct transcriptional targets, we selected genes showing CDX2 and 

HNF4A co-occupancy in jejunal villus epithelial cells (<30 kb from the nearest gene). More than 

half (52.9%) of the genes reduced in Hnf4adelCdx2del intestines are bound by both TFs, compared 

to 16.4% of genes with increased levels (Figure 4.5B), consistent with a role for these factors 

primarily in gene activation. Among the 310 genes down-regulated in Hnf4adelCdx2del mice, 

compared to controls, and showing TF co-occupancy, k-means clustering identified three 

prominent patterns with roughly equal frequency (Figure 4.5C): Genes equally reduced 

compared to controls in Cdx2del and Hnf4adelCdx2del, but not in Hnf4adel intestines (cluster C); 

genes modestly perturbed in each single mutant and further dysregulated in the compound 

mutant (cluster B); and transcripts that barely change in either single mutant, compared to 

controls, but are significantly reduced in Hnf4adelCdx2del intestines (Cluster A). Selected 

examples of genes from clusters A (Synpo) and C (Abp1/Aoc1) (Figure 4.5D) show binding of 
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both CDX2 and HNF4A. This analysis indicates that CDX2 alone is required for proper 

expression of genes in cluster C, whereas additional loss of HNF4A was necessary to affect 

genes in clusters A and B. 
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Figure 4.5. mRNA analysis of single and compound mutant intestinal epithelia reveals 

dependencies on single or multiple TFs. (A) Hierarchical cluster analysis of global mRNA 

expression in a series of Hnf4a;Cdx2 mutant intestinal epithelia reveals that transcripts are more 

profoundly affected in Hnf4adelCdx2del than in either single mutant. (B) Venn diagram depicting 

dysregulated genes in Hnf4adelCdx2del mice (grey) and their overlap with CDX2 (blue) and 

HNF4A (red) binding. Gene numbers represented in each circle are indicated below. (C) 

Heatmap showing expression levels in each genotype of the 310 down-regulated and co-

occupied genes. The patterns of change fall into 3 k-means clusters A-C. (D) Data traces for 

CDX2 and HNF4A ChIP-seq at the Abp1 (Aoc1) and Synpo loci, demonstrating TF co-

occupancy at selected sites. The Y-axis indicates the density of mapped sequence tags and 

genome coordinates are shown on the X-axis; Chr, chromosome.  
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To examine these changes in gene expression with greater confidence and quantitative 

accuracy, we performed RNA-seq on epithelial cells isolated from control and Hnf4adelCdx2del 

jejuni. We confirmed disruption of Cdx2 and Hnf4a by RNA-seq, noting an absence of transcript 

reads from exon 2 in Cdx2 and nearly complete absence of transcript reads from exons 4 and 5 in 

Hnf4a (data not shown).  RNA-seq results corroborated our microarray data and expanded the 

number of candidate direct transcriptional targets, identifying 840 down-regulated and 642 up-

regulated genes (Q<0.05) in Hnf4adelCdx2del intestines. Integration of RNA-seq and ChIP-seq 

data indicated that both CDX2 and HNF4A were bound within 30 kb of 44% (368) of the down-

regulated genes, 17% of up-regulated or unaffected genes, and 3% of genes not expressed in 

intestinal villi (Figures 4.6A,B). These findings further support the idea that CDX2 and HNF4A 

function mainly as activators. Although the two TFs could, in principle, affect intestinal genes 

independently, their binding near genes that respond to loss of both TFs is a good indication of 

co-regulation. 
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Figure 4.6. RNA-seq analysis further identifies CDX2 and HNF4A co-regulated intestinal 

genes. (A,B) Integration of CDX2 and HNF4A binding data from ChIP-seq with mRNA 

expression data from RNA-seq analysis of control and Hnf4adelCdx2del intestines. (A) Genes 

significantly down- or up-regulated (Q<0.05) are shown in relation to those not expressed 

(FPKM<1) in either sample. The fraction of genes in each group bound by CDX2 (blue), 

HNF4A (red), and both (purple) TFs indicates again that these TFs mainly activate target genes. 

(B) FPKM graphs showing RNA-seq expression of significantly up and down-regulated genes 

are overlaid with binding for CDX2 (left, yellow), HNF4A (center, aqua) and both (right, green), 

showing a higher distribution of bound down-regulated genes. (C) Gene Ontology (GO) 

annotation clusters from DAVID analysis of the 362 genes significantly down-regulated in 

Hnf4adelCdx2del intestines and bound by both TFs.
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CDX2 and HNF4A co-regulate genes for specific aspects of digestive physiology   

To determine the physiologic consequences of gene co-regulation, we performed Gene 

Ontology (GO) analysis on the 368 genes that RNA-seq identified as reduced in Hnf4adelCdx2del 

intestines and where ChIP-seq showed binding of both TFs. Clustering of significantly enriched 

GO terms highlighted genes central to enterocyte functions, including oxidation-reduction, 

transport of ions, carbohydrates and lipids, and components of the plasma membrane (Figure 

4.6C). Thus, combined loss of CDX2 and HNF4A in vivo produces attrition of enterocytes in the 

ileum and significantly altered gene expression in jejunal enterocytes, albeit with few overt 

histologic manifestations. Together, these anomalies can account for the rapid, uniform lethality 

in Hnf4adelCdx2del mice. 

Because defects in cell membranes and in nutrient absorption should be objectively 

observable, we focused efforts on identifying these deficits in Hnf4adelCdx2del mice. Apical 

microvilli in Hnf4adel mice are grossly intact (Babeu et al., 2009). In contrast, microvilli on the 

apical membranes of Cdx2del enterocytes were moderately scant and stunted, whereas those in 

Hnf4adelCdx2del cells were sparse, shortened, and disarrayed (Figure 4.7A). Beyond this 

significant brush border defect, the Hnf4adelCdx2del enterocytes showed additional intracellular 

anomalies, including an accumulation of light droplets or vacuoles near the cell apex and dark, 

possibly membrane-bound vesicles within mitochondria. The contribution of these defects 

toward cell attrition is not presently clear. However, together with reduced expression of 

peptidases, other hydrolases, and genes involved in symporter activity and intestinal absorption, 

the brush border anomalies undoubtedly contribute to the severe malnutrition.  

In addition, we made particular note of lipid metabolism because intestinal absorption of 

dietary lipids is highly relevant to human health and HNF4A is known to regulate hepatic lipid 
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metabolism (Hayhurst et al., 2001). To test the hypothesis that co-regulation of genes related to 

lipid absorption might also underlie the profound, rapid malnutrition in Cdx2delHnf4adel mice, we 

placed mice on a high-fat diet starting 5 days before TF gene disruption (Figure 4.7B) and 

stained intestines 12 days later with Oil Red O to detect lipid deposits. Enterocytes accumulate 

lipids as a result of fatty acid and cholesterol transport as well as de novo biosynthesis (Sturley 

and Hussain, 2012). In the presence of bile salts and pancreatic lipase, enterocytes in the 

proximal gut (duodenum) absorb dietary lipids efficiently, leaving no luminal lipid residue for 

absorption by distal (ileal) enterocytes (Yamada and Alpers, 2009). Accordingly, Cre- and 

Hnf4adel control mice showed prominent Oil Red O staining in duodenal cells and virtually none 

in the ileum (Figure 4.7C). In contrast, Cdx2del single-mutant mice showed reduced lipid in 

duodenal enterocytes and significant levels in the ileum, indicating that CDX2-null cells absorb 

dietary lipids inefficiently, leaving a residual amount for ileal absorption. Hnf4adelCdx2del 

intestines showed minimal Oil Red O staining in any region (Figure 4.7C), revealing a global 

and profound defect in lipid absorption. Importantly, this was not a trivial consequence of 

enterocyte depletion, because the duodenum, where enterocytes were plentiful, showed no lipid 

uptake. Moreover, we observed no lipid uptake in ileal villi that contained both goblet cells and a 

few enterocytes. Taken together, these findings reveal that CDX2 and HNF4A co-regulate genes 

necessary for dietary lipid metabolism, which is more severely impaired when both TFs are 

absent than when either TF alone is lost. This striking defect likely also contributes toward rapid 

weight loss in Hnf4adelCdx2del mice. 
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Figure 4.7. HNF4A and CDX2 co-regulate enterocyte apical microvilli and absorption of 

dietary lipids. (A) Electron micrographs of ileal enterocyte apices showing an intact brush 

border in control mice, shortened microvilli in Cdx2del mice, and severely depleted and stunted 

microvilli in Hnf4adelCdx2del, intestines. Scale bars, 500 nm. (B) Experimental schema for 

maintaining mice on a high-fat diet before, during, and after inducing gene deletion. (C) Oil Red 

O staining for neutral lipids revealed ectopic lipid absorption in Cdx2del ileal enterocytes and 

total lack of lipid absorption in Hnf4delCdx2del intestines. H&E staining of ileum reveals light 

lipid droplets in Cdx2del epithelium (inset, white arrow), but not in other genotypes. Scale bars, 

30 µm. 
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Discussion 

Selected lineage-restricted TFs exert considerable control over each cell type’s unique 

transcriptional program. For example, GATA1, TAL1, EKLF and NF-E2 together regulate most 

erythroid blood cell genes (Orkin and Zon, 2008) and a few basic-helix-loop-helix TFs control 

much of the muscle cell-specific transcriptome (Tapscott, 2005). Several lines of evidence 

implicate CDX2, HNF4A, and GATA4/6 in control of intestinal genes. First, functional cis-

elements for individual intestinal genes repeatedly reveal these and few other TFs’ activities 

(Gregory et al., 2004; Mitchelmore et al., 2000). Second, the corresponding sequence motifs 

recur frequently at intestine-active enhancers identified by histone marks and nucleosome 

depletion (Verzi et al., 2010; Zhu et al., 2013) or differential DNA methylation (Sheaffer et al., 

2014). Here we show that additional loss of CDX2 dramatically unmasks GATA4 and HNF4A 

requirements in knockout mice. Defects in both compound mutant intestines are rapidly lethal, 

include distinct components, and help delineate functional TF hierarchies in the intestine. 

Arrested crypt cell replication in Gata4delCdx2del intestines indicates collaboration of 

these TFs in intestinal crypts and contrasts sharply with the lack of replication deficits in 

Cdx2delHnf4adel intestines. Although our data do not address whether CDX2 and GATA control 

the same genes additively or different genes, the GATA sequence motif and binding of a closely 

related factor, GATA6, is highly enriched near CDX2 binding sites in replicating human 

intestinal cells in culture (Verzi et al., 2010), suggesting possible regulation of the same genes. 

CDX2 and GATA proteins likely have additional, joint roles in villus cell maturation, as 

evidenced by a large overlap of their respective binding sites in intestinal villus (Aronson et al., 

2014). It was difficult to address this point unequivocally in our analysis because the deficit in 

crypt cell replication may explain the reduced villus cell height whether cell maturation is intact 



 

! 120!

or defective.  In the future, identification of GATA4 binding sites and dependent genes in 

intestinal crypt cells may uncover co-regulated genes in this compartment, much as this study 

uncovered CDX2-HNF4A co-regulated genes in villus cells. 

Suppression of crypt cell replication and the increase in goblet cell numbers in 

Cdx2delGata4del intestines may reflect reduced Notch signaling or an effect on some other shared 

pathway. Whether the phenotype is caused by defects in stem cells or transit-amplifying 

progenitors also warrants further investigation. By contrast, because Cdx2delHnf4adel crypt cells 

proliferate normally, we can categorically attribute these phenotypes to failures in cell 

maturation, and in enterocytes in particular.  

CDX2 loss disrupts chromatin structure and binding of other TFs, such as HNF4A (Verzi 

et al., 2013), implying that CDX2 maintains chromatin access in intestinal cells. In a simple 

hierarchy, where other TFs depend on CDX2 wholly, compound mutant and Cdx2del intestines 

should largely phenocopy one another, but our studies on HNF4A indicate otherwise. 

Cdx2delHnf4adel mice fared profoundly worse than Cdx2del littermates, with accelerated demise, 

near absence of ileal enterocytes, significant gene dysregulation in jejunal villus cells, and lack 

of dietary fat absorption. Many more genes are dysregulated in Cdx2delHnf4adel than in either 

single mutant. One likely reason is that HNF4A regulates genes in addition to those where CDX2 

enables chromatin access, but CDX2 loss is necessary to expose that dependency. A second 

reason is that HNF4A provides necessary additive activity at regulatory sites that both TFs co-

occupy. Indeed, the genes most affected in Cdx2delHnf4adel intestines are enriched for such co-

occupancy, indicating that loss of single TFs may preserve some enhancer function but absence 

of both TFs is necessary to abrogate transcription completely. 
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In summary, combinatorial control allows TFs to elicit diverse transcriptional outcomes, 

in both embryos and adult tissues, and our data highlight this aspect of gene control in vivo. The 

intestinal “master regulator” CDX2 participates in various TF combinations. Specific pairings 

with partners such as GATA proteins drive cell replication, whereas separate pairings with 

HNF4A and other TFs regulate genes in terminally differentiated cells. The contributions of each 

TF no doubt vary at different cis-regulatory sites. At some sites, absence of a single factor has 

profound effects, as occurs commonly with CDX2, but not with GATA4 or HNF4A, loss. At 

other sites, gene expression suffers only when more than one TF is absent. Our studies reveal 

many examples of such cooperativity and the scope of gene dysregulation in Cdx2delHnf4adel 

(compared to Cdx2del) intestines matched the greater severity of tissue defects and malnutrition. 

Particularly at enterocyte genes necessary to construct the microvillus brush border or absorb 

nutrients, including dietary fat, both CDX2 and HNF4A are necessary. These TFs co-occupy the 

corresponding enhancers and loss of both TFs affects mRNA levels more than the absence of 

either factor alone. These findings illuminate the transcriptional basis for vital intestinal 

functions.  
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Chapter 5: HNF1A binds widely and partners with CDX2 to 
control cell differentiation in the intestinal epithelium 
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Summary 
 

Transcription factor complexes are required for proper gene expression during 

cell differentiation, a process critical to the rapid turnover of the intestinal epithelium. 

Evidence from in vitro models of cell differentiation suggests that the transcription factor 

HNF1A may be important during this process.  Here, we interrogate the role of HNF1A 

in cell differentiation of the intestinal epithelium in vivo.  Chromatin 

immunoprecipitation coupled with massively parallel sequencing (ChIP-seq) revealed a 

large number of HNF1A binding sites throughout the genome, mostly at promoters and 

enhancers containing marks of active chromatin.  Paradoxically, mice without Hnf1a 

have minimal gene expression changes compared to the loss of the master regulator 

CDX2, which occupies fewer genomic regions and overlaps with HNF1A at thousands of 

sites. To understand their cooperation in controlling cell differentiation, we mated Cdx2 

conditional knockout and Hnf1a knockout mice and found that they work together to 

maintain the structural integrity of the villus epithelium and signaling with the lamina 

propria.  These results add another layer of complexity to the growing characterization of 

intestinal enhanceosomes.  

 
 

Introduction 

The coordinate regulation of gene expression changes during cell differentiation is 

carried out on a global level by the action of chromatin remodeling and sequence-specific 

transcription factors (TF), which may act in various complexes that define transcriptional 

modules. The adult mouse intestinal epithelium serves as a good model to study 
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mechanisms of cell differentiation, because of its rapid renewal of physiologically 

important differentiated cell populations. Previous work in our lab identified several TFs 

that might play a role in the transition from progenitor to differentiated cells by looking 

for DNA binding motifs enriched in enhancers that become active in differentiated cells 

(Verzi et al., 2010). Amongst the top three TF binding motifs were CDX2, a 

homeodomain TF specifically expressed in the intestinal epithelium in the adult (Silberg 

et al., 2000), and HNF4A, a nuclear hormone receptor superfamily zinc-finger TF 

expressed throughout the endoderm (Sladek et al., 1990). The binding of these two TFs 

were subsequently characterized and identified at thousands of H3K4me2-marked active 

enhancer regions, many of which contain binding of both factors (Verzi et al., 2013).  

Additionally, the combined loss of Cdx2 and Hnf4a in the intestine causes large gene 

expression changes and rapid loss of mature absorptive enterocytes in contrast to mild 

phenotypes when either factor is removed individually (Chapter 4).  The final and most 

significant motif identified in the in vitro differentiated cells was HNF1 (Verzi et al., 

2010), which we did not initially pursue due to difficulties performing ChIP in primary 

mouse intestinal cells, despite using a previously validated antibody that performed well 

in human tissues (Odom et al., 2004). Now, thanks to improved reagents and fixation 

methods, we seek to understand the contribution of this factor to the regulation of gene 

expression in differentiated cells of the mouse intestinal villus and its interaction with the 

TFs we have already examined.  

The canonical HNF1 motif is recognized by two closely related proteins, HNF1A 

and HNF1B.  The structure of the proteins is similar; both contain N-terminal activation 

domains, a POU box-specific domain which confers sequence specificity on binding, and 
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a variant homeodomain containing an unusual linker region between conserved α-helices 

(Cereghini, 1996).  HNF1 proteins can bind DNA as either homo- or heterodimers and 

have been shown to interact with components of the enhanceosome including chromatin 

remodelers through their activation domains (Cereghini, 1996; Soutoglou et al., 2000; 

Soutoglou et al., 2001).  HNF1 is known to regulate some intestinal genes (Gautier-Stein 

et al., 2006; Gregory et al., 2004) and though loss of either subunit, HNF1A or HNF1B, 

alone causes few intestinal defects, Hnf1a;Hnf1b compound mutant mice die of defects in 

enterocyte maturation and water absorption (D'Angelo et al., 2010).  There is some 

evidence indicating that HNF1 cooperates with CDX2 to control a few specific intestinal 

loci (Gregory et al., 2004).  In addition, studies of HNF1 and HNF4A have shown co-

regulation of each other and of gene expression in several tissues (Boj et al., 2010; 

Eeckhoute et al., 2004; Odom et al., 2004; Rowley et al., 2006). Thus, we hypothesize 

that HNF1 plays a role in the regulation of gene expression in differentiated cells of the 

intestinal epithelium and that it interacts with other transcription factors already 

characterized, including CDX2 and HNF4A.  

To evaluate these possibilities, we profiled the binding of HNF1A genome wide using 

ChIP-seq.  We find that HNF1A binds at functional genomic regions marked by histone 

modifications correlating with active chromatin.  Moreover, many HNF1A sites overlap 

with CDX2 as well as HNF4A sites throughout the genome.  To understand 

combinatorial regulation, we generated compound inducible mutant mice that lack Cdx2 

and Hnf1a in the adult intestine, uncovering a requirement for interactions between 

CDX2 and HNF1A in controlling the structural integrity of the villus epithelium. 
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Experimental Procedures 

Mice  

Cdx2Fl/Fl, Hnf1a-/-, Hnf4aFl/Fl, and transgenic VillinCreERT2 mice were described 

previously (el Marjou et al., 2004; Hayhurst et al., 2001; Lee et al., 1998; Pu et al., 2004; 

Sodhi et al., 2006; Verzi et al., 2010). Cdx2Fl/Fl, Hnf1a-/- and VillinCreERT2 mice were 

mated to generate compound Cdx2Fl/Fl;Hnf1a-/-;VillinCreERT2 mice. To activate Cre 

recombinase, mice received intraperitoneal (IP) injections of 1 mg tamoxifen (TAM, 

Sigma) in sunflower oil (Sigma) daily for 4-5 days. To account for dwarfism, Hnf1a-/- 

and Hnf1a-/-;Cdx2del mice received 0.2 mg TAM per 5 g of body weight, to a maximum 

dose of 1 mg. Mice were weighed daily and euthanized when the first Hnf1a-/-Cdx2del 

mice became moribund, at 10 days after the first TAM injection. Controls were 

homozygous for conditional alleles, but wild-type for Hnf1a and lacking VillinCreERT2. 

Animal Care and Use Committees at our institutions approved and monitored animal use. 

 

Histochemistry,and,immunohistochemistry,,

The proximal (duodenum) or distal (ileum) thirds of the small intestine were fixed 

overnight in 4% paraformaldehyde, embedded in paraffin and sectioned at 5 µm 

thickness. Hematoxylin & eosin (H&E), Alcian blue and periodic acid-Schiff staining 

followed standard procedures. To detect alkaline phosphatase, slides were incubated in 

NTM solution (2 mM NaCl, 10 mM Tris-HCl pH 9.5, 5 mM MgCl2) for 5 min, followed 

by nitroblue tetrazolium and 5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP ready-to-

use tablets; Roche) solution for 15-30 min, and washed in PBS. Immunohistochemistry 
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was performed as previously described (Verzi et al., 2010) using the following primary 

antibodies: rabbit anti-Ki67 (Santa Cruz, 1:200), mouse anti-BrdU (AbD Serotec, 1:300), 

mouse anti-CDX2 (Biogenex, 1:20), rabbit anti-Cleaved Caspase 3 (Cell Signaling, 

1:1000), rabbit anti-Lysozyme (Invitrogen, 1:50), or goat anti-HNF1A (Santa Cruz, 

1:100). Representative images of histology and IHC from n≥5 mice of each genotype 

were obtained using an Olympus BX40 light microscope. Addition of scale bars and 

adjustment for brightness and contrast were performed in Photoshop. To quantify 

proliferating or differentiated cells, 10 crypts or villi from at least 3 mice were counted 

and averaged; significance was determined by t-test using GraphPad Prism Software with 

a P-value cutoff of 0.05 (P-values are indicated in figures).  

 

Villus epithelium harvests for ChIP-seq and RNA-seq  

Mouse intestinal epithelium was harvested by incubating fresh jejuna in 5 mM 

EDTA solution for 45 min, as described previously(Verzi et al., 2013). Villi were 

separated from crypts by collecting the cells captured on top of a 70 µm filter when the 

whole epithelium solution is passed through.  

 

ChIP-seq 

For HNF1A ChIP, isolated jejunal villus epithelium was cross-linked with 2 mM 

disuccinimidyl glutarate (DSG, Pierce, catalog no. 20593) in PBS for 45 min, followed 

by 10 min with 1% formaldehyde (Pierce) in PBS, at room temperature. Cells were lysed 

and sonicated to obtain fragments between 200-500 bp as previously described (Verzi et 

al., 2010). ChIP was performed using a 30 µL slurry of equal amounts Protein A and 
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Protein G magnetic beads in a 1:1 ratio (Dynabeads, Life Technologies, catalog no. 

1002D) coupled to one of the following primary antibodies: HNF1A (Cell Signaling, Cat. 

#12425). ChIP-Seq libraries were prepared using the Rubicon Genomics ThruPLEX-FD 

Prep Kit (Cat. #R40048-08, QAM-094-002) and sequenced on an Illumina NextSeq 500 

(75 bp single end reads).   

Sequences were aligned to the Mus musculus reference genome build 9 (mm9) 

using bowtie and binding peaks for HNF1A were identified using MACS (Cistrome, 

version 1.4.2) with a p-value cutoff of 10-5 (Zhang et al., 2008). We used a sequenced 

input DNA (DSG/Formaldehyde cross-linked and sonicated) library as background when 

calling the MACS peaks. Wiggle traces for HNF1A were normalized to the sample with 

the largest number of uniquely mapped reads (the Cdx2del sample) for comparison 

between samples. Significantly enriched TF motifs around 600 bp of the HNF1A ChIP-

Seq peak summits were analyzed using SeqPos (Liu et al., 2011). Peaks were associated 

with the nearest gene at various distances up to 30 kb using GREAT software (McLean et 

al., 2010). H3K4me2 ChIP seq data (Verzi et al., 2013) was re-analyzed using NPS and 

wiggles were normalized based on the average signal of the top 1% of regions in the 

sample with the most reads. 

 

 

RNA analysis 

RNA was isolated from jejunal villus using TRIzol reagent (Invitrogen) and the 

RNeasy kit (Qiagen), followed by treatment with the Turbo DNA-free kit (Ambion) to 

remove genomic DNA. For global gene expression analysis, total RNA from 3 
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independent biological replicates per genotype was used to make RNA-seq libraries using 

the TruSeq RNA Sample Preparation Kit v2 (Illumina), following the manufacturers 

instructions.  An Illumina NextSeq 500 was used to sequence 75 base pair single end 

reads, which were aligned to the Mus musculus reference genome build 9 (mm9).  We 

used the Tuxedo software package to align reads, assemble transcripts and perform 

differential expression analysis using an FDR of 0.05. Biovenn was used to generate 

proportional Venn diagrams(Hulsen et al., 2008). GENE-E (Broad Institute) was used for 

hierarchical clustering and K-means clustering of RNA-Seq samples, using Pearson 

correlation. 

 

Gene ontology analysis 

DAVID functional annotation clustering for gene ontology analysis was 

performed using medium classification stringency and default options (Huang da et al., 

2009). Clusters with significant enrichment scores (>1.3) were considered in the 

analysis(Huang da et al., 2009). To list the clusters, we selected a representative GO term 

from the cluster, and when similar annotation clusters recurred in the list, we represent 

only the one with the highest score. 

 

 

 

 

Results 

HNF1A binds widely in intestinal villus cells 
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To understand the role of HNF1A in the intestinal epithelium, we profiled its binding 

genome-wide in jejunal villus, where we had previously performed CDX2 and HNF4A 

ChIP-seq. Following sequencing, 46,648 high-confidence HNF1A binding peaks were 

identified using the MACS algorithm (Zhang et al., 2008). Interestingly, this number was 

much larger than the number of peaks we had previously identified for CDX2 (12,121) or 

HNF4A (22,376) (Figure 5.1A).  With such a large number of peaks we questioned 

antibody specificity, which we addressed in two ways.  First, we analyzed the motifs 

around the summits of the 5,000 tallest peaks, which returned the HNF1A motif as the 

top hit with a very significant Z-score of -77.91 (Figure 5.1B). Second, we performed an 

HNF1A ChIP-seq experiment in jejunal villus isolated from Hnf1a-/- mice, which 

completely lacks HNF1A mRNA and protein (Figures 5.1C,D).  In the Hnf1a-/- sample, 

there was an almost complete reduction of sequence tags in the regions identified as 

HNF1A peaks in wild-type mice, as seen by aggregate plots (Figure 5.1E) and in 

individual regions (Figure 5.1F).  When we analyzed the HNF1A ChIP-seq data from 

Hnf1a-/- mice using MACS software, 2,328 weak peaks were identified, which almost 

entirely overlap with the peaks identified in wild-type mice (Figure 5.1G). These 

residual peaks could be due to the antibody recognizing HNF1B, which binds to the same 

motif and remains expressed in the Hnf1a-/- epithelium (Figure 5.1H).  However, we note 

that the average intensity of these peaks was very low compared to the wild-type signal in 

these regions (Figure 5.1I), indicating relative specificity of the antibody.  
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Figure 5.1. HNF1A binds to many sites throughout the genome of villus cells. (A) 

Table of number of binding peaks called using the MACS algorithm from HNF1A ChIP-

Seq, compared to CDX2 and HNF4A.  HNF1A peaks outnumber both CDX2 and 

HNF4A.  (B) The HNF1A motif is the highest scoring at the HNF1A ChIP-seq peak 

summits, with a very significant Z-score. (C) Quantitative RT-PCR for Hnf1a confirms 

absence of Hnf1a mRNA expression in the Hnf1a-/- mice. (D) IHC of control and Hnf1a-/- 

intestine for HNF1A demonstrates loss of protein. (E) Aggregate profile of HNF1A 

binding in control (red line) and Hnf1a-/- (blue line) mice, centered on HNF1A peak 

summits from control mice. (F) Wiggle traces from control mice reveal many strong 

HNF1A binding peaks in intergenic, intronic and promoter regions. Traces from Hnf1a-/- 

mice reveal that the signal is almost completely reduced, indicating the antibody is 

specific. The Y-axis represents number of sequencing tag counts; samples were 

normalized for sequencing depth. Arrows at genes represent the direction of transcription 

and the genomic region displayed is noted in the upper-left of each region; Chr, 

chromosome. (G) Venn diagram of HNF1A peaks from control mice (red; 46,648 peaks) 

and Hnf1a-/- mice (blue; 2,328 peaks) shows that the peaks remaining in the knockout 

almost entirely overlap with those from the control.  (H) Quantitative RT-PCR for Hnf1b 

reveals that its expression remains unchanged in Hnf1a-/- mice compared to controls. (I) 

Aggregate plot centered on the peaks called in Hnf1a-/- mice, with signal from control 

(red) and Hnf1a-/- (blue) mice indicate that even at the few peaks called in the Hnf1a-/- 

mice, the peak height is <10% of the control. 
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Figure 5.1 (Continued)  
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HNF1A binds at functional genomic regions 

Once we established confidence in the HNF1A peaks, we wanted to know 

whether they were in functional genomic regions, which we addressed in several ways. 

First, we looked at whether regions of HNF1A binding are evolutionarily conserved, 

which is a characteristic of many functional cis-regulatory elements (Loots et al., 2000; 

Siepel et al., 2005).  We profiled the average PhastCons score at HNF1A peaks, which is 

a measure of the probability that the region is evolutionarily conserved (Siepel et al., 

2005), and found high conservation at these sites (Figure 5.2A). Next, we analyzed the 

distribution of HNF1A peaks to promoters, exons, introns and distal intergenic regions.  

Most HNF1A binding sites occur in distal intergenic and intronic regions, although there 

was also a significant fraction of sites found in promoters. Interestingly, this fraction was 

larger than what we previously obtained for CDX2 and HNF4A (Figure 5.2B), which 

suggests additional functional roles for HNF1A outside of interactions with these TFs.  

We were then interested in understanding whether the peaks clustered around several 

genes or were widely distributed throughout the genome. To do this, we used GREAT 

software (McLean et al., 2010) to associate each HNF1A peak with the single nearest 

gene within various distances (2kb (promoter), 5kb, 10kb, 20kb and 30kb).  We found 

that the peaks were widely distributed throughout the genome and by the 30kb distance, 

most annotated genes were associated with an HNF1A peak (Figure 5.2C).  This 

association was not simply due to the number of HNF1A peaks, as a matched set of 

randomly distributed peaks were associated with significantly fewer genes at all distances 

(Figure 5.2C; P<0.0001; Chi-square test).   
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Another way we assessed the functional relevance was by associating HNF1A 

binding sites with chromatin marks that correspond to active enhancers and promoters.  

Of these, H3K4me2 was of particular interest because the HNF1A motif was highly 

enriched in regions that gain H3K4me2 signal during a cell culture model of intestinal 

differentiation (Verzi et al., 2010).  To investigate whether HNF1A is found in 

H3K4me2-marked regions we profiled the H3K4me2 ChIP-seq signal (Verzi et al., 2013) 

surrounding HNF1A peak summits in promoters and enhancers. We found that there 

were high average levels of H3K4me2 surrounding most HNF1A summits at promoters 

and many of the enhancers (Figure 5.2D).  The lack of H3K4me2 signal in the center of 

the graph (at the HNF1A summits) is consistent with a labile central nucleosome 

displaced by the binding of HNF1A, possibly as a complex with other TFs. We 

performed the same analysis using the H3K27ac mark, which also correlates with active 

transcription and saw similar results (Figure 5.2D). As a control, we included a matched 

set of summits that were shuffled randomly throughout the genome and observe no 

H3K4me2 or H3K27ac signal (Figure 5.2D).  Together, this data suggests that HNF1A 

may regulate a large number of genes through its binding. 
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Figure 5.2. HNF1A binds at conserved, functional genomic elements, many of which 

are surrounded by active chromatin marks. (A) HNF1A peaks in control mice are 

found in highly conserved regions of the genome, as measured by the average PhastCons 

score. (B) Distribution of peak summits amongst genomic elements including promoters 

(-2 kb and +1 kb from TSS), exons, introns and distal intergenic regions in HNF1A, 

CDX2 and HNF4A. In all the TFs, most of the binding sites were found in introns and 

distal intergenic sites, but a higher percentage of HNF1A peaks are found in promoters 

compared to CDX2 or HNF4A, with minimal binding in exons. (C) Associations of 

HNF1A peaks from control mice or a matched set of randomly distributed peaks with the 

single nearest gene within the indicated distances. Fisher’s exact test between the two 

samples at each distance indicates the difference is significant (P<0.0001).  (D) Heatmaps 

centered on HNF1A binding sites in enhancers, promoters and random sites (matched to 

the total number of HNF1A peaks) with signal of HNF1A (left), H3K4me2 (center), and 

H3K27ac (right) ChIP-seq shows well-positioned marked nucleosomes surrounding the 

HNF1A binding sites in both promoters (aqua), and enhancers (purple) but not around 

random sites (yellow), which is also visualized in the aggregate plots above. 
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Figure 5.2 (Continued) 
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HNF1A dysregulates expression of a surprisingly small number of genes 

The ChIP-seq data implies that HNF1A could be regulating many genes due to its 

binding at functional elements containing marks of active transcription, however a 

previous gene expression analysis only identified a modest number of significantly 

changed genes upon loss of Hnf1a (Lussier et al., 2010).  We decided to repeat this gene 

expression analysis using RNA-seq from control and Hnf1a-/- mice.  In our hands, loss of 

Hnf1a caused a significant (Q < 0.05) up-regulation of 444 genes and down-regulation of 

560 genes (Figure 5.3A).  To ascertain which of these are direct targets of HNF1A, we 

combined ChIP-seq (using a distance cut-off of 30 kb) and RNA-seq data.  We found that 

462 of the down-regulated and 338 of the up-regulated genes had at least 1 HNF1A 

binding site nearby, and many had several, which were abolished in Hnf1a-/- mice (see 

examples in Figure 5.3B). Next, we analyzed the gene ontology terms for the up and 

down regulated genes upon Hnf1a loss. Interestingly, amongst the up-regulated genes we 

see terms characteristic of ISCs (see Figure 3.1C), including mitosis and control of the 

microtubule cytoskeleton (Figure 5.3C).  The down-regulated genes are involved in the 

endoplasmic reticulum, cell membrane and oxidation-reduction. 
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Figure 5.3. HNF1A regulates the expression of fewer than expected genes. (A) RNA-

seq data comparing villus gene expression in Hnf1a-/- mice to controls.  Blue dots indicate 

genes up-regulated and pink dots indicate genes down-regulated in Hnf1a-/- mice. (B) 

HNF1A ChIP-seq signals from control and Hnf1a-/- mice around Aqp8, which is 

significantly up-regulated and Slc13a1, which is significantly down-regulated in Hnf1a-/- 

mice. The Y-axis represents number of sequencing tag counts; samples were normalized 

for sequencing depth. Arrows at genes represent the direction of transcription and the 

genomic region displayed is for each region; Chr, chromosome. (C) Gene ontology 

analysis shows terms up (blue) and down (pink) regulated upon loss of Hnf1a.  
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HNF1A binding sites significantly overlap with CDX2 and HNF4A 

As many fewer genes were dysregulated upon Hnf1a loss than would have been 

predicted by its large number of binding sites, we sought to understand whether HNF1A 

might partner with other TFs that have been characterized in the intestine, including 

CDX2 and HNF4A. To understand whether HNF1A binding sites overlap with CDX2 

and HNF4A, we calculated the number of CDX2 and HNF4A peaks that overlap within 

300 bp of the summit of HNF1A peaks (Figure 5.4A).  Almost all of the sites we had 

previously identified as being shared between HNF4A and CDX2 were also shared by 

HNF1A (Figure 5.4B). More than half of the remaining HNF4A sites overlapped with 

HNF1A without CDX2.  In addition, 2,822 CDX2 sites overlapped with HNF1A without 

HNF4A.  A very large number of peaks (30,654) do not have a nearby HNF4A or CDX2 

binding site, suggesting that there may be other TF partners for HNF1A (Figure 5.4B).  

By computing the overlaps with a set of matched random sites instead of HNF1A and 

comparing with our observed results, we found that the co-bound sites are unlikely to 

occur by chance (P<0.0001 for both HNF1A with CDX2 and with HNF4A; Fisher’s 

exact test; Figures S5.1A,B).  

Previously, we found that HNF4A depends on the presence of CDX2 at co-bound 

sites indicating that there is a hierarchy amongst TFs (Verzi et al., 2013).  Thus, we 

wondered if HNF1A relies on the presence of HNF4A or CDX2 at co-bound regions. To 

test this, we performed ChIP-seq for HNF1A in Cdx2del and Hnf4adel jejunal villi and 

analyzed the signal within 4 categories of sites: those shared by all 3 factors, shared by 

CDX2 and HNF1A, shared by HNF4A and HNF1A, and HNF1A only.  Interestingly, we 

find that the average HNF1A binding signal is highly enriched in the regions where all 3 
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factors bind together (Figure 5.4C, top).  Notably, throughout all 4 categories of sites, 

the HNF1A signal is reduced by ~2-fold in the Hnf4adel mice, while in the Cdx2del mice it 

is reduced ~4-6 fold depending on the region (Figures 5.4C; S5.1C). This analysis 

demonstrates that loss of CDX2 and HNF4A have a global effect on the binding of 

HNF1A, even at sites where it binds without the presence of either TF.   

Reduction of HNF1A binding throughout the genome could be due to CDX2 or 

HNF4A regulating the accessibility of these sites to HNF1A, and in their absence these 

sites are now “closed”.  Alternatively, the loss of Cdx2 or Hnf4a could reduce overall 

HNF1A levels leading to this difference.  To test the first hypothesis, we examined 

H3K4me2 positioning in the Cdx2del, Hnf4adel, and Hnf4adelCdx2del mice at the same 4 

categories of sites as above, focusing on enhancers, since the majority of HNF4A and 

CDX2 binding occurs in these regions.  This analysis reveals that H3K4me2 signals are 

affected by the loss of CDX2, and even more by the simultaneous loss of Cdx2 and 

HNf4a together at the sites where all 3 factors bind (Figure 5.4D).  In regions where 

HNF4A binds with HNF1A there are mild effects on H3K4me2, while it is more severe 

in regions with CDX2 and HNF1A co-binding, although neither are as severe as in the 

sites bound by all 3 factors, where the loss of Cdx2 alone and simultaneous loss of Hnf4a 

and Cdx2 disrupts positioning of the nucleosomes and the magnitude of the signal.  

Interestingly, the peaks where HNF1A binds alone are minimally affected in all of the 

knockouts.  Thus, some of the HNF1A binding loss at the commonly bound sites could 

be explained by the remodeling of chromatin, but it does not explain the loss at sites 

occupied by HNF1A only.   
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Figure 5.4. HNF1A binding sites overlap with CDX2 and HNF4A and are reduced 

upon knockout of either factor. (A) Significant overlaps were measured by assessing 

TF co-binding within 300 bp of peak summits. (B) Venn diagram showing peak overlaps 

between CDX2, HNF4A and HNF1A. (C-D) Aggregate plots centered on regions where 

all three factors bind, with HNF1A only, with both HNF1A and CDX2 and with HNF1A 

and HNF4A, from top to bottom. The aggregate HNF1A (C) or H3K4me2 (D) signal 

from ChIP-seq in various genetic backgrounds (legends corresponding to colored lines 

are represented below the figures) was plotted around the HNF1A peaks. 
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Figure 5.4 (Continued)   



 

 148 

To ascertain whether HNF1A levels are affected by loss of Cdx2 or Hnf4a, we 

looked at the binding of CDX2 and HNF4A around the HNF1A gene.  We find that in 

addition to HNF1A, there are several sites for CDX2 and HNF4A nearby (Figure 5.5A). 

To ascertain whether Hnf1a gene expression is affected, we examined gene expression 

data in Cdx2del villus (by RNA-seq), or Hnf4adel villus (by microarray; (Verzi et al., 

2013)), compared to controls.  Hnf1a expression was significantly down-regulated by 

almost two-fold in Cdx2del, which may explain the reduction in HNF1A binding (Figure 

5.5B).  Moreover, Hnf1a or Hnf4a knockout did not perturb expression of each other or 

Cdx2, despite binding near both these genes (Figures 5.5A,B).  
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Figure 5.5. HNF1A, CDX2 and HNF4A bind near each gene and CDX2 regulates 

Hnf1a gene expression. (A) ChIP-seq traces for HNF1A (black), CDX2 (blue) and 

HNF4A (red) around the Hnf1a (top), Cdx2 (middle), and Hnf4a (bottom) genes indicates 

that each factor binds to all regions. (B) Significant gene expression changes are 

represented relative to controls (log2 fold change) in Hnf1a-/-, Cdx2del, (RNA-seq) and 

Hnf4adel (microarray; (Verzi et al., 2013)) mice. Hnf1a expression is significantly 

affected in Cdx2del mice. NS, not significant. 
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Morphologic and functional deficits in Hnf1a-/-Cdx2del intestines  

To examine the joint functions of HNF1A and CDX2 on gene expression in vivo, 

we crossed mice carrying a germline Hnf1a null allele with Cdx2Fl/Fl;Villin-CreERT2 mice 

and compound mutant animals showed loss of both TFs throughout the small intestine 

(Figure 5.6A). RNA-seq analysis of single and compound mutants versus controls 

indicated that unlike Hnf1a, loss of Cdx2 causes large gene expression changes, 

dysregulating thousands of genes (Figure 5.6B).  Interestingly, changes in gene 

expression were only mildly increased in the compound Hnf1a-/-Cdx2del mice, compared 

to controls.  In fact, when we compare compound mutants with Cdx2del mice, we only 

find a couple hundreds of genes altered (Figure 5.6B).  As CDX2 regulates the 

expression of Hnf1a, it is possible that some HNF1A-regulated genes are already 

perturbed in the Cdx2del mice, minimizing the observed changes in compound mutants. 
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Figure 5.6. Loss of Hnf1a and Cdx2 perturbs more genes than Cdx2 loss alone. (A) 

Immunohistochemistry for HNF1A (left) and CDX2 (right) in control and compound 

Hnf1a-/-Cdx2del mutant intestines. (B) Summary of gene expression changes in Hnf1a-/-, 

Cdx2del, and Hnf1a-/-Cdx2del mice compared to controls. Bottom, Hnf1a-/-Cdx2del mice are 

compared to Cdx2del, indicating that a few hundred genes are more severely affected in 

the compound mutant mice.  

CDX2!
Hnf1a-/-Cdx2del!Control!Hnf1a-/-Cdx2del!Control!

A! HNF1A!

Figure'6'HNF1A'phenotype'

Genotype! Down! Up!

Hnf1a-/-! 560! 444!

Cdx2del! 1,684! 1,599!

Hnf1a-/-Cdx2del! 1,778! 1,874!

Hnf1a-/-Cdx2del vs Cdx2del! 271! 253!

B!
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Despite the modest additional gene expression changes, compound mutant mice 

developed severe diarrhea, lost significantly more weight than Hnf1a-/- or Cdx2del single 

mutants (Figure 5.7A), and required euthanasia within 10 days of CDX2 loss. Crypt cell 

proliferation indices in Hnf1a-/-Cdx2del ileum were similar to those in both single mutants 

(Figure 5.7B), but villus abnormalities were striking and distinctive.  Ileal villi in Hnf1a-

/-Cdx2del mice were uniformly narrow and varied considerably in height, though average 

cell numbers were similar to Cdx2del villi (Figure 5.7C; S5.2A). Epithelial cells were 

short and lacked the typical columnar shape; their nuclei were globally disarrayed, varied 

widely in size and morphology, and the intensity of hematoxylin staining indicated 

aberrant chromatin distribution (Figure 5.7C, magnified to the right). Enterocytes 

commonly showed apical vacuoles and, similar to Cdx2del mice, lacked alkaline 

phosphatase (Figure 5.7D). A consistent fraction of villus goblet cells indicated that, 

unlike Hnf4adelCdx2del mice, enterocyte numbers and proportions were intact (Figure 

5.7D). Lysozyme, a Paneth-cell marker, was reduced or absent in many crypts (Figure 

S5.2B), as noted previously in Hnf1a-/-Hnf1bdel but not in mice lacking HNF1A alone 

(D'Angelo et al., 2010). Finally, the Hnf1a-/-Cdx2del villus lamina propria was uniformly 

narrow, with a paucity of mesenchymal cells (Figure 5.7C, right). Apoptosis was not 

increased in the epithelium or lamina propria (Figure S5.2C, right); rather, the 

combination of a mesenchymal cell deficit and loss of epithelial cell height made every 

villus abnormally slender. As Cdx2 and Hnf1a are expressed, and Villin-CreERT2 is active, 

only in the epithelium, the lamina propria defect is likely indirect. Thus, defects in the 

Hnf1a-/-Cdx2del ileum differ from those in Cdx2del or Hnf1a-/- mice. Combined loss of 
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HNF1A and CDX2 affected enterocytes far more than loss of either TF alone, without a 

concomitant defect in crypt cell replication. 

Villi in Hnf1a-/-Cdx2del duodenum were short, with a hypocellular lamina propria 

and gross disorganization (Figure 5.8A), similar to villi in the ileum (Figure 5.7C), but 

additionally showed prominent epithelial ingrowths. Superficially, this morphology 

resembled regions of proliferating villus cells when Bone Morphogenetic Protein 

signaling is inhibited (Haramis et al., 2004) or the transcription factor ASCL2 is forcibly 

overexpressed (van der Flier et al., 2009). In Hnf1a-/-Cdx2del duodeni, however, these 

structures lacked proliferating (Figure 5.8A), apoptotic or Paneth (Figure S5.2D) cells 

and carried mature, alkaline phosphatase expressing enterocytes and Alcian blue-avid 

goblet cells (Figure 5.8A,B). They appeared in almost every duodenal villus, with some 

transverse sections giving the appearance of villus fusion (Figure 5.8B). These unique 

aberrant structures were absent in the mutant jejunum or ileum, or in any part of Cdx2-/- 

or Hnf1a-/- intestines. Thus, HNF1A and CDX2 co-regulate genes necessary for a 

structurally intact epithelium. 
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Figure 5.7. Combined intestinal loss of Hnf1a and Cdx2 is lethal, with ileal defects 

distinct from those in Hnf4adelCdx2del mice. (A) One week after TAM injection, Hnf1a-

/-Cdx2del mice weighed significantly less than single mutants or controls. (B) Absence of 

a proliferation deficit in Hnf1a-/-Cdx2del intestinal crypts, as revealed by Ki67 IHC; 

quantified to right. (C) H&E staining of ileal mucosa reveals villi of variable length in 

Hnf1a-/-Cdx2del mice. Dotted rectangles outline regions magnified to the right, where 

Hnf1a-/-Cdx2del villi show variable cell and nuclear shape and size. Arrows point to 

narrowing of the lamina propria space. Alkaline phosphatase staining indicates lack of 

proper enterocyte maturation in Cdx2del and Hnf1a-/-Cdx2del intestines. (D) Alcian blue 

staining shows intact goblet cell differentiation, with proportion of goblet cells quantified 

to the right. Graphs represent mean +/- SEM. NS, not significant. All scale bars, 30 µm. 
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Figure 5.7 (Continued) 
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Figure 5.8. Differentiated duodenal villus ingrowths in intestines lacking Cdx2 and 

Hnf1a (A) H&E staining shows normal duodenal morphology in control and single 

mutant intestines, whereas Hnf1a-/-Cdx2del intestines have short villi, reduced lamina 

propria width, and abundant epithelial ingrowths (arrowhead). Ki67 

immunohistochemistry demonstrates absence of proliferation in the villus ingrowths 

(white arrowheads), distinct from active proliferation in the crypts (black arrowhead). 

Alkaline phosphatase is present in each case, including within Hnf1a-/-Cdx2del ingrowths 

and cysts (arrowhead). (B) Serial sections of Hnf1a-/-Cdx2del epithelial inclusions, which 

are visualized best by alkaline phosphatase staining, showing that the anomaly is 

widespread. Villi give an appearance of fusion (bracket) and ingrowths contain 

differentiated alkaline phosphatase-positive enterocytes as well as Alcian blue-avid 

goblet cells (arrows).  Center of the cysts often contain mucus stained with Alcian blue 

(asterisk). All scale bars, 50 µm. 
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Figure 5.8 (Continued)!  
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Discussion 

The results presented here indicate that HNF1A binds widely throughout the genome at 

functional elements, however it deregulates the expression of few genes upon its loss.  One 

caveat of this study that may contribute to this discrepancy is that HNF1B, which is still 

expressed in the HNF1A knockout mice, may be able to compensate when Hnf1a is disrupted.  

Unfortunately, we were unable to obtain Hnf1b knockout mice for the present study, but 

redundancy has been supported in previous studies using compound Hnf1a/b mutant mice 

(D'Angelo et al., 2010).  

Despite the persistence of HNF1B in our study, combined Hnf1a-/-Cdx2del mice show 

significantly worse phenotypes compared to single knockouts, indicating that loss of Cdx2 can 

unmask the deficits of Hnf1a loss. Indeed, combined loss of Hnf1a and Cdx2 uncovered 

combined contributions towards enterocyte maturation in the ileum and a striking structural 

defect in the duodenum.  It is possible that intestinal cell polarity is disturbed in these mice and 

leads to these defects, a facet that we would like to investigate further by investigating markers 

of apical and basal membranes.  Interestingly deletion of laminin alpha 5, a component of the 

basal extracellular matrix, causes structural defects in villi that somewhat resemble the 

phenotype we observe in the duodenum (Mahoney et al., 2008), suggesting that this may be a 

useful avenue for follow-up. In addition, removal of Hnf1a and Cdx2 had a prominent effect on 

the lamina propria throughout the intestine, which must be non-cell autonomous because neither 

factor is expressed in the lamina propria and the deletion of Cdx2 only occurs in the epithelial 

layer.  This defect suggests that Cdx2 and Hnf1a may co-regulate Hedgehog signaling, which is 

essential for gut mesenchymal growth during embryonic development (Mao et al., 2010).  

Further analysis of the genes disrupted in the compound mutant mice will address this possibility.  
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Based upon the addition of HNF1A binding data to the growing knowledge of the 

components of the intestinal enhanceosome, we hope to continue to analyze this data to 

understand more about the relationships between these TFs in vivo. A particular interest in 

profiling the conditions in which binding of CDX2, HNF1A or HNF4A controls proximal gene 

expression motivates the combination of various types of data including additional ChIP-seq on 

other TFs, chromatin modifications, chromatin remodelers and histone modifiers.  In the future, 

we will put significant effort into characterizing these binding sites using computational and 

bioinformatics methods.  We would also like to better define the sets of direct target genes for 

each TF, with the caveat that at least CDX2 can bind to and modulate expression of both HNF1A 

and HNF4A.   

In sum, this study provides preliminary characterization of combinatorial activities for 

HNF1A, HNF4A and CDX2 at the level of chromatin binding and evidence for the functional 

interaction between HNF1A and CDX2 to control intestinal structure and signaling to 

mesenchymal cells. 
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Chapter 6: Discussion 
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Wnt ligand secretion in the intestinal stem cell niche 

In 2007, the field of intestinal biology changed dramatically when the first ISC marker, 

Lgr5, was identified (Barker et al., 2007). This discovery allowed for the study of an ISC 

population critical for constant regeneration of the intestinal epithelium.  Based on data from 

patients with colorectal cancer, as well as genetic studies in mice, it had already been appreciated 

that the Wnt signaling pathway controlled functions of the putative ISC. As the Wnt pathway 

relies on secretion of ligands to activate receptors on ISCs, the cellular source of required Wnt 

ligands within the niche is of great interest.  With the identification of the ISCs came the 

identification of the ISC niche and the proximal cells most likely to provide Wnts, namely the 

epithelial Paneth cells, and the mesenchymal sub-epithelial myofibroblasts. 

A focus on Paneth cells drove particular debate in the field for several years. Although a 

few groups characterized no ISC defects using various Paneth cell ablation methods (Clarke, 

2006; Gregorieff and Clevers, 2005; Harada et al., 1999), others argued that these knockouts 

were incomplete and that observable transient defects had been rescued by escaper crypts (Sato 

et al., 2011).  Subsequently, it was shown that Paneth cells express many ligands that may be 

critical for ISC functions and that associations of ISCs with Paneth cells increase the percentage 

of organoids (Sato et al., 2011).  Despite this report, two studies used genetic knockout of Atoh1 

to completely remove all Paneth cells and carefully showed that it has no effect on the ISCs, 

suggesting that they are not a required source of Wnt in vivo (Durand et al., 2012; Kim et al., 

2012).  At the culmination of these studies, a diplomatic model was proposed in which Paneth 

cells provide Wnts redundantly with non-epithelial sources (Farin et al., 2012), the most likely 

being the sub-epithelial myofibroblast population, which cups the base of the crypts (Shaker and 

Rubin, 2010).  However, this had not been tested rigorously in vivo.  In fact, studying the Wnt 



 

 165 

pathway is complicated because there are many ligands, which compensate for each other in 

single knockout studies. Fortunately, a new mouse line enabled the elimination of all Wnt 

secretion simultaneously, making it possible to address the source of Wnts in the ISC niche. 

 The gene Porcn encodes an o-acyl transferase that is required for all Wnt ligand secretion 

in in vitro assays using tagged Wnt ligands (Chen et al., 2009; Najdi et al., 2012; Proffitt and 

Virshup, 2012). The generation of Porcn conditional knockout mice allows the ablation of Wnt 

secretion in specific cell types, based on where Cre recombinase is expressed.  We used mouse 

lines that express tamoxifen-inducible Cre recombinase specifically in the muscle cells 

(including the sub-epithelial myofibroblasts) and the epithelium (including the Paneth cells).  

After eliminating Porcn in the epithelium, muscle or in both compartments, we surprisingly 

found no effects on ISCs. There are several interpretations for this result.   

The first pair of interpretations has to do with the possibility that Wnt was not completely 

eliminated in our model. It is possible some Wnts do not require Porcn for their secretion in vivo, 

and that these Wnts can maintain ISC function. We believe this is unlikely due to two rigorous in 

vitro studies showing Porcn is required for palmitoylation and secretion of all Wnts (Coombs et 

al., 2010; Liu et al., 2013).  Another possibility is that residual Wnt sequestered in the 

extracellular matrix can sustain ISCs when sources are extinguished.  As we examined some of 

our mice several weeks following ablation, residual Wnt ligands are unlikely to be sufficient to 

sustain the constantly regenerating epithelium.  

 The second interpretation addresses redundancy of Wnt sources in the intestinal 

epithelium.  As we saw no phenotype in our studies, we accept the possibility that other cell 

types in the niche can redundantly provide Wnts. There are many cell types in the ISC niche 

including leukocytes, lymphocytes, endothelial cells, non-muscle fibroblasts, and neurons that 
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could contribute Wnt ligands (Shaker and Rubin, 2010). The final, and possibly most interesting, 

interpretation is that while downstream Wnt signaling is required in ISCs (including the actions 

of APC, β-Catenin and TCF4; (Korinek et al., 1998; Korinek et al., 1997; Morin et al., 1997; van 

Es et al., 2012)), Wnt ligands are not required to activate the pathway in vivo. Overexpression of 

the antagonist Dkk1, which interacts with the Wnt co-receptor Lrp6 (Bafico et al., 2001; Mao et 

al., 2001; Semenov et al., 2001) cripples intestinal crypts (Kuhnert et al., 2004; Pinto et al., 2003).  

While this study may imply that Wnt ligands are required for signaling (as Lrp6 inhibition by 

Dkk1 does not allow for Wnt binding or the formation of the Wnt-Frizzled-Lrp6 signaling 

complex), it only proves that downstream signaling from Lrp6 has important functions in ISCs. 

Interestingly, several other ligands including Norrin and R-spondins have been shown to activate 

the Wnt signaling pathway through various mechanisms (Niehrs, 2012; Xu et al., 2004), 

although the latter usually occurs in conjunction with Wnt ligand binding. In addition, it is 

possible that other signaling pathways may be able to cross-talk with the downstream Wnt 

effectors, thus bypassing the requirement for Wnt ligands, such as the FGF and Notch pathways 

(Fre et al., 2009; Katoh and Katoh, 2006). 

 Following our report (San Roman et al., 2014), another group found a similar phenotype 

using Porcn and Villin-Cre to eliminate Wnt secretion from the epithelium (Kabiri et al., 2014). 

Instead of using another Cre line to inactivate Porcn in the mesenchyme, however, they used a 

pharmacologic inhibitor of PORCN, C59, and saw effects only at very high doses.  This result 

could reflect drug toxicity or off-target effects.  If the drug is indeed specific at these high levels, 

this lends support to the hypothesis that there are redundant cellular sources of Wnts in the ISC 

niche, although this was not pursued further. 
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 To make progress in this area, new tools and careful studies of purified ISC niche 

populations would be helpful.  Antibodies that recognize Wnts or the development of transgenic 

animals with functional tagged Wnt proteins will be critical for future experiments.  If many cell 

populations can redundantly provide Wnts, more work must be done to survey the populations of 

cells within the ISC niche, as well as to characterize them in greater detail.  If these populations 

can be isolated, co-culture with Wnt3a-/- organoids, which do not survive without Wnt 

supplementation, would be a good way to show that they are capable of secreting Wnts to 

functionally maintain the ISCs. As Porcupine inhibitors are in clinical trials to treat Wnt-driven 

breast cancer (Lum and Clevers, 2012), it will be crucial to understand how this may or may not 

affect ISC function. 

 

Role of CDX2 in intestinal stem cells 

In addition to the important role of extrinsic niche factors on ISC function, intrinsic 

control is also critical.  Recently, several TFs have been implicated in control of ISCs, including 

ASCL2, KLF5, ID1, YY1 and VDR (Bell and Shroyer, 2014; Nakaya et al., 2014; Peregrina et 

al., 2014; Perekatt et al., 2014; van der Flier et al., 2009; Zhang et al., 2014), suggesting that 

other factors controlling gene expression may also play a role in this cell population.  

Fortuitously, at the beginning of this thesis work, the Shivdasani Lab had been studying CDX2 

for several years, and noted its expression throughout the intestinal epithelium, however its role 

was only well described in differentiated intestinal cells (Verzi et al., 2010).  Following the 

identification of Lgr5+ ISCs (Barker et al., 2007) and re-evaluation of conditional Cdx2 knockout 

mice generated in the Shivdasani Lab, a very specific proliferation defect in ISCs was identified. 

To further study this, we took advantage of the Lgr5-knockin mice that enable ISC identification 

and isolation, ISC-specific gene knockouts, and lineage tracing (Barker et al., 2007).  We found 
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that without Cdx2 ISCs do not proliferate, contribute to mature villus cells in vivo, or generate 

organoids in vitro.  These results were supported by two studies published during this thesis 

characterizing similar defects in ISC proliferation upon loss of Cdx2, however the mechanism 

behind this control was not addressed (Hryniuk et al., 2012; Stringer et al., 2012). 

To better understand how CDX2 controls ISCs, we collected millions of ISCs from many 

mice, and performed CDX2 ChIP-seq and gene expression analysis on control and Cdx2-null 

ISCs.  This allowed for identification of possible CDX2 target genes in ISCs and characterization 

of differential CDX2 binding during cell differentiation.  To undercover the mechanism by 

which CDX2 controls ISCs, we narrowed our focus to one direct target gene, Fgfbp1, which 

promotes fibroblast growth factor signaling, a pathway identified within a network of down-

regulated genes in Cdx2-null ISCs.  

Together, these studies provide a foundation for further investigation of the role of the 

FGF pathway in ISCs. FGF ligands present in the ISC niche include FGF1, FGF4 and FGF7, 

which bind with FGFBP1 to enhance FGF signaling, have mitogenic effects in cell culture 

models, and increase in response to inflammation and radiation injury (Bajaj-Elliott et al., 1997; 

Brauchle et al., 1996; Finch et al., 1996; Sasaki et al., 2004).  To follow up on this pathway, we 

will profile its activation status using phospho-receptor tyrosine kinase arrays, which will give us 

sensitive information about the activation status of FGF receptors in control and Cdx2-null ISCs.  

We will also pursue FGF pathway perturbation experiments in organoids using recombinant 

FGFs, recombinant FGFBP1 and a specific inhibitor of FGF receptors (BGJ398) to better 

understand the contribution of this pathway to ISC self-renewal and differentiation.  

More broadly, this study contributes to our understanding of mechanisms for expression 

regulation during cell differentiation.  Although we profile differential CDX2 binding in ISCs 



 

 169 

and villus cells, how this occurs is still largely unknown, although a few mechanisms are likely.  

First, evidence supports the partnering of CDX2 with specific TFs to mediate gene expression in 

proliferating or differentiated cells (See Chapters 4 and 5, (Verzi et al., 2010; Verzi et al., 

2013)). Second, CDX2 is phosphorylated at serine 60 by the mitogen-activated protein kinase 

pathway specifically in the crypts, but not villi, which may contribute to its differential activity 

in these compartments (Rings et al., 2001). Third, the chromatin state encountered by CDX2 in 

each cell state may influence its binding.  Indeed, a survey of active cis-regulatory elements in 

ISCs, secretory or enterocyte progenitors and their mature counterparts revealed that most of the 

active chromatin marks remained consistent during cell differentiation, with smaller modules 

becoming differentially active in mature cells (Kim et al., 2014).  Whether this change in 

chromatin is a result of or allows for TF binding is not well understood. Now that we are readily 

able to isolate sufficient quantities of ISCs to perform ChIP-seq analysis, we are well poised to 

understand more about chromatin dynamics during the cell differentiation process.   

Another interesting avenue for further study is the contribution of CDX2 to intestinal 

cancer.  Our study implies that CDX2 may function as an oncogene, since it promotes 

proliferation of ISCs, however previously research on this topic is confusing and contradictory. 

Some studies directly testing the link between CDX2 and intestinal cancer in mouse models have 

paradoxically concluded that loss of Cdx2 reduces tumor formation in the small intestine and 

increases it in the large intestine (Aoki et al., 2011; Aoki et al., 2003). Whereas Apc mutations in 

humans induce colorectal cancer, Apc loss in mice leads mainly to small intestine adenomas and 

fewer colonic tumors (Su et al., 1992). This appears to be a species idiosyncrasy, and ApcMin and 

other mouse models have made a great contribution to our understanding of colorectal cancer 

pathogenesis. However, interpretation of results using this mouse model is complicated by the 
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reliance on loss of heterozygosity of both Apc (and in some experiments also Cdx2), which 

occurs at different rates in the small and large intestine. Even within research on colon there are 

controversial findings; some studies show CDX2 loss in human colon cancer samples, which is 

supported by some mouse studies, suggesting a tumor suppressor role (Hinoi et al., 2003; 

Hryniuk et al., 2014); others show overexpression, suggesting oncogenic potential (Bhat et al., 

2012; Witek et al., 2005). In vitro studies postulate that CDX2 controls the growth inhibitor p21 

and that CDX2 overexpression suppresses proliferation in cancer cell lines (Bai et al., 2003; 

Mallo et al., 1998). Others contend that CDX2 mutations are rare in colorectal cancer and that 

CDX2 loss reduces proliferation, potentially because it regulates pro-proliferative signaling 

pathways (Dang et al., 2006; Uesaka et al., 2002). My data shows that Cdx2 loss specifically and 

significantly impairs proliferation of Lgr5+ ISCs, supporting the hypothesis that CDX2 is an 

oncogene. In the future, this should be tested rigorously by eliminating both alleles of Cdx2 and 

Apc simultaneously to separate the formation of adenomas from other CDX2 effects on DNA 

replication and cell cycle control, which may contribute to the frequency of loss of 

heterozygosity and confound interpretations. 

 

Transcription factor interactions in cell differentiation 

The continual and rapid process of cell differentiation within the adult intestinal 

epithelium relies on the precise execution of gene expression programs, however the factors 

contributing to this process have not been well understood.  Since much gene regulation occurs 

through the action of TF binding at cell-type specific enhancers, the Shivdasani Lab profiled the 

transcription factor motifs within differentially active enhancer regions in proliferating and 

differentiated cells (Verzi et al., 2010). This proved to be a useful approach, as many TFs 
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expressed in the intestinal epithelium were identified, including GATA factors in proliferating 

cells, HNF1A and HNF4A in differentiated cells, and CDX2 in both. Subsequent studies in vivo 

demonstrated a co-occupancy of CDX2 and HNF4A at a few thousand intestinal genes, and 

provided some interesting insights into TF relationships (Verzi et al., 2013).  Through 

investigation of Cdx2 conditional knock-out mice, CDX2 was shown to be required for HNF4A 

binding and maintenance of active chromatin marks at sites where they are co-bound. These two 

pieces of information led to the conclusion that CDX2 is higher in the TF hierarchy than HNF4A, 

however whether these interactions lead to functional consequences in vivo remained unknown.   

To investigate the relationship between CDX2 and HNF4A in vivo, we crossed Cdx2 and 

Hnf4a conditional knock-out mice and examined their intestinal phenotypes.  Because CDX2 

controls HNF4A and chromatin at co-bound sites, and because mice lacking Cdx2 alone fare 

worse than mice lacking Hnf4a, we expected that the combined knockout would resemble the 

Cdx2 single knockout.  However, we found that the Hnf4adelCdx2del mice fared significantly 

worse, requiring humane euthanasia within 7 days of tamoxifen injection.  Analyses of intestinal 

tissues from these mice reveal short villi that lack mature enterocytes and cannot take up lipids. 

Perturbation of gene expression in these mice is significantly worse than in either single 

knockout, although this would not have been predicted by the analysis of chromatin alone.  In 

parallel experiments, we found that Gata4 partners with Cdx2 to control crypt cell proliferation, 

a property that was not significantly altered in the Hnf4adelCdx2del knockout mice.  It is likely 

that Gata4 also regulates genes involved in cell maturation, however the defects in cell 

proliferation confounded this analysis.  Together, these studies support a role for CDX2 

partnering with HNF4A and GATA4 to control specific gene expression programs.  
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 From the initial studies profiling active enhancer regions in differentiated cells, the most 

enriched motif was HNF1A.  Previous attempts to study this factor were unsuccessful due to 

poor antibody quality, however new reagents enabled us to investigate this factor.  Interestingly, 

HNF1A binds at many more sites throughout the genome than HNF4A or CDX2.  As predicted, 

we find a high percentage of the HNF1A binding sites in putative enhancers marked by the 

active marks H3K4me2 and H3K27ac.  These results suggest that HNF1A regulates many genes, 

however the phenotype of Hnf1a-/- mice is mild and we only identified the perturbation of a few 

hundred genes.  To better understand whether HNF1A may depend on CDX2 for its intestinal 

functions, we overlapped their binding sites and found co-occupancy at more than 5,000 sites, 

which included almost all of the sites co-bound CDX2 and HNF4A.  Detailing the complexities 

of these interactions, we find that loss of Cdx2 reduces HNF1A levels, which may account for an 

observed global reduction in HNF1A binding in these knockout mice.  Finally, to determine 

whether HNF1A functionally interacts with CDX2, we removed them simultaneously and 

observed the resulting intestinal phenotype.  We found that loss of these two factors disrupts the 

structural integrity of the villus epithelium, causing abnormal invaginations to form within villi.  

We also observed defects in the lamina propria, likely reflecting disruption of epithelial-

mesenchymal signaling.  

 As the binding and gene expression data was only available recently, this analysis 

represents our initial investigations into the role of HNF1A in the intestinal enhanceosome. 

There are still several hurdles to cross with respect to understanding how HNF1A relates to 

CDX2 and HNF4A in differentiated intestinal cells. First, it was difficult to reliably identify 

direct target genes of HNF1A because most of the binding sites do not correlate with 

perturbation of nearby gene expression upon its loss. In the future, we would like to consider 
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other methods of annotating these binding sites by combining them with the presence of 

chromatin marks, chromatin remodelers and other TFs, as well as metrics such as distance to the 

TSS and total number of binding sites near a given gene.  This approach may lead us to 

understand the conditions in which HNF1A does or does not modulate expression of nearby 

genes.  Second, we have demonstrated that CDX2 controls expression of both Hnf1a and Hnf4a, 

which means that studying Cdx2del mice may actually represent a combinatorial knockout to 

some degree and confound results when comparing compound knockout mice to Cdx2del mice 

alone. Third, although a simplistic picture of co-occupancy involves TFs binding their adjacent 

sequence motifs in enhancer regions, there are likely complex interactions between TFs on 

chromatin.  For example, there is evidence that HNF1A and HNF4A can bind to each other and 

modulate gene expression even when only one factor binds DNA (Eeckhoute et al., 2004; 

Rowley et al., 2006). Bioinformatics and computational approaches will be valuable for 

understanding the intricacies of these interactions and to delineate true transcriptional targets of 

each TF. 

 
 

Conclusions 

In sum, this thesis provides many contributions to the understanding of mechanisms that 

maintain intestinal homeostasis throughout adult life.  Chapter 2 challenged the common belief 

that either Paneth cells or sub-epithelial myofibroblast are a source of required Wnt ligands for 

ISCs, suggesting unexpected functional redundancy or that other ligands or pathways are 

sufficient.  Chapter 3 identified a requirement for CDX2 in controlling ISC functions, defines 

differential transcriptional targets and CDX2 occupancy in ISCs compared to differentiated 

villus cells, and suggests that the fibroblast growth factor pathway may be important in ISCs.  
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Chapter 4 confirmed that CDX2 functionally interacts with GATA4 to control proliferating cells 

and HNF4A to regulate differentiation and maturation of mature enterocytes in vivo.  Finally, 

Chapter 5 characterized the role of HNF1A in the intestinal enhanceosome and provided 

evidence that interactions between CDX2 and HNF1A control villus structure and signaling to 

mesenchymal cells.  These studies offer numerous avenues for further investigation and may aid 

in the understanding of cell differentiation in other tissues as well how these processes are 

inappropriate regulated in various intestinal pathologies including cancer.  
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Appendix 

 

In addition to the original research presented in chapters 2-5, I present here the abstracts from 

one published review article and one book chapter in press that I wrote and two published 

research articles that I collaborated on. 

!  
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Appendix 1: Boundaries, junctions and transitions in the gastrointestinal tract 

 

Adrianna K. San Roman and Ramesh A. Shivdasani 

 

 

This work was published in Exp. Cell Res. (2011) 317:2711-2718. 

 

 
 
Abstract 
 
Contiguous regions along the mammalian gastrointestinal tract, from the esophagus to the rectum, 

serve distinct digestive functions. Some organs, such as the esophagus and glandular stomach or 

the small bowel and colon, are separated by sharp boundaries. The duodenal, jejunal and ileal 

segments of the small intestine, by contrast, have imprecise borders. Because human esophageal 

and gastric cancers frequently arise in a background of tissue metaplasia and some intestinal 

disorders are confined to discrete regions, it is useful to appreciate the molecular and cellular 

basis of boundary formation and preservation. Here we review the anatomy and determinants of 

boundaries and transitions in the alimentary canal with respect to tissue morphology, gene 

expression, and, especially, transcriptional control of epithelial identity. We discuss the evidence 

for established and candidate molecular mechanisms of boundary formation, including the 

solitary and combinatorial actions of tissue-restricted transcription factors. Although the 

understanding remains sparse, genetic studies in mice do provide insights into dominant 

mechanisms and point the way for future investigation. 

 
Contributions: A. K. San Roman wrote the article with critical feedback from R. A. Shivdasani.  
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Appendix 2: The alimentary canal 

 

Adrianna K. San Roman, Tae-Hee Kim, and Ramesh A. Shivdasani 

 

This chapter is in press as part of The Supplement to Kaufman’s Atlas of Mouse Development, 

edited by R. Baldock, J. Bard, D. Davidson, and G. Morriss-Kay, Elsevier.  

 

Abstract 
!
In progressing from a simple tube to mature digestive organs, the alimentary tract is patterned 

along distinct axes. Transcription factors pattern the gut tube along the rostro-caudal axis, 

delineating a foregut, midgut and hindgut. Reciprocal signals along the radial axis then enable 

differentiation of mesoderm-derived mesenchyme and muscle cells from diverse endoderm-

derived epithelia. Inductive interactions further specify discrete organs, such as the stomach, 

liver and pancreas, which show dorso-ventral and left-right asymmetries. Finally, patterning of 

the radially symmetric small bowel along a luminal-mural axis separates progenitors in sub-

mucosal crypts from differentiated cells restricted to the villi. Diverse forces drive 

morphogenesis: radial cell intercalation, cell shape changes, asymmetric tissue growth, and 

tension from surrounding structures. Much remains unclear about how positional and inductive 

cues activate particular genes to implement this developmental program. 

 

Contributions: A. K. San Roman and T.-H. Kim wrote this chapter with feedback from R. A. 

Shivdasani. 
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Appendix 3: Intestinal master transcription factor CDX2 controls chromatin access for 

partner transcription factor binding 

 

Michael P Verzi, Hyunjin Shin, Adrianna San Roman, X Shirley Liu, and Ramesh A Shivdasani 

 

This article was published in Molecular and Cellular Biology (2013) 33:281-292. 

 

Abstract 

Tissue-specific gene expression requires modulation of nucleosomes, allowing transcription 

factors to occupy cis elements that are accessible only in selected tissues. Master transcription 

factors control cell-specific genes and define cellular identities, but it is unclear if they possess 

special abilities to regulate cell-specific chromatin and if such abilities might underlie lineage 

determination and maintenance. One prevailing view is that several transcription factors enable 

chromatin access in combination. The homeodomain protein CDX2 specifies the embryonic 

intestinal epithelium, through unknown mechanisms, and partners with transcription factors such 

as HNF4A in the adult intestine. We examined enhancer chromatin and gene expression 

following Cdx2 or Hnf4a excision in mouse intestines. HNF4A loss did not affect CDX2 binding 

or chromatin, whereas CDX2 depletion modified chromatin significantly at CDX2-bound 

enhancers, disrupted HNF4A occupancy, and abrogated expression of neighboring genes. Thus, 

CDX2 maintains transcription-permissive chromatin, illustrating a powerful and dominant effect 

on enhancer configuration in an adult tissue. Similar, hierarchical control of cell-specific 

chromatin states is probably a general property of master transcription factors. 

 

Contributions: A. K. San Roman performed matings of Cdx2 and Hnf4a mice and subsequent 

histologic analyses.  
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Appendix 4: Dissecting engineered cell types and enhancing  

cell fate conversion via CellNet 

 
 

Samantha A Morris, Patrick Cahan, Hu Li, Anna M Zhao, Adrianna San Roman, Ramesh A 

Shivdasani, James J Collins, and George Q Daley 

 

This article was published in Cell (2014) 158:889-902. 

 
Abstract 
 
Engineering clinically relevant cells in vitro holds promise for regenerative medicine, but most 

protocols fail to faithfully recapitulate target cell properties. To address this, we developed 

CellNet, a network biology platform that determines whether engineered cells are equivalent to 

their target tissues, diagnoses aberrant gene regulatory networks, and prioritizes candidate 

transcriptional regulators to enhance engineered conversions. Using CellNet, we improved B cell 

to macrophage conversion, transcriptionally and functionally, by knocking down predicted B cell 

regulators. Analyzing conversion of fibroblasts to induced hepatocytes (iHeps), CellNet revealed 

an unexpected intestinal program regulated by the master regulator Cdx2. We observed long-

term functional engraftment of mouse colon by iHeps, thereby establishing their broader 

potential as endoderm progenitors and demonstrating direct conversion of fibroblasts into 

intestinal epithelium. Our studies illustrate how CellNet can be employed to improve direct 

conversion and to uncover unappreciated properties of engineered cells. 

 
Contributions: A. K. San Roman performed timed matings and genotyping of Cdx2Fl/Fl embryos 

and histological preparations for subsequent analysis by S. A. Morris.  
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Supplemental Figures and Tables 
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Chapter 2 Supplemental Information 
 

 
Figure S2.1. Effects of Porcn loss on body weight, enteroendocrine cells, and apoptosis. (A) 

Relative weights of Control, PorcnE-Del, PorcnM-Del, and PorcnEM-Del mice on the day of 

euthanasia, compared to the first day of TAM injection. (B-C) Immunohistochemistry for 

Chromogranin A (B) and Cleaved caspase 3 (C) reveals no enteroendocrine cell deficit or 

apoptosis in mice lacking Porcn in epithelium only, muscle only, or both compartments 

compared to controls (Porcn+/Y; Villin-CreERT2; Myh11-CreERT2). Scale bars, 50 µm. 
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Figure S2.2. Myh11-CreERT2 is expressed in the same cells as smooth muscle actin. Low- (A) 

and high- (B) magnification images of Myh11-CreER-T2;Rosa26RYFP (green) stained with α-

smooth muscle actin antibody (SMA; magenta/red).  Nuclei were counterstained with DAPI 

(blue). Scale bars, 50 µm. 



 

 188 

Table S2.1. Wnt target gene expression statistics. 
Gene Control Mean 

(N=2) 
PorcnE-Del Mean 

(N=4) 
  

Myc 1 0.90   
Cyclin D1 1 0.93   

Axin2 1 0.96   
Ascl2 1 0.77   
Cd44 1 0.98   
Sox9 1 1.00   
Lgr5 1 0.56   

 Control Mean 
(N=4) 

PorcnM-Del Mean 
(N=4) 

P-Value Holm-Sidak 
Significant? 

Myc 1 1.03 0.93 No 
Cyclin D1 1 1.19 0.49 No 

Axin2 1 0.48 0.16 No 
Ascl2 1 0.83 0.49 No 
Cd44 1 0.90 0.55 No 
Sox9 1 0.55 0.31 No 
Lgr5 1 0.92 0.78 No 

 Control Mean 
(N=3) 

PorcnEM-Del 
Mean (N=3) 

  

Myc 1 0.60 0.071 No 
Cyclin D1 1 0.70 0.20 No 

Axin2 1 0.33 0.090 No 
Ascl2 1 0.59 0.055 No 
Cd44 1 0.57 0.022 No 
Sox9 1 0.68 0.25 No 
Lgr5 1 0.76 0.36 No 

 
 
Supplementary Experimental Procedures 
 
Mouse intestine epithelium harvests 

The middle 1/3 of the small intestine was dissected and flushed with phosphate-buffered saline 

(PBS). The first 1 cm was reserved for whole intestine (unfractionated) DNA or mRNA analysis.  

The remainder was incubated on a shaker for 30 min in 5 mM EDTA solution at 4°C, followed 

by another 15 minute incubation with fresh EDTA solution at 4°C, and further shaken by hand 

for 2 min to extract the epithelium. Villi and crypts were separated as the residue and flow-

through, respectively, after passage over 70 µm filters. Cells were washed in PBS and pelleted at 
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3000 rpm for 5 min at 4°C. For DNA analyses, tissue was snap-frozen in liquid nitrogen. For 

RNA analyses, tissue was frozen in TRIzol reagent (Invitrogen).  All tissues were stored at -80°C.  

 

Porcn genotyping 

Porcn gene recombination was assessed using the following primers in PCR reactions using 

Platinum Blue PCR Supermix (Invitrogen): TGAGTGCTCAAATCCCAACC (common 

forward), CCAGCATGTGAAAATGTCAAC (PorcnWT 685-bp product, PorcnFl 762-bp product), 

and GTGTCCACCATGTGCATCTC (recombined PorcnDel 485-bp product). 

 

Gene expression analysis by qRT-PCR 

Quantitative reverse transcriptase PCR (qRT-PCR) was performed in 20 µl reaction volumes 

using FastStart Universal SYBR Green Master Mix (Roche) and the following gene specific 

primers: 

 
Primer Name Sequence 5’ !  3’ 
Porcn Forward CTGCCTACTGTCCAACAGGG 
Porcn Reverse GCATGCTTCAGGTAAGACGG 
Ascl2 Forward GAGCAGGAGCTGCTTGACTT 
Ascl2 Reverse TCCGGAAGATGGAAGATGTC 
Lgr5 Forward CCTACTCGAAGACTTACCCAGT 
Lgr5 Reverse GCATTGGGGTGAATGATAGCA 
Axin2 Forward TGACTCTCCTTCCAGATCCCA 
Axin2 Reverse TGCCCACACTAGGCTGACA 
Cd44 Forward CACCATTGCCTCAACTGTGC 
Cd44 Reverse TTGTGGGCTCCTGAGTCTGA 
Cyclin D1 Forward GCGTACCCTGACACCAATCTC 
Cyclin D1 Reverse CTCCTCTTCGCACTTCTGCTC 
Myc Forward ATGCCCCTCAACGTGAACTTC 
Myc Reverse CGCAACATAGGATGGAGAGCA 
Sox9 Forward GAGCCGGATCTGAAGAGGGA 
Sox9 Reverse GCTTGACGTGTGGCTTGTTC 
HPRT Forward AAGCTTGCTGGTGAAAAGGA 
HPRT Reverse TTGCGCTCATCTTAGGCTTT 
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Relative mRNA levels were determined using the Δ-Δ-Ct method (Livak and Schmittgen, 2001) 

and normalization to HPRT transcripts. GraphPad Prism 6.0c software for Mac OS X was used 

for graphing and statistical analysis.  Data is represented on graphs as mean ± standard error of 

the mean (SEM) from biological replicates. For Porcn mRNA expression in knockout samples, 

P-values were calculated using a one-tailed t-test.  For Wnt target gene expression, P-values 

were calculated using a two-tailed t-test for each gene and significance was assessed using the 

Holm-Sidak method to correct for multiple comparisons. 

 

Immunohistochemistry 

Paraffin embedded sections protocol and antibodies 

For paraffin sections, tissue was dehydrated in an ethanol series, embedded in paraffin, and cut in 

5 µm sections. Tissue sections were stained with hematoxylin and eosin and alcian blue using 

standard histology protocols. For immunohistochemistry, antigens were retrieved in 10 mM 

sodium citrate buffer, pH 6.0, followed by incubation in methanol with 0.5% H2O2 to inhibit 

endogenous peroxidases.  Tissues were blocked in 5% fetal bovine serum (FBS; Invitrogen) and 

incubated overnight at 4°C with one of the following antibodies:  

Name Species Dilution Company 
Ki67 Mouse 1:2000 Vector Labs 
BrdU Rat 1:300 AbD Serotec 
Chromogranin A Rabbit 1:500 Immunostar 
β-catenin Rabbit 1:250 BD Biosciences 
Cleaved caspase 3 Rabbit 1:1000 Cell Signaling 
Lysozyme Rabbit 1:50 Invitrogen 

 
After washing, slides were incubated in species-specific biotin-conjugated anti-IgG (1:300, 

Vector Laboratories). Antigens were detected using the Vectastain Elite ABC Kit (Vector 
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Laboratories) with diaminobenzidine (Sigma) substrate and tissue was counterstained with Harris’ 

Hematoxylin (Electron Microscopy Science).   

 

Frozen sections protocol and antibodies 

For frozen sections, tissue was incubated in 30% sucrose overnight, embedded in Optimal 

Cutting Temperature compound (Tissue-Tek) on dry ice, and cut in 10 µm sections.  Sections 

were blocked in 5% FBS then stained with mouse anti-αSMA (mouse, 1:300, Biogenex), 

followed by incubation with Alexa 546 conjugated anti-mouse IgG secondary antibody (1:500, 

Life Technologies). Vectashield mounting media with DAPI (Vector Laboratories) was added 

prior to imaging. 

 
 
Supplementary References 
 
Livak, K.J., and Schmittgen, T.D. (2001). Analysis of relative gene expression data using real-
time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 402-408.  
!  
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Chapter 5 Supplemental Information 
 
 

 
 Figure S5.1. HNF1A significantly overlaps with CDX2 and HNF4A. (A) Venn diagram 

showing overlap of CDX2 and HNF4A with a random set of sites matched to the HNF1A set but 

randomly distributed throughout the genome. (B) Fisher’s exact test analysis of overlaps between 

HNF1A and HNF4A (top) or HNF1A and CDX2 (bottom). Both overlaps are very significant 

compared to the random set (P<0.0001). (C) Number of HNF1A binding peaks called by MACs 

in the indicated genotypes. 
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Figure S5.2. Consequences of intestinal deletion of Hnf1a and Cdx2.  

 (A) Quantitation of total number of cells per villus shows no further decrease in Hnf1a-/-Cdx2del 

mice compared to Cdx2del. Bars represent mean +/- SEM. NS, not significant. (B) Lysozyme 

staining in ileal Paneth cells shows reduced levels in most Hnf1a-/-Cdx2del crypts (white arrows), 

with occasional strong staining (example in inset, black arrow). (C) Cleaved caspase 3 staining 

shows slightly reduced numbers of positive cells in Hnf1a-/-Cdx2del compared to control 

duodenum (left) and ileum (right). Examples of positive magnified in dotted region on bottom 

left.  (D) Lysozyme staining indicates that Hnf1a-/-Cdx2del duodenal epithelial ingrowths lack 

Paneth cells (white arrowheads), which are present in the crypts but not in the abnormal villus 

structures. All scale bars, 30 µm. 


