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Epithelium of the small and large intestine
The intestinal epithelium is a continuous cellular lining on the luminal side of the intestine that 
is highly capable of absorbing nutrients and at the same time provides a protective mucosal 
layer as well as defense against pathogens. In the small intestine the epithelium is organized 
into crypt-villus structures in which the crypts of Lieberkühn contain stem cells that produce 
proliferating cells that differentiate into five principal post-mitotic cell types comprised 
of one type of absorptive cell, the absorptive enterocyte, and four types of secretory cells: 
enteroendocrine, goblet, Paneth, and tuft cells (for review, see Noah et al. (1)). The large 
intestine consists only of crypts and maintains its epithelium through a similar process of 
continuous cellular renewal in which stem cells, located at the base of the crypts (2), give rise 
to one absorptive cell type, the colonocyte, and two secretory cell types: goblet cells, and 
enteroendocrine cells. Paneth cells are not formed in the large intestine. 
Each post-mitotic cell type has distinctive functions. Absorptive enterocytes express digestive 
enzymes and transporters necessary for the terminal digestion and absorption of nutrients. 
The types of transporters and enzymes expressed are defined in a strict spatial manner. For 
instance, jejunal absorptive enterocytes are specialized in lipid and cholesterol absorption 
and express lactase, an enzyme important for breaking down lactose, while Ileal absorptive 
enterocytes are specialized in bile acids and vitamin B12 absorption (3-5) and colonic 
absorptive enterocytes are able to absorb large quantities of water (6). 
Secretory cells consist of mucus-secreting goblet cells and defensin-secreting Paneth cells 
which maintain a dynamic mucosal defensive barrier. Enteroendocrine cells secrete hormones 
that regulate gastrointestinal processes. Tuft cells, recently shown to be an independent 
secretory lineage (7), secrete opioids and produce enzymes that synthesize prostaglandins, 
suggesting a role in inflammation. 

The compartmentalized system of the crypt-villus unit provides a unique model to study 
how cellular proliferation and differentiation decision-making occurs. Proliferation and 
differentiation in the gut are tightly controlled by transcription factors, which effectively 
regulate transcriptional programs resulting in cellular outcome. This outcome is achieved in 
a step-wise manner: stem cells commit to become either absorptive enterocytes or secretory 
cell progenitors. Once committed to the progenitor state, downstream cues of various 
transcription factors further commit cells to eventually develop in fully differentiated Goblet, 
Paneth or enteroendocrine cells. Some examples of transcription factors that mark cells in 
various steps of their development are atonal homolog 1 (Atoh1), which specifies secretory 
cells, growth factor independent 1 (Gfi1) which specifies goblet/Paneth progenitors; neurogenin 
3 (Neurog3) which specifies enteroendocrine cells, SRY-box containing gene 9 (Sox9) which 
specifies Paneth cells and sam pointed domain-containing Ets transcription factor (Spdef), 
which promotes goblet cell differentiation. 

How transcription factors manage to activate, and also repress, transcriptional programs is the 
topic of intensive investigation. One prevailing view is that transcription factors regulate genes 
through interaction with histones, proteins with the ability to package DNA into a dynamic 
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polymer called chromatin. Histones possess amino acid tails which can be post-translationally 
modified at specific residues to form a ‘histone code’ that allows the chromatin to be more 
open or closed, which in turn facilitates activation or repression of gene transcription (8). 
Chromatin transcriptional state is characterized by typical histone modifications. For instance, 
‘active’ genomic loci (characterized by DNA hypersensitivity and occupation of p300 and basal 
transcriptional machinery proteins) are marked by di-methylation of lysine 4 on histone H3 
(H3K4me2) (9,10). This concept of active chromatin has been further refined in subsequent 
studies that have defined differences in ‘poised’ and active chromatin state, depending 
on the presence of acetylation on lysine 27 of histone H3 (H3K27ac)(11,12). Therefore, 
genome-wide mapping of transcription factors and histone modifications, using chromatin 
immunoprecipitation followed by deep-sequencing (ChIP-seq), could provide enormous 
insights into the ‘epigenome’, the regulation of genes through other means than DNA.

Failure of transcription factors to properly regulate intestinal genetic programs leads to 
pathological events such as inflammatory bowel disease and cancer. Therefore, to properly 
understand the mechanisms of such diseases it is essential to define transcription factor 
interaction with the genome, the epigenome and interaction between transcription factors 
themselves. New technologies such as conditional inducible knockout mice models and 
chromatin immunoprecipitation followed by deep-sequencing (ChIP-seq) are currently 
allowing us to study such interactions in the mammalian intestine, in a genome-wide manner. 

GATA factors
GATA factors are an evolutionary conserved family of transcription factors that mediate 
processes of proliferation, differentiation and gene expression in a tissue specific manner.  
In vertebrates, six GATA transcription factors have been identified, each of which contains 
a highly conserved DNA binding domain consisting of two zinc fingers that directs binding 
to the nucleotide sequence element (A/T)GATA(A/G)(13). Vertebrate GATA factors are divided 
in two subfamilies, based on expression patterns in various tissues. GATA-1, -2, and -3 are 
prominently expressed in hematopoietic stem cells where they regulate differentiation-specific 
gene expression in T-lymphocytes, erythroid cells, and megakaryocytes (for review, see Orkin 
et al. (14)) whereas GATA-4, -5, and -6 are expressed in mesendoderm-derived tissues such as 
heart, liver, lung, gonad, and gut (13). 

Gata4, Gata5, and Gata6 mRNAs are all expressed in mature mouse small intestine but each 
follows a distinct expression pattern (15-18). Gata4 mRNA and protein (5) is expressed in the 
proximal 85% and then declines sharply in the distal ileum, wheras Gata5 mRNA is expressed 
in an increasing proximal-distal pattern and Gata6 mRNA remains constant throughout the 
small intestine (3,19-21). 
Allthough GATA5 has been shown to be able to activate intestinal promoters in transient 
transfection assays and EMSA’s (22-25), targeted disruption of GATA5 does not show any 
phenotype in the gut (possibly due to redundancy of GATA4 and/or GATA6) (13). Targeted 
disruption of GATA4 and GATA6 leads to profound developmental defects in heart development 
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and endoderm formation which are lethal between E5.5 and E8.5. Only recently, conditional 
inducible knockout mice, using villinCre technology (26), have been able to overcome the 
embryonic lethality of germline Gata4/-6 mutations. 

To date, only Gata4 conditional knockout studies have been performed in vivo, as such GATA6 
function in the intestine remains poorly understood. Conditional deletion of Gata4 results 
in a jejunal-to-ileal shift in absorptive enterocyte gene expression (3-5). Examples of this 
shift are loss of lactase (Lct) expression in jejunal absorptive enterocytes, an enzyme that is 
expressed only in jejunum, and induction in jejunum of solute carrier family 10 member A2 
(Slc10a2), an important transporter for bile acids that is normally only expressed in ileum. 
Indeed, conditional deletion of Gata4 in mice that undergo ileal resection, normally leading 
to bile acid malabsorption, completely rescues bile acid physiology (5). Follow-up studies 
that compared global gene expression data of wild-type jejunum and -ileum, and conditional 
Gata4 null jejunum, showed that conditional Gata4 null jejunum lost expression of 53% of 
jejunum-specific genes and gained expression of 47% of ileum-specific genes (4). Thus, GATA4 
promotes jejunal and represses ileal absorptive enterocyte gene expression and does so in a 
non-redundant manner with GATA5 and -6 (3-5).

The mechanisms by which GATA4 is able to simultaneously activate and repress genes have 
not been elucidated. In the hematopoetic system, GATA1 has been demonstrated to bind 
cis-regulatory genomic regions of both activated and repressed genes (27,28). GATA1 is 
able to recruit and interact with both co-activators and co–repressors, depending on which 
genomic region it binds (29). In the cardiac system, GATA4 has shown similar properties 
where it mediates gene activation by associating with the co-activator CBP/p300 and mediates 
repression by associating with polycomb repressor complex 2 (PRC2) (30,31). These studies 
suggest that both activation and repression of genes are directly mediated by GATA factors 
through binding of specific cis-regulatory regions on DNA.  

GATA4 and GATA6 have been implicated to have a role in cancer in other organ systems (32) 
and in various cell lines (33-35), but in vivo studies have not been performed. The molecular 
framework underlying the normal physiology of the gut is only starting to become elucidated 
and, as outline above, the role of GATA factors within this framework is poorly understood. 
To determine the functions of GATA factors in gut physiology and to understand the complex 
mechanisms that GATA factors utilize to regulate genes, is the first step towards understanding 
what happens when pathological events occur and it will be the focus of this thesis.

Rationale and specific aims
The introduction above briefly outlines aspects of the current knowledge on function and 
molecular mechanisms of GATA factors in the gut. As highlighted, GATA4, which is only 
expressed in the proximal small intestine, defines jejunal-ileal differences in absorptive 
enterocyte gene expression. The function of GATA6, which is expressed throughout the small 
intestine and colon, has not been determined in vivo. The overall aim of this thesis is to define 
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the function of GATA6 in vivo and to delineate the mechanisms of transcriptional regulation 
that underlies GATA factor functions.
In chapter 1, I start with a thorough review of the current literature on GATA factors in the 
developing and adult gut. The evolutionary biology, role in determination of endoderm (the 
germ layer precursor of the gut), development of the primitive gut and function in the adult gut 
are reviewed. In chapter 2, the function of GATA6 in colon is determined. In chapter 3, the unique 
and overlapping functions of GATA factors in the small intestine are delineated. In chapter 4, 
the role of transcription factor SPDEF as a downstream effector of the GATA4/6 redundant 
pathway  is determined. In chapter 5, the compartmentalized functions of transcription factor 
CDX2 and GATA factors are defined, as well as the compartmentalized function of CDX2 and 
hepatic nuclear factors. Finally, in chapter 6, we use a novel epigenetic approach, including 
a new chromatin pull-down technique, to determine direct targets, potential co-factors and 
chromatin modulating properties of GATA4. 
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ABSTRACT

The small intestinal epithelium develops from embryonic endoderm into a highly 
specialized layer of cells perfectly suited for the digestion and absorption of nutrients. The 
development, differentiation, and regeneration of the small intestinal epithelium require 
complex gene regulatory networks involving multiple context-specific transcription factors. 
The evolutionarily conserved GATA family of transcription factors, well known for its role 
in hematopoiesis, is essential for the development of endoderm during embryogenesis 
and the renewal of the differentiated epithelium in the mature gut. Here, we review the 
role of GATA factors in the evolution and development of endoderm, and summarize our 
current understanding of the function of GATA factors in the mature small intestine. We 
offer perspective on the application of epigenetics approaches to define the mechanisms 
underlying context-specific GATA gene regulation during intestinal development. 

GATA factors are an ancient family of transcription factors that mediate processes of 
development, differentiation and gene expression in multiple tissues and cell types. Six GATA 
factors are conserved in all vertebrates. Based on mutational analyses of GATA1 (70) and 
GATA4 (84), vertebrate GATA factors contain transcriptional activation domains localized to the 
NH2-terminal region, two highly conserved zinc fingers and adjacent basic regions, a nuclear 
localization signal sequence, and a C-terminal domain of unknown function (Figure 1A). GATA 
zinc fingers are comprised of four cysteine residues (type IV), Cys-X2-Cys-X17-Cys-X2-Cys, that 
coordinate a divalent zinc ion (Figure 1B), and together with the adjacent basic regions, direct 
binding to the nucleotide sequence element WGATAR (W = A or T, R = A or G), and also interact 
with other regulatory proteins to modulate GATA transcriptional control of target genes. 
Vertebrate GATA factors are separated into two subfamilies: GATA-1, -2 and -3, and GATA-
4, -5 and -6. Members of the GATA1/2/3 subfamily are expressed in developing blood 
cells where they regulate differentiation-specific gene expression in hematopoiesis (93).  

Figure 1. Vertebrate GATA factors contain highly conserved zinc fingers. (A) General structure of vertebrate 
GATA factors. Vertebrate GATA factors contain activation domains at the NH2 terminus (AD, yellow), two 
highly conserved zinc fingers (Zn, pink) with adjacent basic regions (BR, light blue), a nuclear localization 
signal (NLS), and a C-terminal domain (CTD). (B) General structure of GATA zinc fingers. GATA zinc fingers 
consist of four cysteine residues (type IV), Cys-X2-Cys-X17-Cys-X2-Cys, that coordinate a divalent zinc ion. 
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GATA2 also functions in urogenital development, pituitary cell fate specification, and generation 
of V2 interneuronal cells in the spinal cord (reviewed in (21)). GATA3 is also expressed in the 
adrenal glands, kidneys, central and peripheral nervous system, inner ear, hair follicles, skin, 
and breast tissue (reviewed in (51)). Members of the GATA4/5/6 subfamily are expressed in 
various mesoderm- and endoderm-derived tissues such as heart, liver, pancreas, lung, gonad, 
and gut where they play critical roles in regulating tissue-specific gene expression (78). Here, 
we review the role of GATA factors in the evolution, development, and function of the small 
intestinal epithelium. 

GATA factors are expressed in endoderm of ancient metazoa
Gut formation is one of the earliest outcomes of multicellularity (reviewed in (20, 107)). It 
occurs by gastrulation, a process in which invagination of the blastocyst lining at the blastopore 
leads to the formation of a gastrovascular cavity, called the archenteron, that is lined by two 
epithelial sheets, the outer ectoderm and the inner endoderm (reviewed in (72, 110)). In the 
transition from protist to metazoan, thought to occur during the Cambrian explosion 542 
million years ago, selective pressures forced the division of labor among cells in which the 
ectoderm became specialized for protection, locomotion, and sensing, and the endoderm 
became specialized for digestion and absorption of nutrients. Diploblastic animals possessing 
two germ layers, ectoderm and endoderm, exhibit radial (rather than bilateral) symmetry, and 
have a single opening that serves as both mouth and anus. They are found exclusively in 
Phylum Cnidaria, which includes corals, sea anemones, jellyfish, and hydra. The mesoderm, 
or middle layer, thought to be a derivative of endoderm, arose approximately 40 million years 
after the emergence of ectoderm and endoderm. Triploblastic animals possessing three 
germ layers are linked to the evolution of axis formation and bilateral symmetry. In contrast 
to diploblastic animals, triploblastic bilaterians (with the exception of a few highly reduced 
forms) have complete digestive tracts with separate mouth and anus. The through-gut system 
enabled the directional movement of nutrients facilitating the diversification of cells along the 
digestive tract to control the processing of food at different stages of digestion. This, in turn, 
allowed for the utilization of a wider assortment of food types enabling an expanded range of 
mobility. Thus, the through-gut digestive system was one of the earliest and key innovations in 
the evolution of metazoans. 
Triploblastic bilaterians are further subdivided into protostomes and deuterostomes based 
on how mouth and anus develop. During gastrulation, invagination occurs at the blastopore, 
and the two opposing poles of the blastopore margin close forming a slit-like structure that 
defines the ventral midline. In protostomes (including arthropods, nematodes, and annelids), 
the openings at each end become mouth or anus, whereas in deuterostomes (including 
echinoderms and chordates), the formation of the mouth occurs by a secondary breakthrough 
of the archenteron.
Although multiple GATA factors have been identified in plants, fungi, and molds (66), no 
GATA factors have yet been reported for members of Phylum Porifera (sponges), the earliest 
members of the animal kingdom, or their hypothesized single cell evolutionary predecessor, 
the choanoflagellates (Figure 2). However, Martindale et al (73) cloned and characterized the 
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developmental expression of the only GATA factor in the starlet sea anemone Nematostella 
vectensis, the first report of a GATA factor in a cnidarian diploblast. NvGata, with homology 
to both the vertebrate GATA1/2/3 and GATA4/5/6 subfamilies (47), is first detected in 
individual cells throughout the blastula, which coalesce at the blastopore and ingress into the 
blastocoel (cavity in blastocyst). By the late gastrula stage, all the gastrodermal cells lining the 
gastrovascular cavity (called the coelenteron in diploblasts) express NvGata, where expression 
continues into the polyp stage. This report demonstrates a pattern of expression of an ancient 
GATA factor that intersects with the evolutionary emergence of gastrulation and endoderm 
specification (Figure 2). 
Expression of GATA factors has also been reported for developing bilaterian protostome 
flatworms (17, 18, 46, 71), which all express at least two GATA factors; generally, a single, 
conserved GATA1/2/3 ortholog that is expressed in ectoderm, and at least one, but usually 
multiple GATA4/5/6 orthologs that are expressed in mesoderm and endoderm derivatives. 
These findings suggest that the two vertebrate GATA factor classes originated from distinct 
ancestral orthologs, and that the GATA gene duplication and functional divergence that led 
to these two ancestral GATA factors occurred after the split from diploblasts (Figure 2). These 
studies also aligned the vertebrate GATA4/5/6 subfamily with endodermal differentiation. 
Members of Phylum Echinodermata, the second largest grouping of deuterostomes, after 
chordates, express two Gata genes (50, 63), of which Gatac and Gatae are orthologous to the 
vertebrate Gata1/2/3 and Gata4/5/6 genes, respectively. The Gatae mRNA is first detected in 
a ring around the vegetal pole of the blastula. During gastrulation, transcripts are detected 
surrounding the blastopore, in the posterior archenteron, and in the anterior mesoderm of 
the archenteron. In the late gastrula and early larval stages, expression is localized to the 
midgut and hindgut and to the developing coelomic pouches. 
Using a combination of large-scale perturbation analyses, computational methodologies, 
genomic data, cis-regulatory analyses, and molecular embryology, Davidson et al derived a 
mesoderm/endoderm gene regulatory network (GRN) for the sea urchin embryo (30). In the 
24-hr blastula, all of the genes known to execute mesoderm and endoderm fate are active. 
Early inputs are provided by the B-lymphocyte-induced maturation protein-1 (blimp1, formerly 
called krox1) and orthodenticle homolog-1 (otx1) genes, which regulate virtually all of the 
genes that specify mesendoderm, a transient precursor cell population that subsequently 
differentiates into mesoderm and endoderm. The principal target is gatae, which contributes 
to activation of six other transcriptional regulatory genes of the mesendoderm, and also 
feeds back to the otx1 cis regulatory system, permanently locking down the mesendodermal 
specification state. 
In summary, expression of Gata factors in metazoans can be traced back to the evolution 
of gastrulation and the development of endoderm (Figure 2). In a diploblast, a single GATA 
factor that may be ancestral to both the vertebrate GATA1/2/3 and GATA4/5/6 subfamilies, 
is expressed at the blastopore prior to gastrulation, and then in all endodermal cells after 
gastrulation. In triploblasts, at least two GATA orthologs are expressed, generally corresponding 
to the vertebrate GATA1/2/3 and GATA4/5/6 subfamilies. Triploblastic protostomes generally 
have a single GATA1/2/3 ortholog, but multiple GATA4/5/6 orthologs, whereas early triploblastic 
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deuterostomes have a single member of each subfamily that eventually expanded into three 
members of each GATA subfamily in vertebrates. In all cases, the GATA4/5/6 ortholog is 
expressed at the blastopore prior to gastrulation, in ingressing cells during gastrulation, in 
all endodermal cells after gastrulation, and in cells along the digestive tract at maturity. GRN 
analysis in the sea urchin indicates a pivotal role for GATA4/5/6 orthologs in the development 
of endoderm.

Figure 2. Evolution of GATA factors in metazoa coincides with the evolution of endoderm. Although 
GATA factors have not yet been identified in choanoflagellates or members of Phylum poriferae, a single, 
ancient GATA factors was characterized in cnidarians diploblasts (orange). The evolution of GATA1/2/3 (red) 
and GATA4/5/6 (yellow) orthologs coincided with the evolution of mesoderm and bilateral symmetry in 
triploblastic protostomes. Noteworthy, was a biased expansion of GATA4/5/6 orthologs. A single member 
of each GATA subfamily is present in early tribloblastic deuterstomes, which eventually expanded to three 
members in each subfamily in vertebrates. 
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Divergent GATA factors act sequentially in endoderm formation and gut development 
in invertebrates
The function of GATA factors and their placement in the regulatory cascade of endoderm 
formation and gut development in the invertebrate protostomes Caenorhabditis elegans (C. 
elegans) and Drosophila melanogaster (Drosophila) have been well reviewed (reviewed in (55, 
87)), and is updated here. 

Seven GATA orthologs specify endoderm fate and terminal differentiation of the C. 
elegans intestine
C. elegans expresses no less than eleven orthologous GATA factors, of which seven have been 
implicated in endoderm and/or gut formation (reviewed in (55)). The sequences of these 
GATA factors display significant divergence, with only the elt-1/Gata1/2/3 ortholog containing 
complete dual zinc finger domains. The remaining C. elegans GATA factors, all lacking the 
first zinc finger, group with the GATA4/5/6 subclass and, like lower metazoa, display a biased 
expansion of this subgroup of GATA factors (47). 
Embryogenesis in C. elegans (reviewed in (99)) begins when the asymmetrical first cleavage 
produces a large anterior daughter called AB and a smaller posterior daughter called P1.  
P1 then divides to produce the anterior germline and mesectodermal precursor cell, P2, and 
the posterior mesendodermal precursor cell, EMS (Figure 3A). The anterior daughter of EMS, 
called MS, gives rise to many mesodermal cell types, while the posterior daughter of EMS, 
the E blastomere, is the progenitor of the sole endoderm-derived organ, the intestine. Early 
embryonic patterning events are essentially completed by the 28-cell stage when gastrulation 
begins with the ingression of the intestinal precursor cells. The mature intestine comprises the 
midgut of the C. elegans alimentary tract, connecting to the pharynx (or foregut, derived partly 
from MS) and rectum (or hindgut derived from P2).
Tissue specification of the EMS blastomere is controlled by the maternal bzip homeodomain 
transcription factor, SKN-1, whose translation is confined to EMS by maternally provided 
mRNA only to the posterior embryo. SKN-1 directly activates transcription of the genes 
encoding MED-1 and MED-2, two nearly identical and functionally redundant GATA-like 
transcription factors (Figure 3A). The med-1 and med-2 genes are unique in that they lack 
introns and express GATA-like factors that contain a single type IV zinc finger that differs from 
classical GATA zinc fingers by a single amino acid. This alteration results in recognition of the 
non-canonical DNA sequence, RAGTATAC, suggesting that med-1 and med-2 have diverged 
in function and may be a nematode invention (67). MED-1 and MED-2 play essential roles in 
mesoderm specification by activating the T-box gene, tbx-35, in the MS blastomere (19), but 
only a minor role in endoderm specification and gut development (25, 68). 
Specification of the E blastomere fate is determined by expression of the genes encoding 
the redundant pair of GATA factors, END-1 and END-3, which are activated by SKN-1, and, to 
a lesser extent, MED-1/MED-2 (Figure 3A). While individual end-1 or end-3 knockouts develop 
normally, double knockouts of end-1 and end-3 do not form an intestine (94). Ectopic expression 
of either factor converts other embryonic cells to an endodermal fate (69, 126). End-1 and end-
3 appear to be the result of a recent duplication with each diverging to activate two distinct but 
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overlapping E lineage regulatory pathways, perhaps through differences in their DNA-binding 
domain specificities (11). End-1 and end-3 are also expressed differently; end-3 is expressed 
prior to that of end-1 (and may activate end-1 gene expression), and single end-3 knockouts 
reveal a delay in E lineage activation that is not apparent in single end-1 knockouts. Both end-1 
and end-3 expression is extinguished prior to terminal gut differentiation. 
The major target of END-1/END-3 in the early intestine (2E) is the gene encoding yet another 
GATA factor, ELT-2 (43) (Figure 2A). Deletion of elt-2 results in a lethal arrest at birth; the newly 
hatched larvae have a malformed but clearly specified intestine (43, 74, 75). Promoters of 
genes that are either exclusive to, or highly enriched in, the intestine contain GATA binding 
sites (compared to <5% for control promoters), and most of these genes are down-regulated 
in elt-2 null worms. ELT-2 may regulate these target genes in cooperation with Notch 
signaling by physically interacting with the Notch-dependent effector LAG-1/CSL and together 
selecting target genes for endodermal expression (89). Thus, ELT-2 plays a central role in the 
establishment and maintenance of most aspects of terminal C. elegans intestinal physiology. 
Although the GATA orthologs ELT-4 and ELT-7 are also expressed in the mature C. elegans 
intestine, deletion of either elt-4 or elt-7 alone results in essentially wild type intestine (5, 42, 104). 
ELT-4 is a very small GATA factor barely the size of a single zinc finger that has no discernible 
function as determined by deletion and over-expression experiments (42). Deletion of elt-4 
in the context of other elt deletions, however, has not been reported, and thus redundant 
functions with ELT-2 and/or ELT-7 remain a possibility. Simultaneous deletion of both elt-2 and 
elt-7, but not of either alone, eliminates all morphological features of differentiation in patches 
of the gut, suggesting cross-regulatory functions between ELT-2 and ELT-7 in gut development 
(104). Elt-7, like elt-2, is activated by END-1/END-3, is expressed before elt-2, and activates both 
its own expression and that of elt-2, constituting an apparent positive feedback system that 
locks down gut differentiation. In summary, up to seven GATA4/5/6 orthologs play cooperative 
and sequential roles in guiding cell fate specification, endoderm commitment, and terminal 
differentiation of the nematode intestine (Figure 3A). 

Three GATA orthologs are necessary for endoderm development in Drosophila 
melanogaster 
Five GATA genes are found in the Drosophila genome, only one of which (dGATAc, grain) is 
orthologous to the GATA1/2/3 subgroup (47). Three GATA orthologs, serpent (srp, dGATAb), 
dGATAc (grain), and dGATAe, are related to endoderm development (reviewed in (87)). With 
the exception of srp, which lacks an N-terminal zinc finger due to a splicing isoform, all the 
Drosophila GATA factors have two zinc fingers associated with basic domains. 
In Drosophila, the digestive tract develops by invaginations of prospective endoderm at the 
anterior and posterior regions of the early blastoderm (stage 7-8) that migrate bilaterally 
along the yolk toward the trunk, encounter each other in the middle of the trunk (stage 9-10), 
and spread over the yolk to form a continuous epithelial tube that encloses the yolk (stage 
12-13), eventually giving rise to the epithelial lining of the midgut (stage 15-16) (reviewed in 
(87)). The prospective endodermal regions of the early blastoderm (stage 5-6) are specified 
by graded, maternally-derived signaling from the transmembrane receptor tyrosine kinase, 
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Torso (Tor) (Figure 3B). Tor signaling activates the two earliest zygotic gap genes tailless (tll) 
and huckebein (hkb), which are expressed in a nested pattern, with the HKB regions included 
in TLL-positive domains. While the TLL-positive, HKB-negative domains specify ectodermal 
foregut and hindgut, HKB-positive, TLL-positive regions specify endoderm, though TLL itself is 
not necessary for this process. 
In both anterior and posterior terminal regions, HKB activates srp, the earliest Gata gene 
expressed in Drosophila endoderm (95, 98) (Figure 3B). Expression of srp, begins at an early 
blastoderm stage in the prospective endodermal regions, but disappears in the endoderm 
around stage 10-11, long before the terminal differentiation of the gut occurs. Loss of SRP 
activity results in a transformation of prospective endoderm into ectodermal foregut and 
hindgut (98), while overexpression of srp ectopically induces endodermal genes (87). Thus, srp, 
like end-1/end-3 in C. elegans, is necessary for endoderm specification but is not required later 
to maintain terminal gut differentiation. 

Figure 3. Multiple GATA factors act sequentially in endoderm and gut development in protostome 
invertebrates. GATA regulatory pathways in gut development are shown for (A) Caenorhabditis elegans (C. 
elegans) and (B) Drosophila melanogaster (Drosophila). For consistency, the figures were generated from 
the foundation established in Kormish et al (55) and Murakami et al (87), respectively. Endoderm, and its 
progenitors and terminal gut derivatives, are shown in pale yellow. Gata1/2/3 orthologs are indicated in red, 
Gata4/5/6 orthologs in yellow, and non-Gata factors in blue. Interactions are described in detail in the text. 
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Recently, it was shown that SRP induces an endodermal epithelial-to-mesenchymal transition 
(EMT) (22). During formation of the Drosophila endoderm, epithelial cells adopt a mesenchymal 
state and migrate through the embryo and later re-epithelialize to give rise to a large portion 
of the intestinal tract. In srp mutants, endodermal cells retain epithelial shape and polarity, do 
not migrate, and dE-Cadherin (dE-Cad), a junctional protein that mobilizes in EMT, remains 
tightly localized to the apical domain of cells. Thus, SRP confers critical migratory capabilities 
on epithelial cells during intestinal development. 
dGATAc is expressed in the head, posterior spiracles and central nervous system, as well as 
in developing endoderm beginning at stage 12, and continues to be expressed in anterior 
regions of midgut at least to stage 15 (reviewed in (87)). In non-gut tissue, dGATAc affects organ 
shape by locally controlling cell rearrangement and morphogenetic movement, but neither 
deficiency nor overexpression of dGATAc affects midgut morphology or endodermal gene 
expression. Thus, the function of dGATAc in endoderm development remains unknown. 
dGATAe is expressed specifically in both the anterior and posterior endoderms at stage 8, 
inversely correlating with weakening srp expression, and continues to be expressed in the 
larval and adult midgut (91) (Figure 3B). dGATAe is not expressed in srp mutants, and is induced 
when srp is overexpressed, indicating that srp is required for dGATAe expression. Loss of 
dGATAe causes a general down-regulation of genes associated with terminal differentiation 
of the midgut, while dGATAe overexpression induces ectopic expression of these genes (91). 
However, a subset of terminal differentiation genes activated by SRP, but not dGATAe, suggests 
that dGATAe-independent pathways that are downstream of SRP regulate some intestinal 
genes (92). In embryos deficient in srp or dGATAe, a master gene of ectodermal hindgut, 
brachyenteron (byn), is ectopically expressed in innate endodermal regions. Taken together, 
these data indicate that SRP specifies endodermal fate, and together with its target, dGATAe, 
activates the terminal gut differentiation program while suppressing an ectodermal fate. 
In summary, sequential expression of discrete GATA4/5/6 orthologs mediate endoderm 
specification and intestinal development in C. elegans and Drosophila. In both cases, a 
maternally derived process asymmetrically activates the early and transient expression of a 
GATA factor (end-1/end-3 in C. elegans and srp in Drosophila) in prospective endoderm that 
specifies endodermal fate. This GATA factor, in turn, activates a later GATA factor (elt-2/elt-7 in 
C. elegans and dGATAe in Drosophila) that triggers a terminal gut differentiation program. Thus, 
the sequential functions of distinct GATA factors in the gene regulatory pathways of endoderm 
development are well-conserved in the protostomes C. elegans and Drosophila.

Conserved GATA4/5/6 orthologs are necessary for endoderm development in 
vertebrates
Deuterostome vertebrates possess a remarkably conserved molecular program in which the 
Nodal signaling pathway is necessary and sufficient to initiate mesendoderm development 
(reviewed in (102, 106, 127, 128)). In general, high levels of Nodal signaling promote endoderm 
development, whereas lower levels specify mesoderm. Nodal signaling stimulates the 
downstream expression of a conserved group of transcription factors, including Mix-like 
homeodomain proteins, Sry-related high mobility group box (SOX) factors, forkhead box (FOX) 
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factors, and GATA factors. Generally, these factors together function to segregate endoderm 
from mesoderm and to lock down endodermal fate. This section will update the specific 
functions of GATA factors in endoderm specification and intestinal development in Xenopus 
laevis (Xenopus) and Danio rerio (zebrafish), 

Gata4/5/6 regulate endodermal gene expression in Xenopus laevis
The early Xenopus embryo forms two distinct halves, the pigmented animal pole and the 
yolky vegetal pole. Fertilization occurs at the animal pole and triggers a displacement of egg 
cytoplasm, establishing an asymmetric distribution of morphogenetic factors. In the early 
blastula, the yolky vegetal cells along the blastocoel floor are fated to become endoderm. 
In the mid-blastula stage (~4000 cells), the so-called mid-blastula transition (MBT) occurs in 
which cell cycle lengthens and zygotic transcription begins. A blastopore forms by invagination 
of local endodermal cells on the anterior dorsal side of the embryo marking the beginning of 
gastrulation. As gastrulation proceeds, the endoderm and mesoderm become internalized, 
and the leading edge of the dorsal-anterior endoderm migrates to the position of the ventral 
foregut. In the post-gastrula Xenopus embryo, the majority of the endoderm mass is located 
ventrally, and the presumptive organ domains are arranged along the anterior-posterior axis 

Figure 4. Gata4/5/6 regulates endoderm development in Xenopus and zebrafish. Placement of Gata factors 
in the progressive commitment of mesendoderm to endoderm is depicted for (A) Xenopus laevis (Xenopus) 
and (B) Danio rerio (zebrafish). For consistency, the figures were generated from the basis established 
by Shivdasani (102). Gata4/5/6 orthologs are depicted in yellow, and non-Gata factors are shown in blue. 
Interactions are described in detail in the text.
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consistent with their final position in the gut. The mass of endodermal tissue elongates and 
eventually cavitates to form a primitive gut tube. The digestive tract then undergoes extensive 
remodeling from larva to adult in order to adapt from an aquatic herbivorous to a terrestrial 
carnivorous life. 
Nodal signaling in Xenopus is induced in the late blastula stage by the maternally-inherited 
T-box transcription factor VegT that is localized to the vegetal region where it directly activates 
the transcription of Nodal-related genes (Figure 4A). At this stage, gata4, gata5, and gata6 are 
all induced in the yolky vegetal cells of the prospective endoderm (1, 29, 118). Induction of gata 
gene expression is abrogated by VegT loss-of-function (120), indicating that gata expression 
is dependent on Nodal signaling. Knock down of Gata6 activity using morpholinos leads to 
a decrease in endodermal gene expression and defects in gut morphology, while forced 
ectopic expression of gata4, gata5, or gata6 in ectoderm induces endodermal markers such as 
sox17, hepatocyte nuclear factor-1β (hnf1β) and foxa2 (1, 118). These data suggest that Nodal 
signaling acts through Gata4/5/6 to establish and maintain endodermal gene expression. 
Active migration of the leading edge of mesendoderm across the blastocoel roof of the 
Xenopus embryo is necessary for the development of tissues such as head mesoderm, 
heart, blood, and liver. Gata4 and gata6 are both expressed in this migratory tissue during 
gastrulation. Gain-of-function experiments with these Gata factors reveal an induction in cell 
spreading and migration in non-motile cells of presumptive ectoderm, while expression of a 
dominant-negative form of Gata6 severely impairs the ability of the dorsal leading edge of the 
mesendoderm to spread (40). These studies implicate a critical role for Gata factors in cell 
migration similar to that of SRP in EMT during Drosophila development. 
GRN analysis indicate that GataE in sea urchin and Gata factors in Xenopus share common 
downstream targets including other gata factors and hnf1β (65). Although blimp and otx 
homologues have been identified in Xenopus, they have not been indicated as inducers of 
Xenopus endoderm by GRN analysis. However, injection of mouse otx2 mRNA into Xenopus 
embryos induces expression of the endodermal marker endodermin (27), suggesting that Otx 
function in endoderm development may indeed be conserved. 

Gata factors regulate endoderm formation in zebrafish
In zebrafish embryos, the epiblast is the cells that lie atop a large yolk cell prior to gastrulation. 
Ectoderm is derived from the animal portion of the epiblast, whereas endoderm emerges 
from the four rows of cells closest to the yolk; mesoderm precursors are intermingled with 
endoderm progenitors but extend up to eight cells from the yolk margin. During gastrulation, 
prospective endodermal cells involute first, migrate anteriorly under the epiblast, and eventually 
form a monolayer of cells dispersed with mesoderm precursors. During early somite stages 
of development, the endodermal sheet converges on the dorsal midline to form a rod of cells 
from which organ buds eventually emerge and which later cavitates to form a gut tube.
While maternally-inherited VegT directly stimulates transcription of Nodal genes in Xenopus, 
an as yet unidentified maternal signal, likely originating from the maternal extraembryonic 
yolk syncytial layer (YSL), is thought to activate Nodal signaling in zebrafish (reviewed in (102, 
106, 127, 128)) (Figure 4B). In endodermal progenitors during late blastula stages, Nodal 
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activates zebrafish faust (fau), which encodes Gata5 (96, 111). Both loss- and gain-of-function 
experiments reveal that Gata5 regulates the amount of endoderm formed and promotes the 
expression of sox17 and foxa2, markers of specified endoderm (96, 97). Combinatorial mutant 
analysis demonstrates that Gata5 cooperates with Bon, a Mix-like homeobox transcription 
factor, downstream of Nodal signaling and upstream of casanova (a sox17-related gene) to 
regulate endoderm formation (97). Gata5 and Bon may synergize with eomesodermin, a 
localized maternal determinant required for endoderm induction, to induce cas, possibly by 
facilitating the assembly of a transcriptional activation complex on the cas promoter (10). 
The lateral-to-medial migration of endoderm during gastrulation, thought to be analogous 
to the movement of mammalian rostral endoderm as it folds to form the foregut (119), is 
impaired by selective inhibition of gata5 translation in the YSL, the tissue ortholog of the 
mammalian extraembryonic visceral endoderm (115). Since extraembryonic GATA4, and not 
GATA5, is required for ventral folding morphogenesis in mice (59, 79), zebrafish Fau/Gata5 
has been suggested to be a functional ortholog of mammalian GATA4 (115). In contrast to 
fau/gata5 mutants in which endoderm specification is impaired, zebrafish gata4 morphants 
show normal endoderm specification, differentiation, and morphogenetic movement, but 
subsequent organogenesis fails in that the intestine lacks normal epithelial folds, and liver and 
exocrine pancreatic tissue fail to form (52). 
Zebrafish gata6 morphants express early endoderm markers indicating that the endoderm 
is specified, but die prior to gut development. Titration of the gata6 morpholino to allow low-
level expression of Gata6 and embryonic survival reveals a specific defect in liver development 
(52), similar to that in mice (125). Interestingly, loss of microRNA miR-145, which targets 
gata6 in zebrafish gut smooth muscle, results in defects in smooth muscle function as well 
as gut maturation (124), implicating a role of mature smooth muscle in promoting epithelial 
differentiaition, and an importance for non-epithelial Gata factors in gut homeostasis, an area 
not well studied to date. 
Morpholino knockdown, chromatin immunoprecipitation, and GRN analyses revealed that Otx2 
is necessary for endoderm specification in zebrafish, and likely directly activates both gata5 
and gata6 (111). Gata5 and Gata6 then activate each other forming an autoregulatory positive 
feedback system that locks down endoderm specification. Thus, the Otx-Gata regulatory loop 
found in sea urchin (30) is conserved in fish and possibly frogs. 

GATA4 and GATA6 are required for extraembryonic endoderm development in mice 
Amniotes, including reptiles, birds, and mammals, are vertebrates whose embryos are totally 
enclosed in a fluid-filled sac, an evolutionary advantage that enabled breeding away from water. 
During embryogenesis, amniotes develop extra-embryonic structures called extraembryonic 
endoderm that both protect and nourish the developing embryo. Extraembryonic endoderm is 
distinguished from definitive endoderm, the germ layer precursor of the gut and its accessory 
organs, though both share many developmental features and molecular markers. Since most 
of the GATA work has been conducted on mice, this section will focus on the role of GATA 
factors in murine endoderm development. 

2014226 proefschrift Boaz Aronson.indd   26 20-01-15   08:15



27

GATA FACTORS IN THE GUT: REVIEW

Although Nodal signaling is essential for specification of the definitive endoderm in the mouse 
embryo (101), and GATA transcription factors are necessary downstream Nodal effectors of 
endoderm development in Xenopus and zebrafish, it remains uncertain whether GATA factors 
have an analogous role in the development of the definitive endoderm in mice. However, it 
is clear that GATA factors are critical for extraembryonic endoderm specification and mouse 
embryo viability. 
After fertilization and zygotic cleavage of the early mouse embryo, a growing mass of 
undifferentiated cells, the morula, is formed by the second embryonic (E) day (reviewed in 
(100, 109)). Each of the eight cells of the morula, called a blastomere, increases its surface 
contact with its neighbor through a process called compaction, resulting in a polarization 
of cells. By E3.5, a blastocyst of approximately 32 cells is established in which about 12 
internal cells comprise the new inner cell mass (ICM) and the remaining 20 cells comprise 
the surrounding trophoectoderm (TE), the first cell lineage to be specified in the developing 
mouse embryo. After implantation at E4, the blastocyst elongates, and the placenta develops 
around the egg cylinder and begins to provide maternal blood to the embryo. At this stage, the 
primitive endoderm (PrE) lining the blastocoel cavity is specified from the ICM. The TE and PrE 
contribute mainly to extraembryonic tissues that form the placenta and yolk sac, respectively, 
whereas the pluripotent cells of the ICM, called the epiblast (Epi) give rise to all the cell lineages 
of the future embryo, including the definitive endoderm.
Prior to gastrulation, PrE differentiates into visceral endoderm (VE), which forms from cells 
that remain in contact with the Epi; and parietal endoderm (PE), which forms from cells that 
migrate over the inner surface of the TE. VE cells have microvilli and synthesize proteins 
involved in nutrient transport, and also function in patterning the early embryo by participating 
in primitive streak formation, and embryonic mesoderm induction by antagonizing Nodal 
signaling. Distinct from the VE, the PE cells produce a large amount of extracellular matrix 
that is deposited along the inner surface of the TE to form Reichert’s membrane, a thick 
basement membrane-like structure that separates the yolk cavity from the maternal tissues. 
Extraembryonic endoderm thus provides critical patterning cues and essential maternal-fetal 
connections required to both sustain and protect the embryo after implantation. Disruption of 
extraembryonic endoderm development results in arrest at gastrulation (34), demonstrating 
the importance of extraembryonic endoderm for fetal development.
The definitive endoderm, from which the gut and its accessory organs are formed, arises from 
the Epi at gastrulation (beginning at E6.5). Cells in the Epi undergo EMT, migrate through the 
primitive streak, and differentiate into mesoderm and endoderm. The presumptive definitive 
endoderm cells invade and displace cells in the VE, though lineage tracing experiments suggest 
that the definitive endoderm is at least partly comprised of VE cells (60). Morphogenesis 
begins at E7.5 when the epithelial sheet folds over at the anterior and posterior ends forming 
foregut and hindgut pockets, termed the anterior intestinal portal (AIP) and caudal intestinal 
portal (CIP). The folding continues caudally and rostrally until the folds meet completing 
tubulogenesis. During somite stages, the mass of endodermal tissue elongates and cavitates 
to form a primitive gut tube (E8.5). At E9.5, endodermal organ buds form, and from E9.5-E13.5, 
the gut tube lengthens and the circumference increases. From E14.5-E17.5, the stratified 
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epithelium transitions to a columnar epithelium, cytodifferentiation occurs, and villi form. 
Crypts develop during the first two weeks after birth, contrasting with humans in whom crypts 
develop before birth (81). The small intestine undergoes ‘re’-differentiation during the weaning 
transition in which expression of enzymes and transporters shift to accommodate the change 
from a milk-based diet to one of solid foods.
In contrast to Xenopus and zebrafish in which GATA5 is essential for both endoderm and gut 
development (96, 97, 118), GATA5 is not expressed in mouse embryonic stem (ES) cells (24), 
or primitive or definitive endoderm (83). Gata5 null mice are sterile and show abnormalities in 
the female urogenital systems, but defects in endoderm or gut development have not been 
reported (80). However, Gata5 is up-regulated in Gata4-/- or Gata6-/- ES cells (24), suggesting 
that GATA5 is redundant with GATA4 and GATA6 during early development. Resolution of the 
function of GATA5 in endoderm development must await combination knockout studies.
Gata6 null mice die at E5.5-E6.5 due to defects in PrE formation and subsequent extraembryonic 
endoderm development (56, 86). Gata6 null ES cells fail to develop extraembryonic endoderm 
in vivo and in vitro, and the expression of both early and late markers of VE is significantly 
down-regulated or abolished (56, 86), while forced over-expression of Gata6 in ES cells 
promotes differentiation toward extraembryonic endoderm (41). These data demonstrate 
that GATA6 plays a critical role in differentiation of the PrE and survival of the embryo past the 
early primitive streak stage. 
A model is emerging for the role of GATA6 in PrE specification (reviewed in (100, 109)) (Figure 
5). At the eight-cell stage (E2.0), all blastomeres retain the potential to form all cell lineages, 
but following compaction, segregated expression of Pou domain, class 5, transcription factor 1 
(Pou5f1, formerly known as Oct4) and caudal type homeobox 2 (Cdx2) accompany specification 
of the ICM and TE, respectively. At E3.5, the cells of the ICM in the pre-implantation blastocyst, 
although morphologically indistinct, are already heterogeneous. At this stage, Nanog, which 
encodes a homeodomain protein necessary to maintain pluripotency in ES cells in vitro (77), 
and Gata6, are expressed in the ICM in a random, mutually exclusive ‘salt & pepper’ pattern (26) 
(Figure 5A). Lineage tracing experiments showed that Nanog-positive cells specify Epi, while 
Gata6-positive cells become PrE. By E4.5, overt segregation of PrE and Epi has occurred in the 
ICM in which Gata6-positive PrE cells localize to the surface of the ICM facing the blastocoel 
cavity, while the Nanog-positive cells of the Epi are confined inside the ICM (Figure 5A). 
The segregation of Epi and PrE lineages in the ICM is regulated by fibroblast growth factor 
(FGF) signaling (61). FGF4, FGF receptor 2 (FGFR2), and SH2/SH3 adaptor (GRB2), which 
together activate the Mapk signaling pathway, are all necessary for PrE formation (Figure 5B). 
In embryos lacking Grb2, Gata6 expression is lost, all ICM cells become Nanog-positive, and 
no PrE is formed (26), indicating that all ICM cells have adopted the Epi fate at the expense 
of PrE. ES cells overexpressing a dominant-negative FGF receptor cannot differentiate into 
PrE, but this phenotype can be rescued by overexpression of GATA factors (64), suggesting 
that activation of Gata factor expression is the key PrE-promoting event downstream of 
FGF signaling. The precise mechanism that underlies Gata6/Nanog segregation is unknown, 
though an inverse correlation in expression of Fgf4 and Fgfr2 in the early ICM (48) suggests 
a mechanism in which Fgf4 expression from presumably Epi-fated cells generates a lateral 
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inhibitory signal to Fgfr2-expressing, PrE-fated cells (Figure 5B), resulting in mutually exclusive 
specification of Epi and PrE. 
The sorting mechanism responsible for the relocation of randomly positioned PrE progenitors 
to the surface of the ICM facing the blastocoel remains unknown. While overexpression of 
Gata6 in deeper ICM cells did not significantly change their position, a combination of Gata6 
and Wnt9A, which encodes a Wnt ligand known to be expressed in the surface ICM, facilitates 
re-positioning of Gata6-expressing cells (76). One of the GATA6-induced genes is disabled 
homolog-2 (Dab2), which encodes a phosphoprotein involved in endocytosis. Dab2 is detectable 
in PrE of the implanting blastocyst at E4.5, and is down-regulated in Gata6 mutants (85).  

Figure 5. GATA6 specifies primitive endoderm in the early mouse blastocyst. (A) Distribution of primitive 
endoderm (PrE) and epiblast (Epi) progenitors in early and late mouse blastocyst. Both PrE (yellow) and Epi 
(light blue) progenitors are randomly distributed in the inner cell mass (ICM) at E3.5. Trophoectoderm (TE, 
pink) cells make up the peripheral cell layer. By E4.5, PrE cells are localized to the surface of the blastocoel 
cavity, whereas the Epi cells are restricted to the inner region of the ICM. (B) Model for FGF signaling in PrE 
formation. Fgf4 expression is upregulated in Epi progenitor cells, whereas Fgfr2 expression is increased 
in PrE progenitors. FGF4 secreted by Epi progenitors is thought to interact with FGFR2 which, in turn, 
activates GRB2 and Mapk in PrE progenitors, resulting in induction of Gata6 expression, and simultaneous 
repression of Nanog expression, promoting PrE fate while inhibiting Epi fate. For consistency, the figures 
were generated from the foundation previous published by Takaoka et al (109). 
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Homozygous Dab2-deficient mutants are embryonic lethal by E6.5 due to defective relocation 
of the PrE progenitors (121). Thus, DAB2 is an essential downstream effector of GATA6 that 
may function in PrE progenitor positioning in the blastocyst. The relationship of DAB2 to 
WNT9A-faciliated sorting remains to be determined.
Although targeted deletion of Gata4 is embryonic lethal at E9.5 (see below), long after the PrE 
has been specified, GATA4 may still function in PrE development. Cultured Gata4-null mouse 
ES cells show a defective formation of PrE (88, 105), while forced over-expression of Gata4 
in ES cells is sufficient to induce the proper differentiation program towards extraembryonic 
endoderm (41). Gata6-/- ES cells reveal a decrease in Gata4 expression (56, 86), while Gata4-
deficient embryos show an increase in Gata6 expression (59, 79). These data suggest a linear 
pathway in which GATA4 is downstream of GATA6 in PrE differentiation. 
Although GATA6 and possibly GATA4 function in PrE specification, and thus VE and PE formation, 
little is known about the specific roles of GATA4 or GATA6 in the further differentiation or 
maintenance of VE or PE. Using embroid bodies derived from mouse embryonic stem (ES) 
cells in which both copies of the Gata4 gene were disrupted, Soudais et al (105) found that 
in contrast to Gata4-sufficient embroid bodies which were covered by a layer of VE, Gata4-
deficient embroid bodies formed no VE. Gata4-null ES cells also showed defects in VE 
development, but can be induced to undergo epithelial differentiation by retinoic acid (23). 
Since Gata4-deficient ES cells have the capacity to differentiate along other lineages, it was 
concluded that Gata4 was specifically required for VE formation (105).
PE produces large amounts of basement membrane components, such as laminin-1 and 
collagen IV. Mouse F9 embryonal carcinoma cells can be induced to differentiate into PE-like 
cells, including expression of basement membrane components, by treating with retinoic acid 
and dibutyryl cyclic AMP. Silencing of Sox7 or combined silencing of Gata4 and Gata6 results 
in suppression of PE differentiation. Although overexpression of Sox7 alone was insufficient to 
induce PE differentiation, overexpression of Gata4 or Gata6 in Sox7-silenced F9 cells restored 
the differentiation into PE (44). These data suggest that Sox7 is required for the induction of 
Gata4 and Gata6, and the interplay among these transcription factors plays a crucial role in PE 
differentiation. 
Gata4 null mice die between E7.5 and E9.5 with a migration and folding defect in ventral 
morphogenesis that results in a failure to form a primitive heart tube and foregut (59, 79). 
At E8.0, Gata4 is expressed in cardiogenic splanchnic mesoderm and in both definitive and 
extraembryonic endoderm. To define the cause of the Gata4 null defect, chimeric mice were 
produced in which Gata4+/+ cells were restricted to extraembryonic endoderm and small 
portions of foregut and hindgut definitive endoderm (88), but deleted in all other cells of 
the developing embryo. Heart and foregut developed normally, indicating that expression 
of GATA4 in extraembryonic or definitive endoderm rather than mesoderm is required for 
ventral morphogenesis. Using tetraploid embryo complementation, in which tetraploid 
embryos contribute cells to the extraembryonic endoderm while the fetus, including definitive 
endoderm, is derived solely from ES cells, Gata4 null embryos with wild-type extraembryonic 
endoderm were produced (116). Despite an absence of GATA4 in all other cells of the 
developing embryo including definitive endoderm, ventral folding morphogenesis and heart 
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tube formation occurred normally, indicating that the GATA4 in extraembryonic endoderm 
rather than mesoderm or definitive endoderm is required for ventral morphogenesis and 
heart development. Thus, although GATA4 may have overlapping functions with GATA6 in PrE 
formation at ~E6, it is specifically required later in extraembryonic endoderm for definitive 
endoderm migration and ventral folding morphogenesis at ~E8. 
Tetraploid embryo complementation was also used to determine the importance of GATA 
factors in extraembryonic endoderm for later endoderm organ development, Gata4 null 
embryos with wild-type extraembryonic endoderm form the dorsal pancreas normally, 
but show defects in ventral pancreatic development (117). Gata6 null embryos with wild-
type extraembryonic endoderm specify hepatic cells normally, but the specified cells fail 
to differentiate and the liver bud does not expand (125). In vivo footprinting showed that 
a DNA-binding site for GATA factors is occupied on a liver-specific, transcriptional enhancer 
of the serum albumin gene long before albumin or other liver-specific genes are expressed, 
suggesting that GATA factors at target sites in chromatin may potentiate gene expression and 
tissue specification in endoderm development (12). GATA4 was one of a select few factors 
capable of binding to sites in compacted chromatin (28), suggesting that GATA factors may act 
as pioneering factors in liver development. 
Conditional deletion of Gata factors in the intestinal epithelium has been established using 
villin-Cre transgenes in which Cre is expressed in the epithelial cells of the small and large 
intestine, including stem cells (37). Using a tamoxifen-inducible model in which Gata4 was 
deleted prior to cytodifferentiation and villus formation, and during the suckling period, only 
modest alterations in gene expression, but no overt changes in intestinal development, were 
noted (13). 
In summary, Nodal signaling is essential for endoderm and gut development in vertebrates. In 
Xenopus and zebrafish, Nodal signaling stimulates the downstream expression of members of 
the Gata4/5/6 subfamily (96, 111, 120), which, in turn, contribute to endoderm development 
(1, 96, 97, 111, 118). In mice, GATA5 is not necessary for mouse endoderm development (80), 
while GATA6 is essential for PrE development in the blastocyst (56, 86), possibly for mediating 
migration of committed PrE cells from the ICM to the blastocoel surface (reviewed in (100, 109)). 
GATA4 likely also functions in PrE development prior to gastrulation, perhaps downstream 
of GATA6 (56, 59, 79, 86, 100, 109), but its expression in extraembryonic endoderm is 
essential for ventral folding morphogenesis and primitive heart and gut tube formation after 
gastrulation (59, 79, 88). The precise role of GATA factors in definitive endoderm remains to 
be determined. Further investigation using combination Gata deletion and/or alternative Cre 
drivers is necessary to define the specific and overlapping functions of GATA factors in early 
intestinal development, and their function in definitive endoderm. 

GATA4 and GATA6 show specific and redundant functions in the mature mouse small 
intestine 
The mature mammalian small intestine is lined by a highly specialized epithelium that exhibits 
a wide-ranging, yet tightly regulated functional diversity along its cephalo-caudal axis (Figure 
6A) resulting in an exquisite efficiency in the absorption of dietary nutrients. The functional 
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diversity is linked to a continuous renewal process in which stem cells located at or near the 
base of the Crypts of Lieberkühn produce proliferating transit amplifying (TA) progenitor cells 
that ultimately differentiate into five principal post-mitotic cell types comprised of one type of 
absorptive cell (absorptive enterocytes) and four types of secretory cells (enteroendocrine, 

Figure 6. Regional function and lineage differentiation of the mouse small intestinal epithelium is tightly 
controlled by multiple regulatory proteins. (A) Specific functions of the small intestine are regionally 
segregated. The main function of the jejunum (blue) is the general absorption of fat, protein and 
carbohydrate. Although these functions are conducted throughout the small intestine, the duodenum 
(green) is specifically tasked with iron absorption while the ileum (purple) is responsible for bile acid and 
vitamin B12 absorption. (B) The crypt-villus structure enables the small intestinal epithelium to regenerate 
itself with a precise distribution of highly diverse cell lineages. Stem cells in crypts, including rapidly cycling 
crypt base columnar cell (CBC) and quiescent cells located at the +4 position, produce proliferating transit 
amplifying (TA) cells that differentiate as they migrate out of the crypt and onto villi, or, in the case of Paneth 
cells, as they migrate to the base of crypts. (C) Stem/progenitor cells in crypts undergo a series of decisions 
as they terminally differentiate. Regulatory proteins are shown next to cells in which they are expressed 
and/or have a role in their differentiation process. The function of these regulatory proteins is described 
in detail in the text. 
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goblet, Paneth, and tuft cells) (reviewed in (90)) (Figure 6B). Absorptive enterocytes, goblet 
cells, enteroendocrine cells, and tuft cells migrate up the crypt to populate the villi, finger-
like structures that protrude into the lumen to increase absorptive surface area, whereas 
Paneth cells migrate to the base of crypts. The differentiated cells are eventually removed by 
apoptosis and/or extrusion. Cells of the villus epithelium turn over in 3-4 days, whereas Paneth 
cells at the base of crypts turn over at a slower rate of 3-6 weeks. 
Current models of intestinal epithelial differentiation support the existence of two populations 
of stem cells, rapidly dividing crypt base columnar cells (CBC) marked by LGR5, and slow 
cycling, quiescent cells that reside at the so-called +4 position (reviewed in (90, 122). The stem 
cells produce proliferating TA cells that undergo a series of transitions ultimately giving rise to 
the differentiated cell lineages of the small intestinal epithelium (Figure 6C). The Wnt and bone 
morphogenetic protein (BMP) signaling pathways are implicated in crypt morphogenesis and 
proliferation, whereas the Notch signaling pathway plays a critical role in determining epithelial 
cell fate by regulating the balance of absorptive versus secretory cells (reviewed in (90, 122)). 
Activated Notch signaling results in the transcriptional activation of its principal target, hairy 
and enhancer of split 1 (Hes1), which encodes a transcription factor that selects the absorptive 
enterocyte lineage. Progenitor cells that escape Notch signaling and activation of Hes1 
gene transcription express atonal homolog 1 (Atoh1, formerly called Math1), which encodes 
a transcription factor that selects the secretory cells. Additional regulators that function in 
secretory cell differentiation include: growth factor independent 1 (Gfi1) that distinguishes 
enteroendocrine from goblet/Paneth progenitors; neurogenin 3 (Neurog3) that specifies the 
enteroendocrine lineage; sam pointed domain-containing Ets transcription factor (Spdef), a 
GFI1 target, that promotes goblet differentiation; and the Wnt targets SRY-box containing gene 
9 (Sox9) and ephrin type B receptor 3 (Ephb3) that are necessary for the differentiation of 
Paneth cells and their localization to the crypt base, respectively. The role of GATA factors 
in the topographic patterning and regulation of intestinal proliferation, lineage commitment, 
differentiation, and gene expression in the mature mouse small intestine is the focus of this 
section of the review.

GATA4/5/6 are expressed in distinct and overlapping patterns in the mature mouse 
small intestine
Gata4, Gata5, and Gata6 mRNAs are all expressed in mature mouse small intestine (2, 62, 82, 
83). Along the proximal-distal gradient, Gata4 mRNA is generally constant but declines sharply 
in the distal ileum while Gata5 mRNA shows a generally increasing proximal-distal pattern, 
and Gata6 mRNA is generally constant throughout the small intestine (7, 14, 35, 112). The 
distal decline in Gata4 expression was confirmed for GATA4 protein in both mice (14, 112) 
and humans (14, 49). Using a tracing approach in which Cre excision resulted in expression of 
alkaline phosphatase under the control of the endogenous Gata4 promoter, it was determined 
that Gata4 is expressed in the proximal 85% of small intestine, and is sharply down-regulated 
in the distal 15% (9), coincident with the distal ileum. 
Immunohistochemical analysis of GATA protein expression in crypt and villus compartments, 
and in specific lineages, are highly variable, probably owing to differences in the specific 
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antibodies used. GATA4 is expressed in the nuclei of epithelial cells in crypts and on villi (14, 
16, 32, 49, 112), and co-staining with proliferation or lineage markers indicate that GATA4 is 
expressed in proliferating cells in crypts, and in absorptive enterocytes on villi, but not in goblet 
or enteroendocrine cells; it remains unclear whether GATA4 is expressed in differentiated 
Paneth cells (14, 36, 49); expression of GATA4 in intestinal stem cells or tuft cells has not been 
reported. GATA5 has been suggested to be specific for secretory cells (36), and also reported 
to be transiently expressed in the nuclei of absorptive enterocytes before weaning in mice (~2 
wk of age) (33), but further work is necessary to confirm these patterns of expression. GATA6 
is expressed in the nuclei of cells in both crypt and villus epithelium in both mice (7, 14, 32, 
103) and humans (49). GATA6 is expressed in proliferating crypt cells and in all differentiated 
lineages tested in mice (7). GATA6 is expressed in all but enteroendocrine cells in humans (49), 
suggesting a possible species difference in intestinal GATA6 expression. It should be noted 
that the field is hampered by antibodies for GATA5 and GATA6 that cross-react with other 
proteins, and that unlike GATA4, immunostaining for GATA5 or GATA6 has not been verified 
using conditional knockout mice as controls. 

GATA factors bind and activate intestinal genes
The realization that GATA factors were expressed in the mature small intestine led to a search 
for putative GATA target genes. Using electrophoretic mobility shift assays (EMSAs) and 
transient co-transfection assays in cultured cell lines, multiple groups showed that GATA4, 
GATA5 and/or GATA6 bind and activate the promoters of multiple intestine-specific genes (16, 
31, 32, 38, 39, 45, 54, 58). Mutations in these GATA motifs generally abrogated both binding 
and transactivation. Dusing et al (35) showed that a transgene constructed from the intestine-
specific enhancer in the adenosine deaminase (Ada) gene that contains consensus GATA 
binding sites had high expression levels in murine duodenum, but a homologous transgene 
with selective mutations in all three enhancer GATA binding sites had markedly reduced 
duodenal expression and alterations in the proximal-to-distal and cell-specific expression 
patterns, demonstrating the importance of GATA motifs for transcriptional activation in vivo. 

GATA4 mediates regional identities in absorptive enterocyte gene expression and 
function
GATA4 activates a subset of absorptive enterocyte genes in the proximal small intestine
Gata4 is expressed in the proximal 85% of small intestine, but is not expressed in the distal 
ileum (9), coinciding with transitions in the expression of subsets of absorptive enterocyte genes 
(Figure 7), and suggesting a role in defining the topographic patterning of gene expression in 
the small intestine. GATA4 was the preferred GATA factor in nuclear extracts from murine 
jejunum that bound the GATA motifs in the regulatory regions of sucrase-isomaltase (Si) (16) 
and lactase (Lct) (112), two absorptive enterocyte genes. In isolated Gata4-/- cells in the small 
intestines of chimeric mice, fatty acid binding protein 1 (Fabp1) was down-regulated (31). 
Conditional inactivation (14) or deletion (4) of Gata4 using villinCre transgenes did not reveal 
major changes in structure, proliferation, or lineage specification in the small intestine, but 
showed a general down-regulation in jejunum of a specific subset of absorptive enterocyte 

2014226 proefschrift Boaz Aronson.indd   34 20-01-15   08:15



35

GATA FACTORS IN THE GUT: REVIEW

genes, including Lct and Fabp1. Interestingly, Si and fatty acid binding protein 2 (Fabp2) gene 
expression was unaffected by conditional Gata4 deletion. Closer scrutiny revealed that while 
Lct and Fabp1 are not expressed in distal ileum, Si and Fabp2 are expressed in this region of 
small intestine (57, 108), and are thus discordant with Gata4 expression (Figure 7), suggesting 
that Si and Fabp2 are not GATA4 targets. Comparison of the global gene expression profiles of 
control jejunum, control ileum, and Gata4 null jejunum revealed that Gata4 null jejunum lost 
expression of 53% of the ‘jejunal-specific’ genes (i.e., genes normally expressed in jejunum, but 
not distal ileum) (4). Gata5 and Gata6 were expressed normally when Gata4 was deleted (4, 14, 
32), indicating that neither GATA5 nor GATA6 is able to compensate for GATA4 loss. 
Multiple studies support a mechanism in which GATA4 cooperates with HNF1α to activate 
specific absorptive enterocyte genes. In transient co-transfection experiments, GATA4 acts 
synergistically with HNF1α to transactivate the Lct and Fabp1 intestinal gene promoters (31, 
32, 58, 112, 113). GATA4 physically associates with HNF1α, and this association is necessary 
for synergistic Lct or Fabp1 transactivation. Physical association was mapped to the C-terminal 
zinc finger in GATA4, and the homeodomain in HNF1α (112, 113), indicating that the protein-
protein interaction domains are co-localized with domains responsible for site-specific DNA 
binding. Parallel mechanisms in other tissues as well as in Drosophila suggest that zinc finger/
homeodomain interactions are an efficient mechanism for cooperative activation of gene 
transcription that has been conserved throughout evolution (113). Lct and Fabp1, but not 
Si or Fabp2, were down-regulated in Hnf1α-/- mice (15), indicating that GATA4 and HNF1α 
have common activation targets in the small intestine, further supporting a mechanism of 
cooperativity. 

GATA4 represses the expression of a subset of absorptive enterocyte genes limiting their expression 
to the distal ileum
Conditional deletion of Gata4 also revealed an up-regulation in jejunum of absorptive 
enterocyte genes whose expression is normally restricted to the distal ileum (4, 9, 14), including 

Figure 7. Gata4 expression coincides with transitions in absorptive enterocyte gene expression in the 
distal ileum. The proximal-distal expression patterns of three distinct gene sets are shown: ‘intestinal’ gene 
set expressed throughout the small intestine (black), exemplified by sucrase isomaltase (Si) and fatty acid 
binding protein 2 (Fabp2); ‘jejunal’ gene set (blue), exemplified by lactase (Lct) and fatty acid binding protein 
1 (Fabp1); ‘ileal’ gene set (purple), exemplified by solute carrier family 10, member 2 (Slc10a2) and fatty acid 
binding protein 6 (Fabp6). 
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solute carrier family 10 member A2 (Slc10a2, which encodes the apical sodium dependent bile 
acid transporter (Asbt)) and fatty acid binding protein 6 (Fabp6, which encodes the ileal lipid 
binding protein (Ilbp)). ASBT was induced on villi within 24 hr of induction of Gata4 deletion, 
indicating that GATA4 represses Slc10a2 gene expression within differentiated absorptive 
enterocytes rather than by a process that originates in progenitor cells in crypts (8). Zinc-finger 
protein, multitype 1 (Zfpm1, also known as friend of GATA type 1 (Fog1)) is co-expressed with 
Gata4 in absorptive enterocytes, and, like Gata4, shows a declining proximal-distal pattern of 
expression (8). Conditional expression of a knockin Gata4 mutant that is unable to bind FOG 
cofactors, but otherwise functions normally, leads to a significant up-regulation of Slc10a2 
expression (8), suggesting that FOG1 may participate in the repressive effect of GATA4 on 
certain target genes. Comparison of the global gene expression profiles of control jejunum, 
control ileum, and Gata4 null jejunum revealed that Gata4 null jejunum gained expression of 
47% of the ileal-specific genes (genes normally expressed in distal ileum, but not jejunum) (4). 
Together, these data indicate that GATA4 activates a discrete subset of genes that is normally 
not expressed in distal ileum (‘jejunal’ gene set), likely in cooperation with HNF1α, and 
represses a specific subset of genes in the proximal intestine that are normally expressed 
in distal ileum (‘ileal’ gene set), possibly in cooperation with FOG1. Although it remains to be 
determined how GATA4 regulates its target genes, whether by directly binding their promoters 
and/or enhancers, or by other indirect mechanisms, GATA4 nonetheless is responsible for 
maintaining the regional identity in absorptive enterocyte gene expression between the 
proximal intestine and the distal ileum. 

Gata4 maintains regional function in the mature small intestine
Conditional Gata4 deletion also results in alterations in intestinal physiology. Using a 
conditional, non-inducible knockout approach in which Gata4 is inactivated early in intestinal 
development (~E12.5), Battle et al (4) showed that the intestinal deletion of Gata4 resulted in 
smaller mice that weighed consistently less than their gender-matched littermate controls. 
Lipid metabolism was identified as the molecular/cellular function most affected by loss 
of GATA4 in the intestinal epithelium. Plasma levels of glucose were not different, but the 
levels of both cholesterol and phospholipids were significantly reduced in the mice lacking 
GATA4 in their intestine. These mice also showed a 21% reduction in fat absorption, and a 
93% reduction in cholesterol absorption. Global profiling analysis of jejunum showed a down-
regulation of genes associated with lipid transport, and an up-regulation of genes critical for 
bile acid uptake, including fibroblast growth factor 15 (Fgf15), a key bile acid signaling molecule. 
Hepatic Cyp7a1 expression was down-regulated in liver, supporting changes in bile acid uptake. 
Thus, decreases in lipid and cholesterol absorption could be due to a loss of jejunal-specific 
proteins necessary for absorption, and/or to an ectopic absorption of bile acids making them 
unavailable for efficient solublization of luminal lipid components. 
Using a conditional, inducible model, we showed that proximal bile acid absorption was 
indeed induced by intestinal Gata4 deletion (9). Although total bile acid excretion remained 
unchanged, taurocholate transport from the mucosal to the serosal fluid in everted gut 
sacs was increased in proximal segments, and bile acid concentration in luminal contents 

2014226 proefschrift Boaz Aronson.indd   36 20-01-15   08:15



37

GATA FACTORS IN THE GUT: REVIEW

was depleted in distal segments when intestinal Gata4 was deleted, confirming a proximal 
induction of bile acid absorption. Bile acid pool size was not different, but, owing to a relative 
increase in absorption of specific bile acids along the length of the small intestine, the make-
up of the pool was shifted to a more hydrophobic composition. These data were the first to 
show that bile acid absorption can be induced in absorptive enterocytes that normally do 
not exhibit this characteristic, and that the restriction of Slc10a2 expression and active bile 
acid absorption to the distal small intestine by GATA4 plays a key role in determining the 
composition, but not the size, of the bile acid pool. 
We also tested the hypothesis that an induction of Slc10a2 gene expression and bile acid 
absorption in proximal small intestine by conditionally mutating or deleting Gata4 is sufficient 
to correct bile acid malabsorption resulting from ileocecal resection (ICR) (9). We utilized two 
Gata4 mutant models each producing either a moderate (22% of ileal levels) or high (69% of 
ileal levels) proximal induction in Slc10a2 mRNA expression. ICR in wild-type mice resulted 
in an anticipated increase in bile acid excretion, reduction in the bile acid pool size, and 
compensatory increase in transcription of hepatic bile acid biosynthetic enzymes as compared 
to sham-operated controls, reflecting bile acid malabsorption. ICR in the Gata4 mutant mice 
showed an induction in bile acid absorption in the proximal small intestine that was sufficient 
to reduce bile acid excretion, maintain the bile acid pool size, and reduce the compensatory 
up-regulation of hepatic bile acid biosynthetic enzymes. Lipid absorption was not examined 
in this study. This is the first example of a non-transplant intervention capable of restoring 
intestinal bile acid absorptive function following ileectomy, and establishes the concept that 
reducing GATA4 activity may be clinically useful for restoring lost ileal function due to disease 
or resection. 

SUMMARY AND PERSPECTIVES

In this review, we show that GATA factors are essential for the earliest designation of 
presumptive endoderm, and the establishment and maintenance of homeostasis in the 
mature small intestine. Invertebrates demonstrate sequential expression of divergent GATA 
factors in which early orthologs essential for endoderm development are extinguished, giving 
way to other orthologs critical for later intestinal development. Vertebrates, on the other hand, 
show a continuum of expression of the same members of the Gata4/5/6 subfamily throughout 
development, suggesting an evolutionary advance in the ability of the same GATA factor to 
regulate different functions dependent on the developmental time-frame. GATA6 is essential 
for the earliest designation of PrE, possibly by regulating the migration of PrE-committed cells 
to the blastocoel surface in the early blastocyst. GATA4 may also participate in PrE development 
along with GATA6, but is essential for ventral folding morphogenesis after gastrulation. In 
both vertebrates and invertebrates, cell migration of presumptive or established endoderm is 
emerging as a key function of GATA factors in embryogenesis. The role of GATA factors in the 
differentiation of PrE into VE and PE (23, 44, 105), and in the regulation of cytodifferentiation 
and villus formation (13) have received some attention, but additional work using combination 
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knockouts with different Cre drivers is necessary to establish the individual and overlapping 
functions at these stages of development. Using a conditional knockout approach in adult 
mice, GATA4 has been shown to demarcate the differences in absorptive enterocyte gene 
expression between proximal intestine versus distal ileum in the adult mouse small intestine 
(4, 9, 14).
While the general function of GATA factors at various stages of development can be gleaned 
from the downstream effect of Gata deletion, we do not yet know the first line direct targets 
of individual GATA factors that put these downstream outcomes in play, or how GATA factors 
endow embryonic germ layers to gain competence to differentiate into distinct cell types, 
or how they modulate chromatin in vivo to control transcriptional activation or repression. 
Almost 15 yrs ago, Zaret utilized in vivo footprinting to show that GATA factors occupy GATA 
motifs in chromatin in genes silent in endoderm, providing these genes with the potential to 
be activated later in development, a phenomenon called genetic potentiation (reviewed in 
(123)). Using chromatin pull-down assays and global epigenetics approaches in vivo, we now 
have the ability to determine the occupancy sites of GATA factors throughout the DNA in vivo, 
and map these sites to genes that change in gene knockout studies, providing a reasonable 
accounting of first line direct targets of specific GATA factors at various stages of development. 
We can also characterize histone modifications at GATA occupancy sites, and the effect of 
GATA deletion on these modifications, establishing a fundamental basis of how GATA factors 
modulate chromatin to effect transcriptional potentiation, activation, or repression. Finally, 
characterization of DNA motifs and occupancy of other transcriptional regulators at GATA-
occupancy sites, as well as identification of partner proteins that physically interact with GATA 
factors using immunoprecipitation/proteomics techniques will allow us to define distinct 
pathways of GATA regulation. Application of these techniques at different developmental 
time frames will establish the fundamental underpinnings of GATA regulation throughout the 
continuum of intestinal development. 
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ABSTRACT

Controlled renewal of the epithelium with precise cell distribution and gene expression 
patterns is essential for colonic function. GATA6 is expressed in colonic epithelium, 
but its function in colon is currently unknown. To define GATA6 function in the colon, 
we conditionally deleted Gata6 throughout the epithelium of small and large intestine 
of adult mice. In colon, Gata6 deletion resulted in shorter, wider crypts, a decrease 
in proliferation, and a delayed crypt-to-surface epithelium migration rate. Staining 
techniques and electron microscopy indicated a deficient maturation of goblet cells, 
and co-immunofluorescence demonstrated alternations in specific hormones produced 
by the endocrine L-cells and serotonin-producing cells. Specific colonocyte genes were 
significantly down-regulated. In the colonic adenocarcinoma cell line, LS174T, Gata6 
knockdown resulted in a significant down-regulation of a similar subset of goblet cell 
and colonocyte genes, and GATA6 was found to occupy active loci in enhancers and 
promoters of some of these genes, suggesting that they are direct targets of GATA6. 
These data demonstrate that GATA6 is necessary for proliferation, migration, lineage 
maturation, and gene expression in the mature colonic epithelium. 

 

INTRODUCTION

The mammalian colon is lined by a highly differentiated epithelium comprised of specialized 
absorptive and secretory cells with cell distribution and gene expression patterns evolved 
to facilitate the absorption of large quantities of water. The colonic epithelium is maintained 
through a process of continuous cellular renewal in which stem cells, located at the base of the 
crypts (4) produce 14-21 transient amplifying cells per hour (19) that give rise to all differentiated 
cell types. The three main differentiated cells, colonocytes, goblet cells and enteroendocrine 
cells, differentiate while migrating up to the surface epithelium, with a turnover time of four 
to six days. Colonocytes have both absorptive and secretory functions, absorbing sodium, 
water and short-chain fatty acids while secreting potassium and bicarbonate. Goblet cells 
produce mucins that help protect the mucosa from injury, and enteroendocrine cells secrete 
hormones that regulate gastrointestinal function. Controlled renewal of the epithelium with 
precise cell distribution and gene expression patterns is essential for colonic function, and is 
controlled by molecular mechanisms that are only beginning to be elucidated. 
GATA factors are evolutionarily conserved zinc finger transcription factors that play key 
roles in proliferation, differentiation and gene regulation in multiple organs (24). GATA6 is 
co-expressed with GATA4 in the proximal small intestine, and is expressed independently of 
GATA4 in the ileum (7, 9) and colon (11, 12, 14, 18, 33). In the ileum, GATA6 promotes crypt cell 
proliferation, Paneth cell differentiation, and enteroendocrine cell commitment, and regulates 
the expression of specific absorptive enterocyte genes (7). In the proximal small intestine, 
GATA4 and GATA6 are both capable of mediating these functions (7). In cell culture models, 
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GATA6 activates the promoters of genes expressed in colon (1, 10, 29). Gata6 expression 
is up-regulated in colon cancer epithelial cells (5, 14, 29), as well as in non-malignant cells 
along the stromal margins in humans (14), suggesting a role in proliferation. Collectively, these 
studies delineate complex functions for GATA6 in the colon. Using genetic loss-of-function 
experiments, we provide the first in vivo evidence that GATA6 is necessary for colonic epithelial 
differentiation and regeneration. We find that GATA6 is expressed in proliferating crypt cells, 
differentiated goblet cells, enteroendocrine cells and surface colonocytes. We demonstrate 
that GATA6 is required for crypt cell proliferation and migration, secretory cell differentiation, 
and the expression of specific goblet cell and colonocyte genes. 
 

MATERIALS AND METHODS

Mice
Previously established and confirmed Gata6loxP/loxP, VillinCreERT2-positive (G6del) mice were 
used in this study to produce conditional, inducible deletion of Gata6 in the colonic epithelium 
(7). Gata6loxP/loxP, VillinCreERT2-negative mice served as controls (Ctl). DNA was obtained from 
tail biopsies and genotypes were determined by semi-quantitative reverse transcriptase 
polymerase chain reaction (RT-PCR) using previously validated primers (9, 30). Male and female 
mice 6-8 week of age were treated with five daily intraperitoneal injections of tamoxifen (100 
μl, 10 mg/ml, dissolved in ethanol:sunflower oil = 1:9 (v/v), Sigma Chemical Company, St. Louis, 
MO) as described (8, 9), and tissue was collected 28 days after the last injection (Supplemental 
Figure 1A). Selected mice were treated with bromodeoxyuridine (BrdU) (0.1 ml of 10 mg/ml) 
28 days after the last tamoxifen treatment and tissue was collected 1 hour or 3 days after the 
BrdU injection (Supplemental Figure 1B). For a specific experiment, 6-8 week old mice were 
treated with tamoxifen twice a day for 5 days and tissue was collected the day of the last 
injection (Supplemental Figure 1C). Approval was obtained from the Institutional Animal Care 
and Use Committee.

Tissue isolation and processing
Mice were anesthetized and dissected, and 0.2-0.4 cm segments ~2 cm distal to the ileocecal 
junction were used for RNA isolation, and the next 1 cm was fixed in 4% paraformaldehyde 
for 4 h and dehydrated overnight, as previously described (8, 9). In selected mice, 4 cm of mid 
colon was dissected for the isolation of epithelial cell nuclear extracts. Fixed tissue was paraffin 
embedded, sectioned (5 μm) and selected samples were stained with hematoxylin and eosin 
(H&E) or with the periodic acid Schiff (PAS) reaction in the Imaging Core of the Harvard Digestive 
Disease Center at Beth Israel-Deaconess Medical Center (Boston, MA). In selected mice, well-
oriented sections were fixed in 1.25% glutaraldehyde, 4% formaldehyde, 0.1 M cacodylic acid 
buffer, pH 7.4, and processed by the Imaging Core for transmission electron microscopy, as 
previously described (7).
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Immunohistochemistry and Immunofluorescence
Immunohistochemistry and immunofluorescence was conducted as previously described (8, 
9). Primary antibodies used included: goat anti-GATA6 (1:50, R&D Systems, AF1700), rabbit 
anti-chromogranin A (CHGA) (1:2000, Leica Microsystems, Inc., Buffalo Grove, IL, CHROM 430 
CE), goat anti-chromogranin A (CHGA) (1:100, Santa Cruz Biotechnology, Santa Cruz, CA, sc-
1488), rabbit anti-Ki67 (1:200, Santa Cruz, sc-15402), mouse anti-BrdU (1:250, Thermo Fisher 
Scientific, Inc, Fremont, CA, MS-1058-PO), rabbit anti-cleaved caspase-3 (CASP3) (1:100, Cell 
Signaling Technology, Inc, Danvers, MA, 9664), rabbit anti-mucin 2 (MUC2) (1:200, Santa Cruz, 
sc-15334), rabbit anti-trefoil factor 3 (TFF3) (1:2000, gift from Dr. D. Podolsky, University of 
Texas, Southwestern), goat anti-glucagon-like peptide 1 (GLP1) (1:100, Santa Cruz, sc-7782), 
goat anti-peptide YY (PYY) (1:50, Santa Cruz, sc-4318), rabbit anti-serotonin (5-HT) (1:10,000, 
Immunostar, Inc, Hudson, WI, 20080), and rabbit anti-SLC9A2 (1:400, gift from Dr. M. Donowitz, 
Johns Hopkins University School of Medicine, Baltimore, MD, (17)). Secondary antibodies 
included biotinylated donkey anti-rabbit IgG, donkey anti-goat IgG and donkey anti-mouse IgG 
(all from Vector Labs, Burlingame, CA), Alexa Flour 488 anti-rabbit IgG, and Alexa Flour 594 anti-
goat IgG (both from Life Technologies, Carlsbad, CA). For Immunohistochemistry, biotinylated 
secondary antibodies were linked to avidin-horseradish peroxidase conjugates (Vector Labs), 
visualized using 3,3’-diamino benzidine (DAB, Sigma) for 2-5 min, and lightly counterstained 
with methyl green. For immunofluorescence, sections were mounted in SlowFade Gold (Life 
Technologies) containing 4’,6-diamino-2-phenylindol dihydrochloride (DAPI). 

RNA isolation and gene expression analysis
RNA was isolated using the RNeasy mini kit (Qiagen, Inc, Valencia, CA). Messenger RNA (mRNA) 
abundances were determined by real-time quantitative RT-PCR (qRT-PCR) as described (8, 
9) using validated primer pairs (Supplemental Figure 2 and 3). Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) mRNA abundance was measured for each sample and used to 
normalize the data. All data were expressed relative to the mean value of Ctl colon. 

Western blotting
Nuclear extracts were isolated from 4 cm of mid colon using a protocol originally established 
for mouse small intestinal epithelium (9, 35). Western analysis for GATA6 was carried out as 
previously described (9) using rabbit anti- GATA6 (1:1000, Cell Signalling, A403)

Tissue measurements and cell counting
Crypt depth and width were determined from H&E-stained slides using ImageJ software 
(available at: http://rsb.info.nih.gov/ij/). Ten well-oriented crypts per slide from 5 different 
animals per group were measured. Ki67-positive cells in mouse colon were determined by 
immunostaining and the number was defined as a percentage of total epithelial cells or total 
number per well-oriented crypt. CHGA-positive cells were identified by immunofluorescence 
and the number was defined as a percentage of total epithelial cells, identified by DAPI-
positive (blue) nuclei in the epithelial layer. For both calculations, a minimum of 250 cells per 
slide were counted from a minimum of 5 different animals per group. To quantify specific 
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enteroendocrine subpopulations, co-immunofluorescence was performed for CHGA and 
GLP1, CHGA and PYY, or CHGA and 5-HT. In multiple microscopic fields, the number of CHGA-
positive cells was determined (green or red filter). In the same field, the number of GLP1-
positive (red filter), PYY-positive cells (red filter), or 5-HT-positive cells (green filter) was then 
determined. A minimum of 100 CHGA-positive cells were counted per animal, and 5 animals 
in each group were included.

Cell culture and lentiviral infection
LS174T cells were cultured in RPMI 1640 (Mediatech, Inc., Mooresville, NC), and 293T and 
Caco-2 cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM, Mediatech) 
containing 4.5 g/l glucose, L-glutamine and sodium pyruvate. Both media were supplemented 
with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and penicillin (100 U/
mL)-streptomycin (1 mg/mL) (Sigma), and both lines were maintained in 5% CO2 at 95% 
relative humidity and 37 °C. Media was replaced every 2-3 days. To produce lentivirus for the 
knockdown of Gata6, 293T cells were plated at 105 cells/mL in 6 cm2 plates and transfected 
after 24 hrs with 1 μg of vesicular stomatitis virus glycoprotein G (VSV-G) envelop expressing 
plasmid pMD.G, 1 μg of pCMV-dR8.91 (Delta 8.9) plasmid containing gag, pol and rev genes, 
1 μg shRNA-pLKO.1 plasmids expressing a knockdown shRNA (Sigma) for GFP (Ctl) (SHC005) 
or human Gata6 (G6kd) (TRCN0000005392) were transfected using 6 μl FuGENE 6 reagent 
(Roche). Media from the transfected 293T cells was changed to RPMI (recipient cell media) 
16 hrs after transfection. Culture media containing lentiviral particles were collected and 
filtered (0.45 μm pore size) 48 hrs after transfection and transferred immediately to LS174T 
cells plated at 30% confluence to infect for 2 hrs using 0.5 μl polybrene/mL. Infection was 
repeated the next day followed by selection of infected cells using 4 μg/ml puromycin. 
Infected cells were kept under selection until the day of harvesting. Trypsinized cells were 
homogenized using a QIA shredder (Qiagen) and RNA was isolated as described above for 
mouse tissue. Nuclear extracts were isolated as described previously (21). Gata6 knockdown 
was determined by qRT-PCR for human Gata6, and by Western blot analysis as previously 
described (9) using anti-rabbit GATA6 (Cell Signalling). 

Chromatin immunoprecipitation assay (ChIP)
To determine direct association of GATA6 with putative target genes, we identified possible 
targets using publicly available databases and confirmed enhancer identity and GATA6 
occupancy using ChIP assays. To identify putative targets, we downloaded the H3K4me2 and 
GATA6 ChIP-seq data for proliferating Caco-2 cells and the Caco-2 cell input from GEO datasets 
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23436) (37), and uploaded these two 
files into Cistrome (22). We identified positive sites of H3K4me2 enrichment, a characteristic 
of active loci (6, 15, 16), and GATA6 occupancy using the Model-based Analysis for Chip-Seq 
(MACS) peak calling tool (38) using a P-value cutoff of 10-5. We then mapped the peaks to the 
closest transcription start site using the Peak2Gene tool in Cistrome. Using the Integrated 
Genome Browser (Affymetrix, Santa Clara, CA) (23), we mapped the positions and heights of 
the peaks. This enabled identification of putative GATA6 occupancy sites in human chromatin 
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in an intestinal cell line. It also enabled the identification of loci to be used as putative positive 
(enhancer of Usp-12) and negative (α-amylase transcription start site (TSS)) controls. 
For ChIP assays, LS174T cells were incubated in RPMI containing 1% formaldehyde (Fisher 
Scientific, Pittsburgh, PA) for 10 minutes at 37°C. The cells were washed 2 times with PBS, 
scraped, and resuspended in lysis buffer (50mM Tris-Cl pH 8.1, 10mM EDTA, 1% SDS) containing 
protease inhibitor cocktail and PMSF (10ul/ml). The samples were sonicated to obtain chromatin 
fragments between 400 and 1000 base pairs. Sonicated samples were resuspended in ChIP 
dilution buffer (1% Triton X100, 2mM EDTA, 150mM NaCl, 20 mM Tris-HCl pH 8.1) and incubated 
overnight at 4°C with Dynabeads beads (Life Technologies) conjugated with one of the following 
antibodies: rabbit GATA6 (Cell Signaling, 4253S), rabbit H3K27ac (Abcam, Cambridge, MA, 
Ab4729), or rabbit IgG (negative control) (Millipore, Temecula, CA, PP64B). 
The IP sample was washed 6 times with RIPA Buffer (50 mM HEPES pH 7,6, 0.5M LiCl, 1mM 
EDTA,1% nonidet P-40, 0.7% sodium deoxycholate) and the DNA was recovered by reverse 
crosslinking in 1% SDS, 0.1M NaHCO3 for 7 hours at 65°C. DNA was purified using QIAquick 
PCR purification kit (Qiagen) and quantified by Picogreen (Life Technologies). 1 ng of DNA was 
used per qPCR reaction using primers displayed in Supplemental Figure 3. 

Statistical analyses
Data are expressed as mean ± SD. Statistically significant differences were determined by the 
two-tailed Student's t test. Differences were considered statistically significant at P<0.05. 
 

RESULTS

To determine which mouse colon cells could be under direct regulation by GATA6, we 
examined the expression of GATA6 in mice in situ. GATA6 was readily detected in the nuclei 
of colonocytes and goblet cells (Figure 1A to C), as previously shown in humans (14). As 
shown by co-immunofluorescence, GATA6 was present in CHGA-positive enteroendocrine 
cells (Figure 1D to F). Specifically, red GATA6 immunofluorescence was found in 93% of all 
CHGA-positive cells (>200 cells counted) for which nuclear DAPI blue fluorescence was also 
detected, indicating that GATA6 is generally expressed in the enteroendocrine cell population. 
GATA6 was also coexpressed with Ki67 in the nuclei of cells in the proliferative compartment 
(Figure 1G to I). Together, these data show that GATA6 is expressed in all differentiated and 
proliferating cells of the mature mouse colonic epithelium. 
To determine GATA6 function in these cells, we specifically ablated Gata6 with tamoxifen-
induced, VillinCreERT2-mediated recombination in mice homozygous for the Gata6loxP allele 
(30), which results in deletion of Gata6 specifically in small and large intestine (7). Quantitative 
RT-PCR indicates that Gata6 mRNA abundance, measured 28 days after the completion of 
tamoxifen treatment, was reduced >90% in G6del as compared to Ctl colon (Supplemental 
Figure 4A), consistent with a reduced expression of GATA6 protein in Western blots 
(Supplemental Figure 4B) and by immunostaining (Supplemental Figure 4C and D). These data 
verify knockout of Gata6 in adult mouse colon after tamoxifen treatment. Phenotypically, the 
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overall health status, judged by activity and fur quality, of the G6del mice was indistinguishable 
from the Ctl mice. However we observed that softer and lighter-in-color stools were produced 
by the G6del mice as compared to the Ctl mice. To define potential compensation by other 
GATA factors, we tested the levels of expression of Gata4 and Gata5 after Gata6 deletion and 
found a 3-fold increase in Gata4 mRNA, but no difference in Gata5 mRNA in G6del colon as 
compared to Ctl colon (Supplemental Figure 4E). However, it should be noted that the levels 
of Gata4 mRNA in Ctl colon are nearly undetectable (<0.5% of wild-type jejunum) and that the 
biological influence of a 3-fold increase of such a low level is unknown.
As shown by standard H&E staining (Figure 2A and B), G6del colon show shorter, wider 
crypts with an accumulation of goblet-like cells, and fewer mature goblet cells on or near 
the surface epithelium. Crypt depth of G6del colon was modestly (12%) but not significantly 

Figure 1. GATA6 is expressed in all differentiated and proliferating cells in the mature mouse colonic 
epithelium. (A-C) Immunostaining reveals that GATA6 is expressed in nuclei of surface colonocytes (B) and 
goblet cells (C). Co-immunofluorescence with GATA6 and CHGA (D to F) or GATA6 and Ki67 (G to I) reveals 
GATA6 is also expressed in CHGA-positive enteroendocrine cells and Ki67-positive cells in the proliferative 
compartment. Arrowheads indicate examples of GATA6-positive cells. Bars: A, D, G, 100 µm.
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Figure 2. Intestinal Gata6 deletion results in a reduction in the proliferation and migration rates in the 
mature mouse colonic epithelium. (A and B) H&E staining reveals an increase in goblet-like structures in 
crypts of G6del colon, (C) a modest (non-significant) reduction in crypt depth and (D) significant increase 
in crypt width. (E and F) Transmission EM confirmed an accumulation of goblet-like cells in crypts. (G to I) 
The number of Ki67-positive cells as a percentage of total epithelial cells is decreased in G6del colon as 
compared to Ctl, and is supported by (J and K) a decrease in the number of BrdU-positive cells in G6del 
colon harvested 1 hour after BrdU injection. (L to N) BrdU immunostaining 3 days after BrdU injection 
reveals a significantly lower percentage of cells at the surface epithelium (n=4 in each group). *P<0.05, 
**P<0.01. Bars: A and B, 100 µm; E and F, 10 µm; G and H, 400 µm; J, K, L and M, 200 µm.

2014226 proefschrift Boaz Aronson.indd   54 20-01-15   08:15



55

GATA6 IN MATURE MOUSE COLON

reduced (Figure 2C), but the crypt width was significantly increased 18% (P<0.05) (Figure 2D). 
The increase in goblet-like structures in crypts of G6del colon was confirmed by transmission 
EM (Figure 2E and F). The number of Ki67-positive cells per total epithelial cells was decreased 
39% (P<0.01) (Figure 2G to I) indicating a reduction in proliferating cells. Immunostaining 
for BrdU on tissue samples harvested 1h after BrdU injection (See Supplemental Figure 1B) 
demonstrated fewer cells containing BrdU label in G6del colon as compared to Ctl colon (Figure 
2J and K), revealing a reduction in cells undergoing DNA synthesis and confirming a decrease in 
proliferating cells. We did not observe a decrease in the number of cleaved caspase 3-positive 
cells (Supplemental Figure 5), indicating that apoptosis is unchanged in the G6del mice. To 
determine whether cell migration was affected, we applied BrdU pulse-chase analysis. After a 
3 day chase (See Supplemental Figure 1B), we found a lower percentage of BrdU-positive cells 
in surface colonocytes in G6del compared to Ctl mice (Figure 2L to N), suggesting a reduced 
rate of migration when Gata6 is conditionally deleted. The reduced migration rate may be 
caused by a diminished underlying drive resulting from a decreased proliferation rate, which 
could, in turn, account for the wider crypt morphology. 
To determine the effect of intestinal Gata6 deletion on goblet cell differentiation in the colon, 
we measured the mRNA abundances of krüppel-like factor 4 (Klf4) that is necessary for goblet 
lineage differentiation in developing colon (20), and the goblet cell markers Muc2, Tff3, anterior 
gradient homolog 2 (Agr2), and serine protease inhibitor, Kazal type 4 (Spink4). We failed to 
find differences in the mRNA abundances of Klf4, Tff3, and Agr2 (Figure 3A), suggesting that 
goblet cell commitment remains intact. However, the mRNA abundance of Muc2 was reduced 
64% (P<0.01) and Spink4 93% (P<0.01) (Figure 3A), suggesting that although goblet cells are 
committed, they do not exhibit the endogenous levels of expression of all goblet genes.  
The intensity of MUC2 immunofluorescence was generally decreased in G6del as compared 
to Ctl colon (Figure 3B and C). Further, TFF3-positive goblet cells localize higher up the crypts 
mainly near the surface epithelium in G6del colon as compared to Ctl colon (Figure 3D and 
E). PAS staining indicated that the intense pink color of mature goblet cells that normally 
occurs in the upper half of the crypt (Figure 3F) was more dispersed throughout the crypt 
in the G6del colon (Figure 3G). Transmission EM of surface epithelium revealed a reduction 
of mature goblet cells and the presence of poorly defined goblet cells with irregular shapes, 
granular cytoplasm, and less secretory granules in the upper half of the crypts of G6del 
colon (Figure 3H and I, arrowheads). Together, these data suggest a delayed or deficient 
maturation process of committed goblet cells. The significant down-regulation of Spink4, 
and possibly Muc2, further suggests that GATA6 is specifically required for the expression of 
these genes within goblet cells. 
To determine the effect of intestinal Gata6 deletion on enteroendocrine cells in the colon, we 
measured the mRNA abundances of different hormones produced in the colon. The mRNA 
abundance for the pan-endocrine cell marker Chga (Supplemental Figure 6A) and the number 
of CHGA-positive cells (Supplemental Figure 6B), were indistinguishable between G6del and Ctl 
colon, suggesting that enteroendocrine cell commitment remains intact after Gata6 deletion. 
However, the mRNA abundances of the hormones produced by endocrine L-cells (26) such 
as secretin (Sct), cholecystokinin (Cck), and glucagon (Gcg) were reduced 81% (P<0.05), 91% 
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Figure 3. Intestinal Gata6 deletion results in an impaired terminal differentiation of goblet cells in the 
mature mouse colon. (A) Quantitative RT-PCR shows a decrease in Muc2 and Spink4 mRNA abundance 
in G6del as compared to Ctl colon (n=7 in each group). (B and C) Immunostaining reveals a reduction in 
MUC2-positive goblet cells mainly in the lower half of the crypts in G6del as compared to Ctl colon. (D and E) 
Immunostraining reveals that TFF3-positive goblet cells localize higher up the crypts in G6del as compared 
to Ctl colon. (F and G) PAS staining demonstrates an absence of intense staining in the upper half of the 
crypt of G6del ileum. (H and I) Transmission EM reveals disorganized Golgi structures (arrowheads) in crypt 
goblet cells of G6del colon. **P<0.01. Bars: B and C 400 µm; D and E 50 µm; F and G 100 µm; H and I 40 µm.
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(P<0.001), and 94% (P<0.001), respectively, whereas that of Pyy was increased 79% (P<0.05) in 
G6del colon as compared to Ctl colon (Supplemental Figure 6C). 
Co-immunofluorescence with GLP1 and CHGA (Figure 4A and B), PYY and CHGA (Figure 4C 
and D) or serotonin (5-HT) and CHGA (Figure 4E and F) demonstrated a 93% reduction in the 
number of GLP1-expressing cells (P<0.001), a 72% increase in the number of PYY-expressing 
cells (P<0.01) and a 33% reduction in the number of 5-HT-expressing cells (P<0.05) per total 
number of CHGA-expressing cells (Figure 4G) in G6del as compared to Ctl colon. This indicates 
that the total number of enteroendocrine cells does not change, but that the production of 
specific hormones within endocrine cells in the colon is altered by Gata6 deletion. These data 
are consistent with the hypothesis that GATA6 specifically regulates the hormone production 
within different enteroendocrine sublineages (L-cells and serotonin-producing cells) in the 
mature mouse colon. 
To determine the consequence of Gata6 deletion on colonocytes, we measured the mRNA 
abundances of terminal differentiation genes specific to this lineage. We did not find 
differences in the mRNA abundance of the colonocyte markers anion exchanger 1 (Slc4a1, also 
known as Ae1) and 2 (Slc4a2, also known as Ae2); ATPase, Na+/K+ transporting, polypeptide 
beta 1 (Atp1b1) and 3 (Atp1b3); solute carrier family 2 (facilitated glucose transporter), member 
1 (Slc2a1); and carbonic anhydrase 2 (Car2) between G6del and Ctl colon (Supplemental Figure 
7 and Figure 5A), indicating that colonocyte commitment is not affected by conditional Gata6 
deletion. However, we found 89% (P<0.05), 78% (P<0.01) and 79% (P<0.001) reductions in 
the mRNA abundances of the colonocyte markers carbonic anhydrase 1 (Car1), solute carrier 
family 9 (sodium/hydrogen exchanger), member 2 and 3 (Slc9a2 and Slc9a3, also known as 
Nhe2 and Nhe3), respectively, in G6del colon as compared to Ctl colon (Figure 5A). The protein 
levels of SLC9A2, as determined by the intensity of the immunofluoresence signal, followed 
its mRNA pattern (Figure 5B and C) confirming decreased expression. Together, these data 
suggest that GATA6 activates the expression of specific colonocyte genes within the mature 
mouse colon. 
To determine if the observed altered phenotype after Gata6 deletion is a short-term effect on 
proliferation and differentiation rather than a re-establishment of a new homeostatic balance 
over time, we analyzed mouse colon samples 5 days after initiation of tamoxifen treatment. We 
found a 68% decrease of Gata6 mRNA abundance (Supplemental Figure 8A) and a reduction 
in GATA6 protein (Supplemental Figure 8B and C) in G6del colon as compared to Ctl colon. We 
were unable to detect a difference in the number of Ki67-positive cells per crypt (Figure 6A). 
This could be due to a latent effect on homeostasis, or to incomplete Gata6 knockout. In spite 
of the incomplete Gata6 knockout, we observed a significant decrease in a goblet (Spink4) and 
a colonocyte (Car1) target and a trend toward a reduction in an enteroendocrine target (Gcg) 
(Figure 6B). These data indicate that the changes in cellular differentiation after Gata6 deletion 
are a short-term effect rather than due to a re-establishment of a new homeostatic balance 
over time.
To test the hypothesis that GATA6 directly regulates specific genes in the colon, we 
characterized the regulation of colonic genes in the human colonic adenocarinoma cell line, 
LS174T (31), which express multiple colonocyte and goblet cell genes, and abundant GATA6. 
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Using a lentiviral RNAi knockdown approach in which a hairpin for the Gata6 transcript is 
expressed, we established a 74% knockdown of Gata6 mRNA (Figure 7A) that was reflected 
by a reduced expression of GATA6 in Western blots (Figure 7B). Like the goblet cell markers 
in the colon of G6del mice (See Figure 3A), Klf4, Tff3, and Agr2 were not affected by Gata6 
knockdown, but Muc2 was slightly reduced (non-significant) and Spink4 was greatly reduced 
(P<0.001) (Figure 7C). Further, the colonocyte genes Car1, Car2 and Slc9a2 were significantly 
reduced (Slc9a3 was below levels of detectability in these cells) (Figure 7D). Taken together, 
these results suggest remarkably high concordance of colonic GATA6 function in mouse colon 
and a human colonic cell line. However, whereas Car1 but not Car2 transcript abundance 
was reduced in the mouse colon, Car2 was also reduced in the LS174T cells, suggesting a 
possible species difference in GATA6 regulation. Overall, these data further implicate GATA6 
in the regulation of goblet and colonocyte genes, yet whether GATA6 functions to directly or 
indirectly activate these targets is unclear.
We next sought to characterize direct occupancy of GATA6 at loci of genes modulated by 
Gata6 knockdown. Using publicly available ChIP-seq data from the human intestinal cell line 
Caco-2 (37) (such data is not available for LS174T cells), we identified GATA6 enrichment in 
enhancers or promoters, identified by H3K4me2 (6, 15, 16), that were assigned to Spink4 and 

Figure 4. Intestinal Gata6 deletion results in alterations in enteroendocrine sub-populations in the colon. 
(A to G) Cell counts on sections stained with GLP1 and CHGA (A and B), PYY and CHGA (C and G), or 5-HT 
and CHGA reveal decreases in the number of GLP1-positive and 5-HT-positive and an increase in the 
number of PYY-positive cells per total number of CHGA-positive cells in G6del as compared to Ctl ileum (G) 
(n=4 in each group). Arrowheads indicate positive cells. Bars: B to M 200 µm.

2014226 proefschrift Boaz Aronson.indd   58 20-01-15   08:15



59

GATA6 IN MATURE MOUSE COLON

Slc9a2 (Figure 7E). Within these loci, GATA6 enrichment was found at the transcription start 
site (TSS) of Spink4, and 26 kb upstream of the TSS in Slc9a2. To confirm that these loci were 
in an open or active state in LS174T cells, we performed ChIP analysis using an antibody for 
the H3K27ac, and found enrichment at these sites (Figure 7F). To determine whether GATA6 
also occupies these sites in LS174T cells, we performed ChIP analysis using a GATA6 antibody, 
and found GATA6 enrichment at both sites (Figure 7G). By contrast, GATA6 ChIP showed no 
enrichment at the α-amylase promoter, which served as a negative control. An active locus in 
the Usp-12 gene shown previously to bind GATA6 in Caco-2 cells (37), was used as a positive 
control. Taken together, these data suggest that GATA6 directly regulates specific colon genes 
including Spink4 and Slc9a2.

Figure 6. Short-term Gata6 deletion. (A) The number of Ki67-positive cells as percentage of total epithelial 
cells is unchanged in G6del colon as compared to Ctl. (B) Quantitative RT-PCR shows decreases in Car1, 
Spink4 and Gcg mRNA abundance in G6del as compared to Ctl colon (n=3 or 4 in each group). *P<0.05, 
**P<0.01.

Figure 5. GATA6 is required for the expression of specific colonocyte genes in the mature mouse colon. (A) 
Quantitative RT-PCR shows decreases in Car1, Slc9a2 and Slc9a3 mRNA abundance in G6del as compared 
to Ctl colon (n=7 in each group). *P<0.05, **P<0.01, ***P<0.001. (B and C) Immunofluorescence with anti-
SLC9A2 antibody shows a reduction in intensity in the fluorescence signal (green) for SLC9A2 protein in 
surface colonocytes of G6del as compared to Ctl colon. Bars: 100 μm. 
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Figure 7. GATA6 occupies active chromatin sites in the Spink4 and Slc9a2 genes. LS174T cells infected with 
a lentivirus expressing an shRNA for Gata6 (G6kd) demonstrates a decrease in (A) Gata6 mRNA abundance 
(qRT-PCR, n=4 independent infections) and (B) GATA6 protein (Western) as compared to control LS174T 
cells infected with a lentivirus expressing an shRNA for GFP. Of (C) goblet and (D) colonocyte markers, Spink4, 
Car1, Car2 and Slc9a2 are down-regulated in the Gata6 knockdown LS174T cells. Using publicly available 
ChIP-seq data bases of the human intestinal cell line Caco-2 (Verzi et al., 2010), (E) GATA6 enrichment 
was found in enhancers, identified by H3K4me2 (Bernstein et al., 2005; He et al., 2010; Heintzman et al., 
2009), that were assigned to Spink4 and Slc9a2. (F) ChIP analysis on LS174T cells using an antibody for the 
H3K27ac enhancer mark demonstrating enrichment at these sites. (G) ChIP analysis on LS174T cells using 
a GATA6 antibody showing GATA6 enrichment at these sites.
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DISCUSSION

The mammalian colonic epithelium is comprised of specialized cells with specific cell distribution 
and gene expression patterns designed to facilitate the absorption of large quantities of water. 
The regeneration and differentiation of the colonic epithelium is controlled by evolutionarily 
conserved mechanisms that are only beginning to be elucidated. Here, we show that GATA6 is 
expressed in differentiated and proliferating cells of the mature mouse colon (Figure 1), and that 
conditional deletion of Gata6 (Supplemental Figure 4) results in alterations in crypt structure, a 
decrease in cellular proliferation and migration (Figure 2), a delayed maturation of goblet cells 
(Figure 3), alterations in hormone production within enteroendocrine subpopulations (Figure 
4), and decreases in the expression of specific goblet cell (Figure 3 and 7) and colonocyte 
genes (Figure 5 and 7). GATA6 was found to occupy active chromatin loci within some of these 
genes suggesting that they are direct GATA6 targets (Figure 7). These data demonstrate that 
GATA6 is necessary for the maintenance of colonic epithelial regeneration and differentiation. 
Cellular proliferation is required for the continuous renewal of the small intestinal and colonic 
epithelium. Under physiological conditions, crypt cell production and villus cell loss in the 
epithelium of the mature colon are in equilibrium. However, situations exist in which increased 
proliferation leads to an expansion of intestinal epithelium cell number. A beneficial increase 
in proliferation occurs during the adaptive response after loss of functional epithelial surface 
(13). When increased proliferation becomes uncontrolled this can lead to undesirable polyp 
and tumor formation. GATA6 has been reported to be oncogenic in multiple cancers and pre-
cancerous lesions, including Barrett’s esophagus, gastric cancer, pancreatic cancer, and colon 
cancer (2). Gata6 expression is up-regulated in colon cancer epithelial cells (5, 14, 29), as well 
as in non-malignant cells along the stromal margins in humans (14). Although it remains to be 
determined whether the increase in Gata6 expression is a correlative, causative or protective 
event, our data here in colon (Figure 2), and previously in small intestine (7), that show 
that GATA6 promotes cellular proliferation, is consistent with the hypothesis that GATA6 is 
oncogenic in the gastrointestinal tract (2). Further work remains to be done, perhaps through 
forced over-expression experiments, to confirm whether or not GATA6 is truly oncogenic.
The expression of multiple goblet cell markers in G6del colon indicates that the goblet lineage 
is specified, but their patterns of expression suggest that goblet maturation is delayed and/
or defective (Figure 3). It has been previously shown that deletion of Muc2 results in impaired 
goblet cell differentiation (36). It has also been shown that GATA factors are capable of 
activating the Muc2 promoter (25, 34). Thus, although further work is needed, it is possible 
that the decrease in Muc2 mRNA in G6del colon results in a delayed or defective maturation of 
colonic goblet cells. It is also possible that the delayed migration rate in G6del colon somehow 
disrupts the normal maturation process of goblet cells, perhaps through defects in receipt of 
exogenous signalling, as they migrate to the surface epithelium.
In colon, GATA6 is required for the normal maturation of goblet cells, whereas in small intestine, 
GATA6 does not play a role in commitment, differentiation or migration of goblet cells on villi 
(7). Deletion of Klf4 results in impaired goblet cell differentiation in the colon, but has no effect 
on goblet cell differentiation in the small intestine (20). Together, these data demonstrate 
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that goblet cell differentiation is regulated differently, by both GATA6 and KLF4, in colon as 
compared to small intestine. 
We show here that GATA6 is expressed in enteroendocrine cells in the colonic mouse 
epithelium (Figure 1), in contrast to a reported absence of GATA6 expression in human 
colonic enteroendocrine cells (14). We also show that although conditional deletion of Gata6 
does not alter the overall population of enteroendocrine cells, conditional deletion of Gata6 
results in alterations in the production of hormones in the L-cell and serotonin-producing 
enteroendocrine subpopulations (Figure 4). L-cell enteroendocrine cells in the colon are 
thought to originate from PYY-producing enteroendocrine progenitor cells (32) from which 
all L-cell subpopulations arise, whereas serotonin-producing cells are thought to originate 
from progenitors that never express PYY (26). Our data suggest that GATA6 is not required 
for enteroendocrine cell commitment in the mature mouse colon, but defines the terminal 
differentiation of specific enteroendocrine sublineages, including L-cells and serotonin-
producing cells. It is possible that the observed alterations represent a defective maturation 
process of enteroendocrine cells or a defective regulation of specific genes within the mature 
enteroendocrine cells. Further work is required to define the underlying mechanism by which 
GATA6 regulates enteroendocrine cells in the mature colon. 
The colonic surface epithelium is mainly responsible for the concentration of fecal effluent 
through water and electrolyte absorption. This absorption is facilitated by a large osmotic 
gradient established by enzymes and transporters that are expressed within the colonocytes. 
Here, we show that although conditional Gata6 deletion has no general effect on colonocyte 
differentiation, specific colonocyte genes such as Car1, Slc9a2 and Slc9a3 are significantly 
down-regulated (Figure 5). Carbonic anhydrases catalyze the conversion of carbonic acids 
to bicarbonate and protons, whereas the sodium-hydrogen exchangers utilize the protons 
generated by carbonic anhydrases to drive the internalization of Na+ and the subsequent 
absorption of water across the apical surface. CAR2, which is not affected by conditional Gata6 
deletion in mice (Figure 5), is likely able to compensate for the decrease in CAR1. Deletion of 
Slc9a2 exhibits no overt disease phenotype (3, 27). However, deletion of Slc9a3 results in slight 
diarrhea and a blood pH that is mildly acidotic (28). Taken together, this indicates that SLC9A3 
is the major absorptive sodium-hydrogen exchanger in the colon. The significant down-
regulation of both Slc9a2 and Slc9a3 by conditional Gata6 deletion (Figure 5) could therefore 
result in a decrease in the efficiency of water absorption by colonocytes, possibly explaining 
the observed softer and lighter-in-color stools produced by the G6del mice. 
Interestingly, our data indicate that GATA6 regulates the same genes differently in the ileum 
and colon. For example, Car1 and Slc9a2 are down-regulated in the colon (Figure 6), but up-
regulated in the ileum (7); Car2 is not changed in the colon (Figure 5), but up-regulated in the 
ileum (7); and Slc9a3 is down-regulated in the colon (Figure 5), but not changed in the ileum 
(7) after Gata6 deletion. These data indicate that the same genes are regulated by the same 
transcription factor (GATA6) differently in different organs within the gastrointestinal tract. Our 
data also suggests that GATA6 controls both proliferation and differentiation. GATA6, like GATA 
factors in other systems, could insert its regulation in multiple pathways where the specific 
regulation is dependent on the cell state (i.e., proliferating vs. differentiated). This could occur 
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by differences in the chromatin state in which GATA6 has differential access to specific loci that 
is dependent on the cells state. It could also be due to differential expression of GATA6 partner 
proteins that enable specific regulation at distinct sites.
Using an RNAi knockdown approach in the human colonic cell line, LS174T, we found that 
a panel of goblet and colonocyte genes are down-regulated (Figure 7C and D) similarly to 
that found in G6del mouse colon, although Car2 was also down-regulated in the LS174T cells 
(Figure 6D), suggesting a species difference. We further verified direct occupancy of GATA6 in 
active loci in enhancers or promoters of these targets, namely Spink4 and Slc9a2 (Figure 6E 
to G). These data provide strong evidence for the direct regulation of individual target genes 
within specific lineages by GATA6. 
The pleiotropic effects we observed upon Gata6 deletion in the colon highlight the integral role 
this factor plays in colonic differentiation and regeneration and going forward we anticipate 
our genetic model will be useful in studies of colonic disease.
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SUPPLEMENTAL

Supplemental Figure 1. Schematic representation of treatment plans. (A) Adult mice were treated with a 
daily dose of tamoxifen for 5 days and tissue was collected 27 days after the last injection. (B) Adult mice 
were treated with a daily dose of tamoxifen for 5 days. Twenty-seven days after the last tamoxifen injection, 
mice were treated with BrdU and tissue was collected 1 hour or 3 days after the BrdU injection. (C) Adult 
mice were treated with 2 daily doses of tamoxifen for 5 days (one dose on day 5) and tissue was collected 
on the day of the last tamoxifen injection.  
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Supplemental Figure 2. Mouse real-time RT-PCR primers
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Supplemental Figure 3. Human real-time RT-PCR primers and ChIP primers.
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Supplemental Figure 4. Gata6 
is down-regulated in G6del colon. 
(A) Quantitative RT-PCR shows a 
>90% decrease in Gata6 mRNA 
abundance in G6del as compared to 
Ctl colon (***P<0.001, n=7 in each 
group). (B to D) Western blotting 
(B) and immunohistochemistry 
(C and D) reveal that GATA6 
protein is reduced in G6del colon. 
(E) Quantitative RT-PCR shows a 
3-fold increase in Gata4 mRNA 
abundance in G6del as compared 
to Ctl colon (*P<0.05, n=6 in each 
group). Bars: C and D, 100 µm.

Supplemental Figure 5. Intestinal Gata6 deletion does not alter apoptosis in the mature mouse colon. (A-
C) Counts on cross sections of adult mouse colon immunostained with cleaved caspase 3 (CASP3) shows 
no difference in the number of cleaved CASP3-positive cells per cross section in G6del mice as compared 
to Ctl. (n=4 for Ctl and n=6 for C6del) Bars: A and B, 100 µm.
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Supplemental Figure 6. 
Colonic Gata6 deletion alters 
the mRNA abundance of specific 
enteroendocrine hormones. (A) 
Quantitative RT-PCR shows no 
difference in chromogranin A 
(Chga) mRNA abundance in G6del 
as compared to Ctl colon (n=7 in 
each group). (B) Counts on sections 
stained for CHGA reveal no 
difference in the number of CHGA-
positive cells per total number of 
epithelial cells in G6del mice as 
compared to Ctl. (C) Quantitative 
RT-PCR shows decreases in Sct, 
Cck and Gcg, and an increase in 
Pyy mRNA abundance in G6del as 
compared to Ctl colon (n=7 in each 
group). *P<0.05, ***P<0.001. 

Supplemental Figure 7. Colonocyte genes not regulated by colonic Gata6 deletion.  Quantitative RT-
PCR shows no differences in Slc4a1, Slc4a2, Atp1b1, Atp1b3 and Slc2a1 mRNA abundance in G6del as 
compared to Ctl colon (n=6 in each group). 
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Supplemental Figure 8. Short-term 5-day Gata6 deletion. (A) Quantitative RT-PCR on RNA obtained from 
adult mouse colon harvested 5 days after daily tamoxifen injections shows a 68% knockdown in Gata6 
mRNA abundance in G6del as compared to Ctl colon (n=3 or 4). *P<0.05. (B and C) Immunostaining with 
anti-GATA6 on tissue obtained from adult mouse colon harvested 5 days after daily tamoxifen injections 
reveals a reduction in GATA6 protein in G6del as compared to Ctl colon. Bars: A and B, 100 µm.
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ABSTRACT

Background & Aims
GATA transcription factors play key roles in proliferation, differentiation and gene 
regulation in multiple organs. In small intestine, GATA4 is expressed in the proximal 85% 
where it regulates the expression of specific absorptive enterocyte genes. GATA6 is co-
expressed with GATA4 but is also expressed in the ileum; its function in the mature small 
intestine is unknown.
Methods
To determine the function of GATA6 in the small intestine, Gata6 or Gata6 and Gata4 
were inducibly deleted specifically in the intestine of adult mice.
Results
In ileum, deletion of Gata6 resulted in a decrease in proliferation, a reduction in 
enteroendocrine cells, an increase in goblet-like cells in crypts, a loss of Paneth cells, and 
altered expression of specific absorptive enterocyte genes. In contrast, in jejunum and 
duodenum, deletion of Gata6 resulted in an increase in Paneth cells. Deletion of both 
Gata6 and Gata4 resulted in a jejunal and duodenal phenotype that was nearly identical 
to that in the ileum after Gata6 deletion alone, demonstrating that GATA4 is redundant 
for most GATA6 functions.
Conclusion
GATA factors are required for proliferation, secretory cell differentiation and absorptive 
enterocyte gene expression in the small intestinal epithelium. 

 
The mature mammalian small intestine is a highly regenerative organ in which the orderly 
differentiation of cells along the crypt-villus axis, and the precise distribution of specialized 
cell types and expression of proteins are essential for intestinal function. Stem cells located 
at or near the base of crypts produce transit-amplifying cells that undergo a series of cell 
fate decisions ultimately giving rise to four main cell types. Absorptive enterocytes, the most 
numerous villus cell type, express digestive enzymes and transporters in a tightly regulated 
spatial pattern designed for optimal digestion and absorption of nutrients. Mucus-secreting 
goblet cells and defensin-secreting Paneth cells are necessary for maintaining a dynamic 
mucosal defensive barrier, and enteroendocrine cell subpopulations display a functional 
diversity characterized by the regional segregation of hormone secretions that activate or 
repress gastrointestinal processes. Absorptive enterocytes, goblet cells, and enteroendocrine 
cells migrate up to populate the villus epithelium and turn over in three to four days, whereas 
Paneth cells migrate to the base of crypts and turn over at a slower rate of three to six weeks (1).  
Wnt and Notch signaling play essential roles in the regeneration of the intestinal epithelium. 
Disruption of Wnt signaling results in a complete loss of proliferation and a decrease in 
secretory cell differentiation (2-6) whereas over-activation of Wnt signaling leads to hyper-
proliferation, enlarged crypts, stunted villi, and an increase in secretory cells (7). Disruption 
of Notch signaling results in a decrease in crypt cell proliferation and an excessive number 
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of secretory cells (8-11), whereas over-activation of Notch signaling results in an increase in 
cell proliferation and a reduction of all secretory cell types (12). Notch signaling regulates the 
balance of absorptive vs. secretory cells by activating hairy and enhancer of split 1 (HES1) 
(13) ,a basic helix-loop-helix transcription factor that selects the absorptive enterocyte lineage. 
Progenitor cells that escape Notch signaling and activation of Hes1 gene transcription express 
atonal homolog 1 (ATOH1), a basic helix-loop-helix transcription factor that selects the 
secretory cells (i.e., enteroendocrine, goblet, and Paneth cells) (14). ATOH1-positive secretory 
progenitors then undergo a series of decisions ultimately resulting in a tightly regulated 
distribution and localization of mature secretory cells. 
GATA proteins are conserved transcription factors that regulate proliferation, differentiation, 
and gene expression in multiple organs (15). GATA4 is expressed in the crypt and villus 
epithelium in the proximal 85% of adult small intestine but is absent from distal ileum (16-19), 
whereas GATA6 is expressed in the crypt and villus epithelium throughout the small intestine, 
including distal ileum (16-18, 20) Deletion or mutation of GATA4 results in a decrease in the 
expression of absorptive enterocyte genes normally found in jejunum, and an increase in 
the expression of ileal genes demonstrating that GATA4 mediates jejunal-ileal identities in 
absorptive enterocyte gene expression and function (16, 21, 22) Expression of a dominant-
negative GATA4 mutant produces not only the jejunal-ileal changes in gene expression, but 
also alterations in enteroendocrine and goblet cells (16), suggesting a role for GATA factors in 
secretory cell differentiation. The function of GATA6 in the adult small intestine is unknown. 
The hypothesis to be tested in this study is that GATA factors are necessary for secretory cell 
differentiation, and possibly other functions, in the small intestine. 

MATERIALS AND METHODS

Mice
Previously established and confirmed Gata6loxP/loxP, Gata4flap/flap and transgenic VillinCreERT2 
mice (16, 20, 22, 23) were used in this study to produce conditional, inducible deletion of 
Gata6 or both Gata6 and Gata4 in the intestinal epithelium. Gata6loxP/loxP, VillinCreERT2-positive 
(G6del), Gata6loxP/loxP, Gata4flap/flap, VillinCreERT2-positive (G6G4del), and Gata6loxP/loxP, VillinCreERT2-
negative or Gata6Wt/Wt, VillinCreERT2-positive (Control) mice, 6-8 wk of age, were treated with 
tamoxifen as described (16, 22). Tissue was collected 28 days after treatment, unless otherwise 
indicated. In a subset of male mice, food intake was determined by measuring consumption 
during the last 3 days before terminal tissue collection. After the 3 day food intake analysis, 
body weight was measured, the mice were killed, and blood and tissues were collected. From 
serum, cholesterol and triglyceride levels were determined. Approval was obtained from the 
Institutional Animal Care and Use Committee.

Tissue isolation
Mice were dissected as previously described (16). Samples of ileum were taken from distal 
small intestine adjacent to the ileocecal valve, samples of jejunum from the geometric center 
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of the small intestine, and samples of duodenum from the first centimeter adjacent to the 
pylorus. In selected mice, bromodeoxyuridine (BrdU) (0.1 ml of 10 mg/ml) was injected two 
hours prior to dissection. 

Immunohistochemistry and electron microscopy
Immunostaining of intestinal segments was conducted as previously described (16) (see 
supplementary expanded Materials and Methods for a list of antibodies). For electron 
microscopy (EM), intestinal segments were fixed in 1.25% gluteraldehyde, 4% formaldehyde, 
0.1M cacodylic buffer, pH 7.4 at 4°C overnight. EM was conducted in the Harvard Digestive 
Disease Center imaging core at Beth Israel Deaconess Medical Center.

Villus and crypt measurements and cell counting
Villus length and crypt depth were measured using image J software (http://rsb.info.nih.gov/
ij/). The total number of villus and crypt cells was determined by counting the visible nuclei 
in the epithelial layer. The total number of alcian blue-positive cells on villi was determined 
as a percentage of total villus epithelial cells. The total number of alcian blue-, Ki67,-BrdU-, 
or lysozyme (LYZ)-positive cells in crypts was determined as total number per crypt, and the 
average number of chromogranin A (CHGA)-positive cells was expressed as a fraction of 
total epithelial cells (villi and crypts) from a minimum of 5000 epithelial cells counted. For 
all determinations (blinded and conducted on a minimum of 5 animals per group, unless 
otherwise indicated), a minimum of six villi or six crypts per slide were analyzed.

RNA isolation and gene expression analysis
RNA was isolated from 0.5 to 1.0 cm intestinal segments, and gene expression was 
determined by quantitative reverse transcriptase polymerase chain reaction (qRT-PCR) as 
previously described (16, 22, 24, 25) using validated primer pairs (Supplementary Figure 1). 
Ileal messenger RNA (mRNA) was also analyzed by whole-genome gene expression analysis 
using the Affymetrix Mouse Gene 1.0 ST array by the molecular genetics core facility at 
Children’s Hospital Boston. A minimum of 5 mice in each group were analyzed by qRT-PCR 
unless indicated otherwise; 3 mice in each group were analyzed by microarray. 

Statistical analyses
Data are expressed as mean ± SD. Statistically significant differences were determined by the 
two-tailed Student's t test. Differences were considered statistically significant at P<.05. 
 

RESULTS 

Intestinal Gata6 deletion results in a reduction in villus length, villus epithelial cell 
number and crypt proliferation in ileum
GATA6 was expressed in all differentiated and proliferating cells in the mature mouse small 
intestinal epithelium with the highest staining intensity in the proliferative crypt compartment 
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(Supplementary Figure 2). To determine the function of GATA6 in this tissue, a tamoxifen-
inducible, intestine-specific Gata6 deletion model (G6del) was established (Supplementary 
Figure 3). Mice sacrificed up to 4 weeks after Gata6 deletion exhibited normal growth and 
activity; in a cohort of male mice, body weights and plasma cholesterol and triglyceride levels 
were not different from controls (data not shown). However, food intake measured during the 
3 days prior to terminal dissection was >30% lower for G6del mice as compared to controls 
(P<.01). 
Initial studies focused on distal ileum, where GATA6 is normally expressed, but GATA4 is not. 
Inducible deletion of Gata6 in adult mice resulted in villi that were 27% shorter and contained 
29% fewer epithelial cells as compared to Controls, whereas the depth and cell number of 
crypts remained unchanged (Figure 1A). Cleaved caspase 3 immunostaining was not different 
between G6del and Control ileum (data not shown) indicating that apoptosis is not influenced 
by Gata6 deletion. However, the number of Ki67-positive (Figure 1B) and BrdU-positive cells 
(Figure 1C) was reduced, indicating that Gata6 deletion results in a decrease in crypt cell 
proliferation. 

Intestinal Gata6 deletion results in an altered allocation and differentiation of secretory 
cells in ileum
Microarray analysis conducted on samples of ileum collected 4 weeks after Gata6 deletion 
showed a shift in the expression of secretory cell marker transcripts in which enteroendocrine 
and Paneth cell markers were down-regulated, and goblet cell markers were up-regulated 
(Supplementary Figure 4A). The decrease in enteroendocrine markers was confirmed by qRT-
PCR for Chga, glucagon (Gcg) and peptide YY (Pyy), and by a decrease in the number of CHGA-
positive cells (P<.05) (Figure 2A). These data suggest that conditional Gata6 deletion causes a 
decrease in enteroendocrine cell allocation in the ileum. 
The increase in goblet cell markers in G6del ileum (Supplementary Figure 4A) was supported 
by an increase in the number of alcian blue-positive cells (P<.001, Figure 2B). Interestingly, 
the number of alcian blue positive cells on villi was not altered. The alcian blue-positive crypt 
cells expressed mucin 2 (MUC2), but not trefoil factor 3 (TFF3) (Figure 2C). In agreement, Muc2 
mRNA abundance was increased 1.6-fold (P<.05), whereas that of Tff3 remained unchanged 
(Figure 2D). These data indicate that conditional Gata6 deletion does not alter goblet cell 
differentiation and migration onto villi, but causes an accumulation of goblet-like cells in crypts.
After 4 weeks of Gata6 deletion, immunostaining for the Paneth cell marker LYZ was 
decreased in crypts and overlapped with alcian blue-positive cells (Figure 2C). The number of 
LYZ-positive cells and Lyz mRNA abundance were reduced by 79% (P<.001), and 92% (P<.001), 
respectively (Figure 2E). The decline in Lyz mRNA occurred more than 2 weeks after tamoxifen 
(Supplementary Figure 5A), coinciding with a decrease in typical Paneth cells and an increase 
in goblet-like cells in crypts (Supplementary Figure 5B). Structural analyses by transmission EM 
demonstrated that Paneth cells with typical electron dense granules were replaced by cells 
containing characteristic mucin granules (Figure 2C). These data suggest that Paneth cells fail 
to properly differentiate and default to a goblet-like cell phenotype after Gata6 deletion. 
In a small subpopulation of the goblet-like cells in crypts of G6del ileum (~1 cell per crypt), 
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Figure 1. Intestinal Gata6 deletion results in a reduction in proliferation in the mature ileum. (A) From 
hematoxylin and eosin stained slides, crypt-villus junctions were established (dotted line) and villus height 
and crypt depth (brackets), as well as villus and crypt cell number, were determined (left panel) as indicated 
in Materials and Methods. Villus height and cell number were decreased in G6del as compared to Control 
ileum (right panel). (**P<.01, ***P<.001, as compared to Control). (B) Immunostaining for Ki67 (left panel) 
reveals that the number of positive cells was decreased after Gata6 deletion (right panel). (***P<.001, as 
compared to Control). (C) Immunohistochemistry for bromodeoxyuridine (BrdU) (left panel) demonstrates 
a decrease in the number of positive cells after Gata6 deletion (left panel). (*P<.05, as compared to Control, 
n=2 in each group).
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MUC2 co-localized with alpha-defensin related sequence (DEFA-RS) (Figure 2C), demonstrating 
co-expression of goblet and Paneth cell markers. Transmission EM revealed structures in G6del 
ileum that contain granules with an electron dense core typical of Paneth cells surrounded by 
a lighter, granular mass typical of goblet cells (open arrowhead, Figure 2F). These granules, 
clearly different from ‘mixed’ granules in nascent intermediate or granular goblet cells 
described previously (26), were never seen in Control ileum, and were likely the granules that 
co-express goblet and Paneth markers. 

Intestinal Gata6 deletion results in changes in the expression of crypt Wnt targets in 
ileum.
Nuclear β-catenin, the hallmark of active Wnt signaling within cells, was readily detected in 
Paneth cells at the base of crypts in Control ileum, but was markedly reduced in the goblet-like 
cells at the base of crypts in G6del ileum (Figure 3A). The mRNA abundance of the Paneth-
specific Wnt target alpha-defensin 1 (Defa1) and the Paneth-specific Wnt receptor frizzled 5 
(Fzd5)27 were down-regulated in the G6del ileum, but the transcript abundance of β-catenin and 
multiple crypt Wnt targets, including myelocytomatosis oncogene (c-Myc), CD44 antigen (Cd44), 
leucine rich repeat containing G protein coupled receptor 5 (Lgr5), eph receptor B2 (Ephb2), 
Ephb3, and Sox9, were either unchanged or up-regulated (Figure 3B). Interestingly, EPHB3, a 
Wnt target expressed in the crypt base region and necessary for Paneth cell localization,28 was 
expressed in the goblet-like cells at the base of crypts (Figure 3A). Also, SOX9, a Wnt target 
expressed in Paneth progenitors and required for Paneth cell differentiation (29, 30), was up-
regulated in the goblet-like cells in the crypts of G6del ileum (Figure 3B). These data indicate 
that conditional Gata6 deletion does not compromise crypt Wnt signaling in general, and that 
the goblet-like cells that accumulate in crypts of G6del ileum express Wnt targets normally 
found in Paneth cells and their progenitors (e. g., EPHB3 and SOX9). 

Intestinal Gata6 deletion results in alterations in Notch signaling in ileum
Notch1 or Hes1 transcript abundance was not different from Controls, but Atoh1 mRNA was up-
regulated (Supplementary Figure 4A), suggesting an alteration in secretory cell differentiation. 
The mRNA abundance of neurogenin 3 (NGN3) that selects enteroendocrine cells in ATOH1-
positive progenitors (31) was down-regulated, whereas that of growth factor independent 1 
(GFI1) that promotes goblet/Paneth lineage differentiation at the expense of enteroendocrine 
cells (32), remained unchanged (Figure 4A). The mRNA abundance of SAM pointed domain 
containing ets transcription factor (SPDEF), a downstream target of GFI133 and also a Wnt 
target (34), that promotes the goblet cell lineage, was up-regulated, whereas that of the Notch 
ligand delta-like 1 (DLL1) was down-regulated (Figure 4A). The up-regulation of SPDEF was 
localized to the goblet-like cells in crypts (Figure 4B). In intestine from Gfi1-/-32 and SpdefKO34 
mice, and from crypts of conditional transgenic Spdef over-expressing mice (SpdefTG) (33), 
Gata6 mRNA levels were not changed (Figure 4C). These data indicate that conditional Gata6 
deletion produces changes in Notch signaling consistent with expansion of the goblet cell 
lineage, and that Gata6 is not regulated by GFI1 or SPDEF. 
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Figure 2. Intestinal Gata6 deletion results in an increase in goblet-like cells in crypts, and a decrease in 
Paneth and enteroendocrine cells. (A) Quantitative RT-PCR shows a decrease in enteroendocrine marker 
transcripts; number of CHGA-positive cells are decreased in G6del ileum. (B) Number alcian blue-positive 
cells is increased in crypts. (C) Immunostaining for MUC2, TFF3 and LYZ shows an increase and MUC2 
and decrease in LYZ in crypts; electron microscopy shows an increase in goblet-like cells in crypts; co-
immunofluorescence shows co-localization of DEFA-RS and MUC2 in crypts of G6del mice. (D) Quantitative 
RT-PCR of Muc2 and Tff3 shows an increase in Muc2 mRNA abundance. (E) Number of LYZ-positive cells 
in crypts and Lyz mRNA abundance are both decreased in G6del ileum. (F) Electron microscopy shows 
the presence of cells with mixed goblet/Paneth granules in G6del ileum. *P<.05, **P<.01, ***P<.001, as 
compared to Control.
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Intestinal Gata6 deletion results in changes in the expression of specific absorptive 
enterocyte genes in ileum
In G6del ileum, absorptive enterocytes appeared structurally characteristic (EM, data not 
shown), and expression of the apical sodium dependent bile acid transporter (Asbt), a 
terminal differentiation marker in ileum, was not altered (Figure 5A), indicating that absorptive 
enterocyte differentiation is generally normal. However, some genes normally expressed at low 
or undetectable levels in small intestine, many of which encode proteins normally expressed 
in colon, were up-regulated (e. g. carbonic anhydrase (Car) 1 and 2, and claudin 8), while other 
genes normally expressed in absorptive enterocytes, many of which encode proteins involved 
in lipid metabolism, were down-regulated (e. g. apolipoprotein C-III, apolipoprotein A-I (Apoa1), 
and fatty acid binding protein 6) (Supplementary Figure 4B). In agreement with the latter 
observation, functional analyses using the gene ontology (GO) database indicated that lipid 
metabolism is likely to be affected by conditional Gata6 deletion (Supplementary Figure 4C). 
Changes in transcript abundance were confirmed for Car1 (up-regulated) and Apoa1 (down-
regulated) by qRT-PCR (Figure 5A). The up-regulation of CAR1, which is not normally expressed 
in ileum, was localized to absorptive enterocytes on villi (Figure 5B). 

Figure 3. Intestinal Gata6 deletion results in changes in the expression of crypt Wnt targets in ileum. (A) 
Immunostaining reveals a decrease in nulcear β-catenin, expression of EPHB3, and an increase in intensity 
of SOX9 in crypts of G6del ileum. (B) Quantitative RT-PCR shows changes in the mRNA abundance of specific 
proteins involved in intestinal Wnt signaling. (*P<.05, **P<.01, as compared to Control). 
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Intestinal Gata6 deletion results in an increase in Paneth cells in proximal small intestine
All of the analyses described thus far were performed on ileum where GATA6 is normally 
expressed, but GATA4 is not (16, 19). In jejunum and duodenum, where GATA6 and GATA4 
are normally co-expressed (16), Gata6 deletion did not alter the number of Ki67-positive 

Figure 4. Intestinal Gata6 deletion results in alterations in Notch signaling targets. (A) Quantitative RT-
PCR shows changes in the mRNA abundance of specific proteins involved in intestinal Notch signaling. (B) 
Immunostaining reveals an increase in SPDEF in crypts of G6del ileum. (C) Quantitative RT-PCR shows no 
change in the mRNA abundance of Gata6 in Gfi1 knockout (Gfi1-/-), Spdef knockout (SpdefKO) and Spdef 
over-expressing (SpdefTG) mice. *P<.05, **P<.01, ***P<.001, as compared to Control.
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proliferating, CHGA-positive enteroendocrine, or alcian blue-positive goblet cells, nor did it alter 
the mRNA levels of the absorptive enterocyte genes Car1 and Apoa1 (see later). Gata6 deletion 
also did not alter the expression of Gata4 or its targets lactase-phlorizin hydrolase and Asbt 
(16, 22) (data not shown). However, in contrast to the G6del ileum where Paneth cells fail to 
differentiate, the mRNA abundance of multiple Paneth markers (Figure 6A and Supplementary 
Figure 6A), as well as the immunostaining intensity of LYZ (Figure 6B and Supplementary 
Figure 6B) all increased in jejunum and duodenum of G6del mice. Structural analyses by EM 
confirmed an increase in the number of cells containing electron dense Paneth-like granules 
in the crypts of G6del jejunum, but also revealed granules that were more variable in size and 
more widely dispersed in the cell than normal (Figure 6C). Together, these data indicate that 
the alterations in proliferation, differentiation, and gene expression that occur in the ileum of 
G6del mice do not occur in the proximal small intestine of these mice, but instead reveal an 
increase in Paneth cells with atypical granules. 

Intestinal Gata6/Gata4 deletion results in changes in proliferation, differentiation and 
gene expression throughout the small intestine. 
Conditional deletion of both Gata6 and Gata4 (confirmed by qRT-PCR and immunostaining; 
data not shown) resulted in a phenotype throughout the small intestine that was similar to that 
found in the G6del ileum: fewer Ki67-positive proliferating cells (Figure 7A and B, Supplementary 
Figure 7A); a decrease in the mRNA abundance of multiple enteroendocrine cell markers and 

Figure 5. Intestinal Gata6 deletion 
results in alterations in the 
expression of specific absorptive 
enterocyte genes. (A) Quantitative 
RT-PCR shows no change in Asbt, an 
increase in Car1, and a decrease in 
Apoa1 mRNA abundances in G6del. 
**P<.01, ***P<.001, as compared 
to Control. (B) Immunostaining 
shows an increase in CAR1 in 
absorptive enterocytes of G6del 
ileum. 
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Ngn3 (Figure 7C, Supplementary Figure 7B, and data not shown), more alcian blue- (Figure 7A) 
and MUC2-positive (data not shown) goblet-like cells in crypts; lower mRNA levels of multiple 
Paneth cell markers (Figure 7C, Supplementary Figure 7C, and data not shown); and the 
presence of a subpopulation of cells with a mixed Paneth/goblet phenotype as shown by co-
expression of MUC2 and DEFA-RS (data not shown). Car1 mRNA abundance was up-regulated 
in jejunum and duodenum (Figure 7D, Supplementary Figure 7D), whereas that of Apoa1 was 
down-regulated in jejunum (Figure 7D); Apoa1 mRNA was not detected in control or knockout 
duodenum. These data indicate that deletion of both Gata6 and Gata4 produces throughout 
the small intestine all the changes observed in the G6del ileum. 

Figure 6. Intestinal Gata6 deletion results in an increase in Paneth cells in the jejunum. (A) Quantitative RT-
PCR shows increases in Lyz, Defa1 and Defa4 mRNA abundance after Gata6 deletion. **P<.01, ***P<.001, 
as compared to Control. (B) Immunohistochemistry revealed an increased intensity and a more widespread 
pattern of LYZ staining in jejunal crypts after Gata6 deletion. (C) Electron microscopy revealed more Paneth 
cells and Paneth granules that were more variable in size and more widely dispersed in G6del ileum.
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DISCUSSION

We have previously shown that GATA4 specifically regulates jejuno-ileal differences in 
absorptive enterocyte gene expression and function (16, 22). Here, we show that in ileum, 
where Gata6 is expressed but Gata4 is not, conditional deletion of Gata6 results in a decrease 
in cellular proliferation in crypts, a decrease in enteroendocrine cell allocation, a conversion of 
Paneth cells into goblet-like cells at the base of crypts, and an alteration in the expression of 
specific absorptive enterocyte genes that are distinct from GATA4-specific targets. In jejunum 
and duodenum, where Gata6 and Gata4 are co-expressed, conditional deletion of Gata6 did 
not produce this phenotype. Instead, Paneth cells were increased, perhaps as a compensatory 
response to the loss of Paneth cells in ileum. When both Gata6 and Gata4 were conditionally 
deleted, the proximal intestine exhibited all the changes in proliferation, differentiation and 
gene expression found in the ileum of single Gata6 conditional knockout mice. These data 
indicate that while GATA4, but not GATA6, specifically controls jejunal vs. ileal identities in 
absorptive enterocyte gene expression (16, 21, 22), GATA6 and GATA4 share common 

Figure 7. GATA4 is redundant for most GATA6 functions in the mature jejunum. (A) Sections stained for 
Ki67 and alcian blue revealed (B) a decrease in the number of Ki67-positive cells per crypt in G6G4del as 
compared to Control jejunum. (C) Quantitative RT-PCR shows decreases in Ngn3 and Lyz mRNA abundances 
in G6G4del jejunum. (D) Quantitative RT-PCR shows an increase in Car1 and a decrease in Apoa1 mRNA 
abundance in G6G4del jejunum. *P<.05, **P<.01, ***P<.001, as compared to G6del jejunum.
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functions in regulating crypt cell proliferation and secretory cell differentiation. GATA6 and 
GATA4 have common and distinct functions in regulating the expression of specific absorptive 
enterocyte genes. We believe that GATA6 and GATA4 mediate their effects on proliferation 
and lineage differentiation by acting within stem and/or progenitor cells in crypts, and on 
absorptive enterocyte gene expression by mechanisms that occur within these cells on villi. 
Cellular proliferation in intestinal crypts is necessary for the continuous renewal of the 
intestinal epithelium. Our data show that GATA6 or GATA4 is necessary for the maintenance 
of villus height and epithelial cell number, and of crypt cell proliferation throughout the small 
intestine. Because apoptosis on villi (or in crypts) was not increased, we believe that the 
observed decrease in villus height and cell number is a direct result of the decrease in crypt 
cell proliferation in which the rate of epithelial cell renewal is reduced. Although GATA factors 
have been shown to regulate cellular proliferation in other non-intestinal systems (35-39), our 
data are the first to show a role for this family of transcription factors in cellular proliferation 
in the small intestine. The decrease in villus height and cell number likely results in a reduction 
in intestinal surface area, which could adversely affect nutrient absorption, though we did not 
observe differences in body weight over the 4 weeks of Gata6 deletion. Taken together, these 
data indicate that GATA6 or GATA4 is necessary to maintain the normal regeneration of the 
intestinal epithelium by maintaining its proliferative capacity. 
The precise allocation and orderly differentiation of specialized cell types along the crypt-
villus axis are essential for establishing the functional landscape of the intestinal epithelium. 
Here, we also show that GATA6 or GATA4 is necessary for secretory cell differentiation. In 
G6G4del mice, we demonstrate normal goblet cell differentiation and migration onto villi, but 
a decrease in enteroendocrine and Paneth cells, and a gain of goblet-like cells in crypts. The 
loss of enteroendocrine cells, indicated by an overall decrease in the number of CHGA-positive 
cells and Ngn3 gene expression, suggests a decreased commitment to this lineage. Thus, 
GATA4 or GATA6 is necessary for enteroendocrine cell commitment in secretory progenitors. 
The normal differentiation of goblet cells onto villi, and the loss of Paneth cells and gain of 
goblet-like cells in crypts where Paneth cells normally reside, suggests a defect in the Paneth 
cell differentiation program. Paneth cell loss and goblet-like cell accumulation did not occur 
until at least 2 weeks after the induction of Gata6 deletion (Supplementary Figure 5), consistent 
with the slower turnover rate of Paneth cells. The goblet-like cells that accumulate in crypts 
display a nearly complete spectrum of goblet cell characteristics, but are different from fully 
differentiated goblet cells on villi in that they do not express TFF3 (Figure 2C). The goblet-like 
cells also express genes that promote Paneth cell differentiation and their crypt localization, 
including SOX9 and EPHB3 (Figure 3A), respectively, which are not normally expressed in 
mature goblet cells. A small percentage of cells also have mixed goblet-Paneth features (Figure 
2C and F). We believe that the goblet-like cells that accumulate in the crypts are committed 
Paneth cells that, in the absence of GATA6 and GATA4, fail to differentiate further, and by 
default differentiate to a goblet-like cell-type. Together, these data indicate that GATA4 or 
GATA6 promote the differentiation of Paneth cells in committed (SOX9) and targeted (EPHB3) 
Paneth progenitors by preventing their default to a goblet-like cell type.
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Wnt signaling is required for crypt maintenance and expression of specific Paneth cell genes 
(4, 5, 27, 40). Although nuclear β-catenin is undetectable in the goblet-like cells in the crypts 
and the mRNA abundances of Paneth-specific Wnt targets are reduced in the ileum of Gata6del 
mice, other (non Paneth-specific) crypt targets are either unaffected (c-Myc, Lgr5, Ephb2, 
Ephb3) or up-regulated (Cd44, Sox9) by Gata6 deletion (Figure 3). We therefore conclude that 
overall intestinal Wnt signaling is not compromised by Gata6/Gata4 deletion. The apparent 
loss of Paneth-specific Wnt signaling is likely due to the loss of fully differentiated Paneth cells, 
in which expression of the gene encoding FZD5, the Paneth-specific Wnt receptor (27), is 
reduced (Figure 3B). 
Analysis of Notch signaling reveals a shift toward a goblet cell differentiation program, as 
indicated by an up-regulation of Spdef, and down-regulation of both Ngn3 and Dll1 (Figure 4A). 
Over-expression of Spdef causes an increase in goblet cells and a decrease in enteroendocrine 
and Paneth cells, as well as a decrease in crypt cell proliferation (33), a phenotype that is 
strikingly similar to that in our models. Conditional deletion of Spdef impairs goblet and Paneth 
cell maturation, and causes an accumulation of secretory progenitors, as indicated by more 
crypt cells expressing DLL1 (34). Deletion of Dll1 leads to an increase in goblet cells in zebrafish 
intestine (8). It is thought that DLL1 laterally inhibits the secretory program in adjacent cells by 
activating Notch signaling and the absorptive enterocyte differentiation program. These data 
suggest that SPDEF promotes enteroendocrine cell allocation and Paneth cell differentiation, 
and inhibits goblet cell differentiation, possibly by down-stream regulation of Ngn3 and Dll1. 
Our data are consistent with the hypothesis that GATA6 or GATA4 maintains the balance of 
secretory cells by repressing Spdef gene expression in secretory progenitors. Since Gata6 
mRNA abundance was unaffected by either Gfi1 or Spdef deletion or Spdef over-expression 
(Figure 4C), we conclude that GATA6 or GATA4 act independently of GFI1 and upstream of 
SPDEF to regulate secretory cell differentiation. 
Previously, we showed that conditional deletion of Gata4 results in a jejunum-to-ileum 
transformation in absorptive enterocyte gene expression (16, 22). These changes occur in 
the presence of GATA6 (16), indicating that GATA6 cannot replace GATA4 to regulate specific 
GATA4 gene targets. Here, we show that in the ileum, GATA6 or GATA4 activate and repress 
specific absorptive enterocyte genes that are different from the GATA4-specific targets 
(Figure 5). Many of the genes down-regulated in G6del ileum encode lipid transporters and 
apolipoproteins, suggesting that Gata6 regulates ileal lipid metabolism (Supplementary Figure 
4C), though we did not detect alterations in serum cholesterol or triglyceride levels (data not 
shown). Many of the genes up-regulated by conditional Gata6 deletion are normally more 
highly expressed in colon than small intestine. These data suggest that GATA factors regulate 
intestinal lipid metabolism, and maintain the proximal-distal transcriptome in the small 
intestine by distinguishing jejunal vs. ileal (GATA4-specific) and intestinal vs. colonic (GATA4 or 
GATA6) gene expression. These data also suggest that the expression of specific absorptive 
enterocyte genes is regulated by mechanisms that involve differential recruitment of specific 
GATA factors.
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Renewal of the intestinal epithelium with precise cell distribution and gene expression patterns 
is tightly regulated by multiple factors and pathways (41). In this study, we add to this list of 
regulators by showing that GATA6 or GATA4 are required for intestinal proliferation, secretory 
cell differentiation and absorptive enterocyte gene expression. GATA factors are thus critical for 
intestinal regeneration, and could play a role in damage repair and the adaptive response after 
loss of functional intestinal surface, or in defects in proliferation, as in intestinal neoplasms.
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SUPPLEMENTAL

Supplementary Figure 1. Primer 
sequences used for quantitative 
reverse transcriptase polymerase 
chain reactions (qRT-PCR).
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Supplementary Figure 2. GATA6 is expressed in all differentiated and proliferating cells in the mature 
mouse small intestinal epithelium. Immunostaining with rabbit anti-GATA6 (1:50, Santa Cruz) (A-E) revealed 
that GATA6 is expressed in absorptive enterocytes (A), goblet cells (B), chromogranin A (CHGA)-positive 
enteroendocrine cells (C), alpha-defensin related sequence (DEFA-RS)-positive Paneth cells (D) and 
in Ki67-positive nuclei of proliferating crypt cells as determined on serial sections (E) with the highest 
staining intensity in the proliferative crypt compartment. Biotinylated secondary antibodies were linked 
to avidin-horseradish peroxidase or avidin-alkaline phosphatase conjugates (Vector Labs), and visualized 
using 3,3’-diamino benzidine (DAB) for 2-5 min or 4-nitro blue tetrazolium chloride (NBT)/5-bromo-4-
chloro-3indolyl-phosphate (BCIP) for 5-20 min, respectively. Methyl Green was used as a counterstain.  
Arrowheads indicate GATA6-positive nuclei.
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Supplementary Figure 3. Conditional, inducible deletion of Gata6 in adult mouse intestine. (A) Schematic 
representation of the Gata6loxP and Gata6del alleles (Sodhi CP, et al, BMC Dev Biol 2006;6:19) used in 
this study. VillinCreERT2-mediated recombination of the inserted loxP sites results in the deletion of 
exon 2 of the Gata6 allele. Boxes with numbers indicate exons. Red arrowheads indicate loxP sites. (B) 
Semi-quantitative RT-PCR revealed that Gata6 mRNA is expressed normally in Control mice (Gata6loxP/
loxP, VillinCreERT2–negative) and is specifically deleted in the intestine of G6del mice (Gata6loxP/loxP, 
VillinCreERT2–positive). Glyceraldehyde-3-phosphate dehydrogenase (Gapdh) mRNA was used as a 
positive control. (C) Quantitative RT-PCR showed a >90% decrease in Gata6 mRNA abundance in G6del 
as compared to Control ileum (***P<.001, as compared to Control, n=5 in each group). Primer sequences 
used: F:5’-CGAGGAATCAAAAGTCAGG-3’, R:5’-AGTCAAGGCCATCCACTGTC-3’. 
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Supplemental Figure 4. Intestinal Gata6 deletion results in aberrant cellular differentiation. Microarray 
analyses on Control (C1-3) and G6del (KO1-3) ileum (n=3 in each group) revealed transcript-level changes 
after Gata6 deletion. Significantly differentially expressed transcripts were determined at the 5% FDR level 
using Significance Analysis of Microarrays (SAM) and then visualized using Gene Cluster and Treeview. 
(A) Goblet cell markers were increased, Paneth and enteroendocrine cell markers were decreased, 
and secretory lineage regulators showed a mixed response. (B) Markers for the top 15 up- and down-
regulated absorptive enterocyte genes. Green, down-regulated; red, up-regulated; level of color saturation 
= magnitude of regulation compared to Control. (C) Gene Ontology data showing the processes most likely 
to be affected by conditional Gata6 deletion.  
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Supplementary Figure 5. Intestinal Gata6 deletion results in a gradual disappearance of Paneth cells. 
(A) Quantitative RT-PCR showed a gradual decrease in Lyz mRNA abundance beginning after two weeks, 
and reaching the lowest level at four weeks after the 5-day tamoxifen treatment (n=1 in each group). (B) 
Structural analysis by hematoxylin and eosin (H&E) staining on sections harvested 0, 2, 3 and 4 weeks after 
the 5-day tamoxifen treatment revealed that Paneth cells disappear, while goblet-like cells accumulate 
gradually over 4 weeks after tamoxifen treatment in the crypts of G6del ileum. 

Supplemental Figure 6. Intestinal Gata6 deletion results in an increase in Paneth cells markers in the 
duodenum. (A) qRT-PCR showed increases in lysozyme (Lyz) and alpha-defensin 4 (Defa4) mRNA abundance 
after Gata6 deletion. ***P<.001, as compared to Control. (B) Immunohistochemistry revealed an increased 
intensity and a more widespread pattern of LYZ staining in duodenal crypts after Gata6 deletion.
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Supplemental Figure 7. GATA4 is redundant for most GATA6 functions in the mature duodenum. (A) 
Sections stained for Ki67 revealed a decrease in the number of Ki67-positive cells per crypt in G6G4del as 
compared to G6del duodenum. qRT-PCR showed decreases in (B) neurogenin 3 (Ngn3) and (C) lysozyme 
(Lyz) mRNA abundances, and (D) an increase in carbonic anhydrase (Car1) mRNA abundance in G6G4del 
as compared to G6del duodenum. *P<.05, **P<.01, as compared to Control. 
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ABSTRACT 

Background
GATA transcription factors are essential for self-renewal of the small intestinal 
epithelium. Gata4 is expressed in the proximal 85% of small intestine while Gata6 is 
expressed throughout the length of small intestine. Deletion of intestinal Gata4 and 
Gata6 results in an altered proliferation/differentiation phenotype, and an up-regulation 
of SAM pointed domain containing ETS transcription factor (Spdef), a transcription factor 
recently shown to act as a tumor suppressor. The goal of this study is to determine 
to what extent SPDEF mediates the downstream functions of GATA4/GATA6 in the 
small intestine. The hypothesis to be tested is that intestinal GATA4/GATA6 functions 
through SPDEF by repressing Spdef gene expression. To test this hypothesis, we defined 
the functions most likely regulated by the overlapping GATA6/SPDEF target gene set in 
mouse intestine, delineated the relationship between GATA6 chromatin occupancy and 
Spdef gene regulation in Caco-2 cells, and determined the extent to which prevention 
of Spdef up-regulation by Spdef knockout rescues the GATA6 phenotype in conditional 
Gata6 knockout mouse ileum.
Results
Using publicly available profiling data, we found that 83% of GATA6-regulated genes are 
also regulated by SPDEF, and that proliferation/cancer is the function most likely to be 
modulated by this overlapping gene set. In human Caco-2 cells, GATA6 knockdown results 
in an up-regulation of Spdef gene expression, modeling our mouse Gata6 knockout data. 
GATA6 occupies a genetic locus located 40 kb upstream of the Spdef transcription start 
site, consistent with direct regulation of Spdef gene expression by GATA6. Prevention of 
Spdef up-regulation in conditional Gata6 knockout mouse ileum by the additional deletion 
of Spdef rescued the crypt cell proliferation defect, but had little effect on altered lineage 
differentiation or absorptive enterocytes gene expression. 
Conclusion
SPDEF is a key, immediate downstream effecter of the crypt cell proliferation function of 
GATA4/GATA6 in the small intestine. 

BACKGROUND

The mature mammalian small intestine is lined by a highly specialized epithelium that 
regenerates itself in a tightly controlled manner resulting in a lineage distribution and gene 
expression patterning that is perfectly suited for the absorption of nutrients. The epithelium 
is organized into crypt-villus structures in which the Crypts of Lieberkühn contain stem cells 
that produce proliferating, transit-amplifying (TA) cells that differentiate into five principal 
post-mitotic cell types comprised of one type of absorptive cell (absorptive enterocytes) and 
four types of secretory cells (enteroendocrine, goblet, Paneth, and tuft cells (1)). Absorptive 
enterocytes express digestive enzymes and transporters necessary for the terminal digestion 
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and absorption of nutrients. Mucus-secreting goblet cells and defensin-secreting Paneth cells 
maintain a dynamic mucosal defensive barrier. Enteroendocrine cells secrete hormones that 
regulate gastrointestinal processes. Tuft cells, recently shown to be an independent secretory 
lineage (2), secrete opioids and produce enzymes that synthesize prostaglandins, suggesting a 
role in inflammation. Absorptive enterocytes, goblet cells, enteroendocrine cells, and tuft cells 
migrate up the crypt to populate the villi, whereas Paneth cells migrate to the base of crypts. 
The differentiated cells eventually undergo apoptosis and are shed into the lumen. Cells of the 
villus epithelium turn over in 3–4 days, whereas Paneth cells at the base of crypts turn over at 
a slower rate of 3–6 weeks. 
Current models of intestinal epithelial renewal suggest that long-lived, multipotent stem 
cells produce multipotent progenitors that undergo a series of transitions that ultimately 
give rise to the individual cell lineages (1, 3). The Wnt, hedgehog, and bone morphogenetic 
protein signaling pathways regulate intestinal proliferation and differentiation, while the 
Notch signaling pathway plays a central role in determining epithelial cell fate. The first 
decision selects absorptive vs. secretory progenitors. Activated Notch signaling results in 
the transcriptional activation of its principal intestinal target, hairy and enhancer of split 1 
(Hes1), which encodes a transcription factor that selects the absorptive enterocyte lineage. 
Progenitor cells that escape Notch signaling and activation of Hes1 gene transcription express 
atonal homolog 1 (Atoh1, formerly called Math1), which encodes a transcription factor that 
selects the secretory cells. Additional regulators that function in secretory cell differentiation 
include: growth factor independent 1 (Gfi1) that distinguishes enteroendocrine from goblet/
Paneth progenitors; neurogenin 3 (Neurog3) that specifies the enteroendocrine lineage; SAM 
pointed domain-containing Ets transcription factor (Spdef), a GFI1 target, that promotes goblet 
differentiation; and SRY-box containing gene 9 (Sox9) and ephrin type B receptor 3 (Ephb3), 
Wnt targets that are necessary for the differentiation of Paneth cells and their localization to 
the crypt base, respectively. 
Recently, we showed that members of the GATA family, an ancient family of transcription 
factors that bind WGATAR motifs in DNA, play essential roles in crypt cell proliferation, 
secretory cell differentiation, and absorptive enterocyte gene expression. Gata4 and Gata6 
are expressed in the intestinal epithelium, but whereas Gata6 is expressed throughout the 
length of the small intestine, Gata4 is expressed in the proximal 85% of small intestine and 
is sharply down-regulated in the distal ileum(4-6). Using conditional knockout technology, 
we(5, 7) and others(8) have shown that GATA4 functions to promote a ‘jejunal’ pattern of 
absorptive enterocyte gene expression and function while repressing an ‘ileal’ pattern. Using 
single and double conditional knockout approaches for Gata4 and Gata6, we found that in the 
ileum of single Gata6 conditional knockout mice, where Gata4 is not normally expressed, or 
throughout the small intestine of double Gata4/Gata6 conditional knockout mice, crypt cell 
proliferation and enteroendocrine cell specification are decreased, Paneth cells are replaced 
by a goblet-like cell type, and the expression of specific absorptive enterocyte genes is altered 
(4). We also noted that Spdef, a transcription factor expressed in secretory progenitors, goblet 
cells and Paneth cells that functions in goblet and Paneth cell differentiation(9, 10), was up-
regulated (4). Using a conditional Spdef over-expression model, Noah et al(10) described an 
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intestinal phenotype that, with the exception of the changes in absorptive enterocyte gene 
expression, essentially phenocopies that of our Gata4/Gata6 conditional knockout mice: 
crypt cell proliferation is decreased, enteroendocrine and Paneth cells are decreased, and 
goblet-like cells are increased. Based on these findings, we hypothesized that GATA4/GATA6 
regulates crypt cell proliferation and secretory cell differentiation in the small intestine by 
repressing Spdef gene expression. To test this hypothesis, we defined the functions most likely 
regulated by the overlapping GATA6/SPDEF target gene set in mouse intestine, delineated 
the relationship between GATA6 chromatin occupancy and Spdef gene regulation in Caco-2 
cells, and determined the extent to which prevention of Spdef up-regulation by Spdef knockout 
rescues the GATA6 phenotype in conditional Gata6 knockout mouse ileum. 

RESULTS AND DISCUSSION

GATA6 and SPDEF regulate similar subsets of genes 
To gain insight on the relationship between GATA6 and SPDEF in the small intestine, we 
scanned the overlap of gene targets using publicly available gene profiling data from 
conditional Gata6 and Spdef knockout mouse intestine(4, 9). Previously, we identified 2564 
genes whose expression is altered in ileum by conditional Gata6 deletion(4). Network analysis 
of this gene set indicated an up-regulation of p53 targets and a down-regulation of c-MYC 
targets (Supplemental Figure S1), consistent with a decrease in cellular proliferation. Of the 
2564 genes altered by conditional Gata6 knockout, 83% (2119) were also altered by Spdef 
knockout (Figure 1A), a far greater overlap than would be expected from a similar-sized, 
randomized allocation of genes (P<10-60, Fisher’s Exact Test). The changes in expression of 
this subset when Gata6 is deleted were analyzed by gene set array analysis. Using Database 
for Annotation, Visualization and Integrated Discovery (DAVID), we conducted functional 
annotation clustering of all the major pathways (listed in the KEGG, Biocarta and BBID 
databases). We found that Wnt signaling was the function most likely to be effected (Figure 
1B), consistent with regulation of crypt cell proliferation. Using Gene Set Array Analysis (GSEA), 
a publically available bioinformatics tool that delineates gene expression data for enrichment 
of pre-defined gene-sets, APC target network was one of the top three networks affected by 
Gata6 deletion with a Normalized Enrichment Score (NES) of -1.57 (Figure 1C). This analysis 
reveals a very strong overlap in gene targets between GATA6 and SPDEF, and suggests that 
the principal function of this overlap involves cellular proliferation. 

GATA6 regulates Spdef gene expression and occupies a locus in the Spdef 5’-flanking 
region in human Caco-2 cells.
Conditional Gata6 deletion in mice produces an up-regulation of Spdef gene expression 
in ileum while knockout or over-expression of Spdef has no effect on Gata6 expression(4), 
suggesting that Spdef is regulated downstream by GATA6. To determine the extent to which 
this process is conserved, and to further explore the role of GATA6 in regulating Spdef gene 
expression, we characterized the effect of Gata6 knock-down on Spdef gene expression in 
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Caco-2 cells. The Caco-2 cell line is a human colorectal adenocarcinoma-derived cell line that 
expresses abundant GATA6, but very little GATA4(11), similar to the ileum. Knock-down of 
GATA6 expression through lentiviral infection of a plasmid that expresses a short hairpin RNA 
against Gata6 was 55% (P<0.05, Figure 2A), resulting in a decrease in GATA6 protein (Figure 
2B). Spdef mRNA was up-regulated 2-fold in Gata6 knock-down (G6kd) cells (P<0.05, Figure 
2A), demonstrating that the Caco-2 cells model the up-regulation of Spdef gene expression 
observed in conditional Gata6 knockout mouse ileum(4). 
To gain insight on the relationship between GATA6 and Spdef gene expression, we 
examined GATA6 chromatin occupancy at the Spdef gene locus. Because we were unable to 

Figure 1. Overlap of genes in small intestine modulated by conditional Gata6 or Spdef knockout. Publicly 
available gene profiling data from conditional Gata6 (GSE22416) and Spdef (GSE14892) knockout mouse 
intestine show a significant overlap. (B) Functional annotation clustering of pathways shows that the top-
enriched cluster, in overlapping Gata6 and Spdef genes, contains the Wnt pathway as its main function (ES 
score 2.58). (C) GSEA analysis shows, in the overlapping Gata6 and Spdef genesegment, APC targets as the 
second most highly enriched cluster (ES score 1.57).
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immunoprecipitate bound chromatin from crosslinked mouse intestinal epithelial cells using 
existing antisera, we utilized the human Caco-2 intestinal cell culture model in which GATA6 
ChIP assays have been performed previously(12). Using a publicly available GATA6 chromatin 
immunoprecipitation-high throughput sequencing (ChIP-seq) database in Caco-2 cells (12), we 
identified a GATA6-occupied cis-regulatory region approximately 40 kb upstream of the Spdef 
transcription start site (TSS) that mapped to the Spdef gene based on closest distance to any 
TSS (Figure 2C). To confirm and localize GATA6 occupancy at this locus, we performed GATA6 
ChIP assays using a multiple, overlapping primer strategy with amplicons of ~200 bp per primer 
pair (Figure 2C) centered at the only GATA motif within this region. We found increases of all 
three amplicons with amplicon from primer set 2 being significantly greater (~70%, P<0.05, 
n=4) than the Amy1 TSS negative control (Figure 2D). Although our ChIP data reveal a modest 
increase in enrichment, it is nonetheless statistically significant and thus confirmatory of ChIP-
seq data conducted by others(12) (see MACS peak data, Figure 2C). We also conducted an IgG 
control ChIP assay to show that enrichment with primer set 2 was not due to differences in 
primer efficiency from that of the Amy1 TSS, or to non-specific antibody binding (Figure 2D). 
These data show that GATA6 occupies a cis-regulatory region that maps to the Spdef gene, 
and, together with Spdef up-regulation in G6kd cells, is consistent with the notion that GATA6 
directly represses Spdef gene transcription. While mapping of occupancy sites to the nearest 
TSS is a well recognized method for defining transcription factor targets on a global basis(12, 
13), direct regulation of Spdef gene expression by GATA6 at this site will need to be confirmed 
using chromosome conformation capture techniques(14). 
Transcriptional repression is highly complex, especially in eukaryotes, generally involving the 
recruitment of specific co-repressors and the local modification of histone tails and chromatin 
structure (15). GATA factors are well known to mediate gene repression, and the mechanisms 
are beginning to be understood. GATA4 has been shown to directly repress cardiac genes(16) 
while GATA1 has been shown to directly repress hematopoietic genes(17, 18). Both GATA4 and 
GATA1 interact directly with corepressor complexes including the nucleosome remodeling 
and histone deacetylase (NuRD) complex and the polycomb repressive complex 2 (PRC2)(16), 
and are necessary for the multiple modifications of histone tails, but the extent to which GATA 
factors recruit co-repressors and/or modulate histone tails in the small intestine remains to 
be determined. 

Spdef knockout rescues the proliferation defect in conditional Gata6 knockout mice
We next asked to what extent Spdef deletion rescues the conditional Gata6 knockout 
phenotype by analyzing single and double Gata6/Spdef knockout mice. In previous studies, 
conditional deletion of Gata6 (4) or deletion of Spdef (9) resulted in greatly diminished levels of 
Gata6 or Spdef mRNA, respectively, in the intestine that correlated with reduced protein levels 
and altered intestinal phenotypes. Analysis of mRNA in the present study showed that Gata6 
and Spdef mRNAs were both expressed in Ctl mice, Gata6 mRNA was nearly undetectable 
while Spdef mRNA was expressed in Gata6ΔIE mice, Gata6 mRNA was expressed while Spdef 
mRNA was nearly undetectable in SpdefKO mice, and both Gata6 and Spdef mRNAs were nearly 
undetectable in the double knockout (DKO) mice (Supplemental Figure S2), verifying our models.  
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Figure 2. GATA6 regulates Spdef expression and occupies an enhancer in the Spdef 5’-flanking region in 
Caco-2 cells. (A) Quantitative RT-PCR analysis showing reduced expression of Gata6 mRNA, and enhanced 
expression of Spdef mRNA in Caco-2 cells infected with a lentivirus vector expressing an shRNA for human 
Gata6 mRNA (G6kd) (mean ± SD, n=5, *P<0.05). An shRNA vector for GFP was used as a control (Ctl). (B) 
Western analysis showing reduced abundance of GATA6 in G6kd Caco-2 cells. (C) Schematic representation 
of the human Spdef 5’-flanking region showing GATA6 occupancy at a locus ~40kb upstream of the 
transcription start site (TSS). GATA6 sequence tag density is shown as a ‘wiggle file’, and a statistically 
significant GATA6-occupied locus was defined by MACS peak analysis(29) (dotted box). (D) ChIP assays 
on chromatin obtained from Caco-2 cells using a GATA6 antibody and three sets of overlapping primers 
centered on the GATA motif showing increased GATA6 occupancy (mean ± SD, n=4, *P<0.05). The salivary 
amylase-α1a (Amy-1) TSS was used as a negative control. ChIP assays using anti-rabbit IgG was used as a 
control for non-specific immunoprecipitation and primer efficiency. 
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Crypt cell proliferation is essential for the continuation of intestinal epithelial renewal. One of 
the principal phenotypic outcomes of conditional Gata4/Gata6 deletion is a ~30% reduction 
in the number of Ki67- and BrdU-positive cells, and a concomitant decrease villus height and 
villus epithelial cell number (4) resulting in a reduction in absorptive surface area. To define the 
role of SPDEF in mediating the decrease in crypt cell proliferation when Gata6 is conditionally 
deleted, we stained ileal segments for Ki67 and BrdU (Figure 3A), markers of the non-G0 and 
S-phases of the cell cycle, respectively. The number of Ki67-positive and BrdU-positive crypt 
cells was significantly reduced ~40% in Gata6ΔIE mice (Figure 3B), as previously reported(4), but 
unchanged in SpdefKO mice, as compared to controls. The number of Ki67- and BrdU-positive 
crypt cells in DKO mice was also similar to controls, indicating that the additional deletion of 
Spdef rescues the decrease in crypt cell proliferation observed in Gata6ΔIE mice. These data 
support the notion that GATA6 maintains crypt cell proliferation by down-regulating Spdef 
gene expression. 

Figure 3. Crypt cell proliferation is decreased in Gata6ΔIE mice. (A) Immunostaining in ileum for the 
proliferation markers Ki67 (top row) and BrdU (bottom row). (B) Quantification of Ki67- and BrdU-positive 
cells/crypt in each group. Cells were counted as described in Methods. Gata6ΔIE mice had significantly 
fewer Ki67- or BrdU-positive cells than each of the other three groups (P<0.01 in each case), consistent with 
a decrease in crypt cell proliferation. 
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SPDEF does not regulate the secretory cell differentiation function of GATA6 
Previously, conditional deletion of Gata6 in the ileum resulted in a 25-40% reduction in the 
number of chromogranin A (CHGA)-positive cells, and in the mRNA abundances of Chga and 
Neurog3 (4), consistent with a decrease in enteroendocrine lineage commitment. Though not 
statistically significant, we found a 15-50% reduction in the number of CHGA-positive cells 
(Figure 4A), and in the mRNA abundances of Chga and Neurog3 (Figure 4B) in the Gata6ΔIE 
mice, in general agreement with our previous study(4). We further found that although the 
pattern for these three measurements in the SpdefKO mice was similar to that in Ctl mice, 
consistent with previous data for distal intestine (9), the pattern in the DKO mice was similar 
to that in the Gata6ΔIE mice (Figure 4A&B). Together, these data show that enteroendocrine 
cell commitment is reduced in both Gata6ΔIE and DKO mice, indicating that GATA6 promotes 
enteroendocrine cell commitment independently of SPDEF. 
Previously, we also showed that conditional Gata6 deletion resulted in a transformation of 
Paneth cells into Mucin-2 (MUC2)-enriched goblet-like cells at the base of crypts (4). In the 
present study, immunostaining for CRS4C, a Paneth-specific marker, was slightly reduced 
in SpdefKO mice as compared to controls, consistent with previous data (9), but was greatly 
reduced in both Gata6ΔIE and DKO mice as compared to controls (Figure 5A). The number 
of crypt cross-sections with at least one CRS4C-positive cell was nearly 100% in Ctl and 
SpdefKO mice, but was less than 30% in both Gata6ΔIE and DKO mice (P<0.01 for each, Figure 
5B). The mRNA abundance for lysozyme (Lyz), another Paneth marker, was not significantly 
different between Ctl and SpdefKO mice, but was significantly reduced in Gata6ΔIE and DKO 
mice as compared to controls (P<0.01 for each, Figure 5C). PAS staining was greatly increased 
in crypts of Gata6ΔIE mice, as previously shown (4), noticeably reduced in SpdefKO mice, 
especially in villus goblet cells, as previously shown (9), and similar to controls in DKO mice 
(Figure 5A). MUC2 immunostaining was greatly enriched in crypts of Gata6ΔIE mice, consistent 
with our previous report (4), but similar to controls in SpdefKO and DKO mice (Figure 5A).  

Figure 4. Enteroendocrine cell allocation is decreased in Gata6ΔIE and DKO mice. (A) Quantification of 
CHGA-positive cells in each group. Sections of ileum were stained for CHGA, and the number of positive 
cells/1000 epithelial cells was determined as described in Methods. (B) Chga and Neurog3 mRNA abundance 
in each group. Gata6ΔIE and DKO mice had generally lower numbers of CHGA-positive cells and Chga and 
Neurog3 mRNA abundances than Ctl mice, consistent with a decrease in enteroendocrine lineage allocation. 
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Figure 5. Paneth cells are decreased in Gata6ΔIE and DKO mice. (A) Immunostaining in ileum for CRS4C (first 
row) and MUC2 (third row), and chemical staining using the PAS reaction (second row). (B) Quantification of 
CRS4C-positive cells in each group. Sections of ileum were stained for CRS4C, and the number of positive 
cells/crypt cross section was determined as described in Methods. (C) Lyz and Muc2 mRNA abundance in 
each group. Gata6ΔIE and DKO mice had significantly lower numbers of CRS4C-positive cells and Lyz mRNA 
abundance than Ctl mice, consistent with a decrease in mature Paneth cells. 
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Generally consistent with this observation, Muc2 mRNA abundance in Gata6ΔIE mice was 2.5-
fold higher as compared to controls, though not statistically significant, whereas Muc2 mRNA 
abundances in SpdefKO and DKO mice were similar to controls (Figure 5C). These data indicate 
that the additional deletion of Spdef did not rescue the decrease in the terminal differentiation 
of Paneth cells observed in Gata6ΔIE mice, but did at least partially prevent their conversion 
to MUC2-enriched goblet-like cells. Thus, SPDEF is not necessary for the GATA-mediated 
differentiation of Paneth cells, but does function in their default differentiation into goblet-like 
cells in the absence of Gata6. This is consistent with the general function of SPDEF to promote 
the differentiation of goblet cells (9, 10). 
In spite of the common secretory cell phenotypes in Gata6 deletion and Spdef over-expression 
models (4, 10), our data show that Spdef deletion did not rescue the Gata6 knockout defects in 
enteroendocrine lineage commitment or in Paneth cell differentiation. Closer scrutiny suggests 
that the secretory cell phenotypes in the Gata6 deletion and Spdef over-expression models are 
not identical. While the decline in enteroendocrine and Paneth cells, and accumulation of 
goblet cells, appear similar, the underlying alteration in Paneth and goblet cell differentiation 
is different. Conditional Gata6 deletion has no effect on the normal commitment and 
differentiation of goblet cells on villi but reveals a conversion of Paneth cells at the base of 
crypts into a goblet-like cell type. These cells do not express defensins, but express abundant 
Muc2; they also express abundant Sox9 and Ephb3 (4), indicating that they are committed 
and targeted Paneth cells. On the other hand, conditional Spdef over-expression results in a 
generalized increase in goblet cells at the expense of all other epithelial cell types (10). Hence, 
these mice show a decline in Paneth cell specification rather than a defect in the terminal 
differentiation of committed Paneth cells, as observed in our conditional Gata6 knockout 
model. 

SPDEF does not regulate the absorptive enterocyte gene expression function of GATA6 
We next examined whether Spdef loss affected GATA6-dependent absorptive enterocyte gene 
expression. Conditional Gata6 deletion resulted in a down-regulation of specific absorptive 
enterocyte genes in ileum that include lipid transporters and apolipoproteins, and an up-
regulation of genes in absorptive enterocytes normally not expressed or expressed at low 
levels in small intestine, but expressed at high levels in colon (4). Using marker genes for 
these two patterns, apolipoprotein A1 (Apoa1) and carbonic anyhdrase 1 (Car1), respectively, 
we found that their mRNA abundances were down-regulated and up-regulated, respectively, 
in Gata6ΔIE mice (Figure 6), consistent with our previous findings (4). Apoa1 and Car1 mRNA 
abundance in SpdefKO mice was similar to controls, whereas that in DKO mice was similar 
to Gata6ΔIE, indicating that SPDEF does not play a role in mediating the conditional Gata6 
knockout alteration in absorptive enterocyte gene expression. 
GATA6 is expressed in crypts and in mature absorptive enterocytes (4, 5), whereas SPDEF 
is expressed in secretory progenitors, and in goblet and Paneth cells, but is not expressed 
in mature absorptive enterocytes (9, 10). While it is possible that SPDEF could instruct gene 
expression in absorptive enterocytes through a process that originates in progenitors early in the 
differentiation process, we found that SPDEF did not regulate the GATA6 targets studied here.  
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Figure 7. Model for the known GATA pathways in mature small intestine, and the placement of SPDEF 
within those pathways. GATA4 (purple), but not GATA6 (blue), activates and represses a subset of absorptive 
enterocyte genes (GATA4-specific), whereas either GATA4 or GATA6 (purple/blue) promote crypt cell 
proliferation, enteroendocrine lineage commitment, Paneth cell differentiation, and absorptive enterocyte 
gene expression (GATA4/GATA6-redundant). GATA4/GATA6 promotes the crypt cell proliferation function 
by repressing the gene encoding SPDEF (green). 

Figure 6. Absorptive enterocyte gene expression is altered in Gata6ΔIE and DKO mice. Gata6ΔIE and DKO 
mice had significantly lower Apoa1, and significantly higher Car1 mRNA abundances than Ctl mice.
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As in the GATA4-specific pathway, in which GATA4 regulates its targets in mature absorptive 
enterocytes on villi rather than in crypt progenitors (19), we believe that GATA6 also regulates 
absorptive enterocyte gene expression within mature absorptive enterocytes on villi.

Conclusion
Previously, we defined two fundamental pathways of GATA regulation in the small intestine, 
one mediated exclusively by GATA4 (GATA4-specific pathway), and one regulated by GATA4 or 
GATA6 (GATA4/GATA6-redundant pathway) (Figure 7). In the GATA4-specific pathway, GATA4, 
but not GATA6, activates and represses a subset of absorptive enterocyte genes, and by virtue 
of its expression in the proximal 85% of small intestine and lack of expression in distal ileum (7), 
distinguishes proximal intestinal from distal ileal gene expression and function (5, 7, 8). For the 
GATA4/GATA6-redundant pathway, either GATA4 or GATA6 (which is expressed throughout 
the small intestine, including distal ileum) promote intestinal epithelial renewal by supporting 
crypt cell proliferation, enteroendocrine lineage commitment, Paneth cell differentiation, and 
absorptive enterocyte gene expression (4). Here, we show that the maintenance of crypt cell 
proliferation function of the intestinal GATA4/GATA6-redundant pathway is dependent on 
SPDEF (Figure 7). Specifically, our data support the notion that GATA4/GATA6 promotes crypt 
cell proliferation by directly repressing Spdef gene expression. 
GATA6 has been suggested to be oncogenic in multiple cancers and pre-cancerous lesions, 
including Barrett’s esophagus, gastric cancer, pancreatic cancer, and colon cancer (20). Gata6 
expression is up-regulated in colon cancer epithelial cells (21-23), as well as in non-malignant 
cells along the stromal margins in human colorectal cancer (22), but it should be noted 
that it has not been determined whether this is a correlative, causative or protective event. 
Recently, Noah et al (24) showed that SPDEF functions as a colorectal tumor suppressor. 
In colorectal tumors from patients, loss of SPDEF was observed in approximately 85% of 
tumors and correlated with progression from normal tissue, to adenoma, to adenocarcinoma. 
Further, SPDEF inhibited the expression of β-catenin-target genes in mouse colon tumors, 
and interacted with β-catenin to block its transcriptional activity in colorectal cancer cell 
lines, resulting in lower levels of cyclin D1 and c-MYC. Pathway analysis showed that Gata6 
deletion also modulated c-MYC targets (Supplemental Figure S1) and that the GATA6/SPDEF 
overlapping gene set likely functions in Wnt signaling (Figure 1) Thus, our data here suggest 
that the possible tumorigenic effects of GATA6 could be mediated by its repression of Spdef 
gene expression. 
 

METHODS

Analysis of publicly available gene profiling data
From the National Center for Biotechnology Information (NCBI) website (http://www.ncbi.nlm.
nih.gov/), we downloaded gene profiling data from the ileum of conditional Gata6 knockout 
mice (GSE22416) (4), and from the small intestine of Spdef-/- mice (GSE14892) (9). Data analysis 
was performed using Cistrome (www.cistrome.org), a flexible bioinformatics workbench with 
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an analysis platform for ChIP-seq and gene expression microarray analysis (25). Significant 
over-representation of overlapping target genes was determined by the Fisher’s Exact Test. 
Gene ontology analysis and pathway analysis was conducted using Database for Annotation, 
Visualization and Integrated Discovery (DAVID)(26). Gene set enrichment analysis was 
performed by using publicly available Gene Set Enrichment Analysis (GSEA) tools v2.3 from 
the Broad Institute(27).

Cell culture and lentiviral infection
Lentiviral infection was conducted as previously described (28). 293T and Caco-2 cells 
were cultured in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Inc., Manassas, 
VA) containing glucose (4.5 g/liter), l-glutamine, and sodium pyruvate. The media was 
supplemented with 10% fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA) and 
penicillin (100 U/ml)-streptomycin (1 mg/ml) (Sigma Chemical Company, St. Louis, MO). Both 
cell lines were maintained in 5% CO2 at 95% relative humidity and 37°C. Media were replaced 
every 2 to 3 days. To produce lentivirus for the knockdown of Gata6, 293T cells were plated at 
105 cells/ml on 6-cm plates and transfected after 24 h with 1 μg of vesicular stomatitis virus 
glycoprotein G (VSV-G) envelope-expressing plasmid pMD.G, 1 μg of pCMV-dR8.91 (Delta 8.9) 
plasmid containing gag, pol, and rev genes, and 1 μg of shRNA-pLKO.1 plasmids expressing a 
knockdown short hairpin RNA (shRNA) (Sigma) for green fluorescent protein (GFP) (used as 
a control (Ctl)) (SHC005) or human Gata6 (G6kd) (TRCN0000005392) using 6 μl of FuGENE 6 
reagent (Roche Diagnostic Corporation, Indianapolis, IN). Media from the transfected 293T 
cells were changed 16 h after transfection. Culture media containing lentiviral particles were 
collected and filtered (0.45 μm pore size) 48 h after transfection and transferred immediately 
to Caco-2 cells plated at 30% confluence to infect for 2 h using 0.5 μl of polybrene/ml. Infection 
was repeated the next day followed by selection of infected cells using 4 μg/ml puromycin. 
Infected cells were kept under conditions of selection until the day of harvesting. Trypsinized 
cells were homogenized using a QIA shredder (Qiagen, Inc., Valencia, CA), and RNA was 
isolated as described above for mouse tissue. Nuclear extracts were isolated as described 
previously (11). Gata6 knockdown was determined by quantitative reverse transcriptase- (qRT-
) PCR for human Gata6 (see Supplemental Figure S3A for primers) and by Western blot analysis 
as previously described (5) using rabbit anti-GATA6 (Cell Signaling Technology, Inc, Danvers, 
MA; Cat. No. 4253S). 

Chromosomal immunoprecipitation (ChIP) assays
Using a publicly available GATA6 chromatin immunoprecipitation-high throughput sequencing 
(ChIP-seq) database in Caco-2 cells (12) ,sequences were mapped to reference genome 
Homo Sapiens build 18 (HG18) using ELAND tools, allowing 0 to 2 mismatches (Illumina), and 
binding peaks were identified by model-based analysis of ChIP-seq (MACS)(29) using default 
parameters and P value cutoffs of 10-10.
Chromosomal immunoprecipitation (ChIP) assays were conducted as previously described 
(28). Caco-2 cells were incubated in DMEM containing 1% formaldehyde (Fisher Scientific, 
Pittsburgh, PA) for 10 min at 37°C. The cells were washed 2 times with PBS, scraped, and 
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resuspended in lysis buffer (50 mM Tris-Cl (pH 8.1), 10 mM EDTA, 1% sodium dodecyl sulfate 
(SDS)) containing protease inhibitor cocktail and PMSF) (10 μl/ml). The samples were sonicated 
to obtain chromatin fragments of between 400 and 1,000 bp. Sonicated samples were 
resuspended in ChIP dilution buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM 
Tris-HCl, pH 8.1) and incubated overnight at 4°C with Dynabeads beads (Life Technologies, 
Grand Island, NY) conjugated with rabbit anti-GATA6 (Cell Signaling; Cat. No. 4253) or rabbit 
IgG (negative control) (Millipore, Temecula, CA; Cat. No. PP64B). The IP samples were washed 
6 times with radioimmunoprecipitation (RIPA) buffer (50 mM HEPES (pH 7.6), 0.5 M LiCl, 1 mM 
EDTA, 1% Nonidet P-40, 0.7% sodium deoxycholate), and the DNA was recovered by reverse 
cross-linking in 1% SDS–0.1 M NaHCO3 for 7 h at 65°C. DNA was purified using a QIAquick PCR 
purification kit (Qiagen) and quantified by Picogreen (Life Technologies). One nanogram of 
DNA was used per qPCR reaction using primers shown in Supplemental Figure S3B. 

Mice
Previously established and confirmed Gata6loxP/loxP (30), Spdef-/- (9), and transgenic VillinCreERT2 
(31) mice were used in this study to produce four groups of mice, including controls (Ctl), 
conditional Gata6 deletion in the intestinal epithelium (Gata6ΔIE), germline Spdef knockout 
(SpdefKO), and double Gata6/Spdef knockout (DKO). The genotypes of each group are as follows:
Ctl:  Gata6loxP/loxP, Spdef +/-, VillinCreERT2-negative
Gata6ΔIE: Gata6loxP/loxP, Spdef +/-, VillinCreERT2-positive
SpdefKO: Gata6loxP/loxP, Spdef -/-, VillinCreERT2-negative
DKO:  Gata6loxP/loxP, Spdef -/-, VillinCreERT2-positive
DNA was extracted from tail biopsies, and genotypes were determined by semiquantitive 
polymerase chain reaction (PCR) using previously validated primers (Supplemental Figure S3C). 
Male and female mice four weeks of age were treated with a single dose of tamoxifen (Sigma) 
(0.1 ml, 10 mg/ml; dissolved in ethanol/sunflower oil = 1:9 (vol/vol)) daily for five consecutive 
days as described (5), followed by a single dose two weeks later (see timeline, Supplemental 
Figure S4). Mice were killed and tissue was collected 28 days after the start of tamoxifen 
treatment. Bromodeoxyuridine (BrdU, 0.1 ml of 10 mg/ml) was injected two hours before 
dissection. Approval was obtained from the Institutional Animal Care and Use Committee.

Tissue isolation and processing
Mice were anesthetized for dissection as previously described (28). The most distal 1.0 cm 
segment of small intestine adjacent to the ileocecal valve was snap frozen for RNA isolation, 
and the 6 cm segment proximal to that was removed and transferred to a glass plate on wet 
ice and prepared for sectioning. This segment was flushed with ice cold 4% paraformaldehyde 
(PFA) in PBS, cut longitudinally, pinned open onto paraffin wax in a petri dish filled with 4% 
PFA in PBS with the epithelium facing upward. After a 5 min incubation period, the pins were 
removed and the proximal end was grasped with forceps, rolled with the epithelium facing 
outwards, and a pin was inserted transversely to secure the role in place. The roll was placed 
in 10 ml of 4% PFA in PBS and mixed gently on a tube rotator for 16 - 18 hr at 4°C. The PFA 
was decanted and the tissue was washed in PBS 3 times for 20 min each at 4°C, and then 
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dehydrated in 70% ethanol. Tissue was processed at the Rodent Histopathology Core at the 
Dana Farber/Harvard Cancer Center (Boston, MA) for paraffin embedding and sectioning. 
Selected slides were stained using the periodic acid Schiff (PAS) reaction. 

RNA isolation and gene expression analysis
RNA was isolated using the RNeasy kit (Qiagen), and mRNA abundances were determined by 
qRT-PCR as previously described (4), using validated primer pairs (Supplemental Figure S3A). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA abundance was measured for 
each sample and used to normalize the data. Data were expressed relative to the median 
value of control ileum. A minimum of five mice in each group was analyzed.

Immunohistochemistry
Tissue sections were immunostained as previously described (28). Primary antibodies 
included rabbit anti-Ki67 (Thermo Fisher Scientific, Inc., Fremont, CA; Cat. No. RM-9106-S1) 
(1:200), mouse anti-BrdU (Thermo; Cat. No. MS-1058-PO) (1:250), goat anti-cryptdin related 
sequence 4C (CRS4C) (gift from Dr. A. J. Ouellette, University of Southern California, Los 
Angeles, CA) (32) (1:2000), and rabbit anti-MUC2 (Santa Cruz Biotechnology, Inc, Santa Cruz, 
CA; Cat. No. sc15334) (1:100). Secondary antibodies included biotinylated donkey anti-rabbit 
IgG, donkey anti-goat IgG, and donkey anti-mouse IgG (all from Vector Labs, Burlingame, CA). 
Biotinylated antibodies were linked to avidin-horseradish peroxidase conjugates (Vector Labs), 
visualized using 3,3’-diamino benzidine (Sigma) for 2 to 5 min, and lightly counterstained with 
hematoxylin. 

Cell counting
The total number of Ki67-, BrdU-, or CRS4C-positive cells in crypts was determined as the 
total number per crypt. Only well oriented crypts with the epithelial layer on at least one side 
continuous with the villus epithelial layer were counted, and a minimum of 6 crypts per slide 
were analyzed. The average number of CHGA–positive cells was expressed as a fraction of 
total epithelial cells (villi and crypts) from a minimum of 5000 epithelial cells per slide, with 
equal representation of crypts and villi. All determinations were blinded and conducted on a 
minimum of 5 animals per group. 

Statistical analyses
In Caco-2 cells, qRT-PCR data was compared by the student’s t-test and ChIP data were 
compared by the analysis of variance (ANOVA) followed by the Tukey-Kramer multiple 
comparison test. In mice, mRNA measurements had unequal variances across groups requiring 
nonparametric statistics, and were thus compared by the Kruskal-Wallis test followed by the 
Dunn multiple comparison test, and presented as individual data points and medians. Cell 
count determinations had equal variances across groups allowing parametric statistics, and 
were thus compared by ANOVA followed by the Tukey-Kramer multiple comparison test, and 
presented as mean ± SD. Differences were considered statistically significant at a P-value of 
less than 0.05.
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SUPPLEMENTAL

Supplemental Figure S1. Intestinal Gata6 deletion alters gene networks controlling cell proliferation in the 
mature ileum. Network analyses on microarray data of Ctl and Gata6ΔIE ileum (n=3 in each group) revealed  
(A) an increase in targets of the tumor surpressor gene p53, and (B) a decrease in targets of the proto-
oncogene c-MYC. (C) Legend defining symbols used in the networks. Arrows indicate the direction of the 
interaction. Red circles = up-regulated transcripts; Blue circles = down-regulated transcripts. Differentially 
expressed transcripts were determined at the 5% FDR level using Significance Analysis of Microarrays (SAM) 
and interaction networks were developed from the differentially expressed transcripts using Metacore. 
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Supplemental Figure S2.  Primers used for: (A) qRT-PCR, (B) ChIP assays, and (C) genotyping.  
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Supplemental Figure S3.  Gata6 and Spdef mRNA abundance in  ileum in each group of mice. Gata6ΔIE and 
DKO mice had significantly lower Gata6 mRNA abundances than Ctl and SpdefKO mice. SpdefKO and DKO 
mice had significantly lower Spdef mRNA abundances than Ctl and Gata6ΔIE mice. 

Supplemental Figure S4.  Timeline for study.  Mice 4 wks of age were given Tamoxifen as indicated (black 
circle) beginning on Day 0, and an injection of BrdU 2 hr before tissue collection at Day 28.
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ABSTRACT
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)2 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 
organs (1-3), whereas others such as Hepatocyte Nuclear Factor (HNF) 4A 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 (4-7). CDX2 is required for proper specification of the intestine during 
development (8) and is considered a master regulator of intestinal identity because its ectopic 
expression in the stomach or esophagus activates intestine-restricted genes (9,10). In adult 
mice, absence of CDX2 dysregulates genes involved in terminal cell differentiation and fatal 
malnutrition ensues over ~3 weeks (11-13). Simultaneous inactivation of its homolog CDX1 
resulted in nearly complete arrest of intestinal crypt cell proliferation (14). 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.
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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 NF4A, mainly in differentiated 
villus cells (11). 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 (15-17). Loss of HNF4A 
perturbs colon development (18), but adult Hnf4a-/- mouse intestines are overtly normal, 
with modestly perturbed gene expression (19). 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.

EXPERIMENTAL PROCEDURES

Mice – Gata4Fl/Fl, Gata6Fl/Fl, Cdx2Fl/Fl, Hnf4aFl/Fl, and transgenic VillinCreERT2 mice were described 
previously (11,20-23).  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 (11,20-
23). 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 (24) (GEO accession: GSM851117) was analyzed 
using SeqPos (25) 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 (11) 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.

Analysis of microarray data
Raw microarray data from the Cdx2/Hnf4a knockout genetic series (GEO accession 
GSE34567 (24)) were re-analyzed using OneChannelGUI (26). Background correction and 
normalization were performed using the robust multi-array average (RMA) method (27). 
Significant differential gene expression was determined using Limma (28), with P-value 
adjustment (Q-value) using Benjamini-Hochberg correction for multiple testing (29). 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/GE NE-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 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 (24). RNA was isolated using TRIzol reagent (Invitrogen) 
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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’- 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 (30). The 
integrative genome viewer (IGV) was used to visualize aligned reads (31). 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 
(24)) were associated with the nearest gene within 30 kb using GREAT software (32). Genes 
with at least one binding site for each TF within this range were considered in our further 
analysis. Biovenn was used to generate Venn diagrams (33).

Gene Ontology analysis
DAVID functional annotation clustering analysis was performed using medium classification 
stringency and default options (34). Clusters with significant enrichment scores (>1.3) 
were considered (34). 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.
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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 
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 (24). Sequences 
corresponding to GATA and HNF4A were significantly enriched near CDX2-bound
sites (Figure 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 (24,35).  Interestingly, all three TFs are 
expressed in crypt and villus epithelial cells (Figure 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.

Efficient depletion of TFs in mouse intestinal epithelium
As GATA4 and CDX2 are implicated in control of selected villus cell genes in vivo (15,36) and in 
replication of cultured progenitor cells (11), 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 (Figure 1C,D), though Gata6 loss was incomplete owing to inefficient recombination 
at the Gata6Fl allele (17) (Figure 1D,E). Thus, we refer to these mice as Gata4delCdx2del  and note 
that HNF4A expression was preserved (Figure 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 (24). Absence of HNF4A 
alone has little consequence on intestinal function (19) or chromatin structure, but combined 
absence of CDX2 and HNF4A affects more transcripts than loss of either TF alone (24). 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 (Figure 1F,G), without affecting GATA4 (Figure 1F).
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Loss of Cdx2 and Gata4 impairs intestinal crypt cell replication
Gata4delCdx2del  mice lost weight rapidly (Figure 2A), became moribund, and required euthanasia 
within days of induced gene recombination. GATA4 is not expressed in the distal ileum, where 

Figure 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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CDX2 levels are the highest and the defects in Cdx2del intestines are the most severe (37). In the 
duodenum and jejunum, where GATA4 is abundant in wild-type mice, villi are slightly stunted 
in Gata4del mutants. In contrast, Gata4delCdx2del  mice showed shallow crypts and short villi 
throughout the small intestine (Figure 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 (Figure 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 3A,B).
The reduced crypt and villus heights did not reflect increased apoptosis in addition to the 
proliferation deficit (Figure 3C), but ectopic alkaline phosphatase expression (enterocytes) and 
Alcian blue staining (goblet cells) in Gata4delCdx2del crypts indicated precocious cell maturation 
(Figure 3D), probably reflecting the cell cycle arrest. Villus alkaline phosphatase expression 
and Alcian blue staining verified the presence of mature cells (Figure 3D), and although 
cells retained a columnar morphology, they varied in shape, size, and nuclear morphology.  
 

Figure 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.

2014226 proefschrift Boaz Aronson.indd   128 20-01-15   08:15



129

TRANSCRIPTION FACTOR COMBINATIONS IN GUT EPITHELIUM

The fraction of goblet cells, but not of enterocytes or Paneth cells, was modestly increased 
over intestines lacking only GATA4 or CDX2 (Figure 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.

Combined loss of CDX2 and HNF4A compromises enterocyte differentiation without 
affecting crypt cell replication
Swift weight loss in Hnf4adelCdx2del  mice (Figure 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 (Figure 4B,C), with many 
cells showing pyknosis, and total villus cell numbers were significantly lower than in Hnf4adel or 
Cdx2del villi (Figure 4D).
Importantly, and in contrast to Gata4delCdx2del mice, this was not a result of reduced crypt cell 
proliferation (Figure 4E,F) or of increased apoptosis (Figure 4G) but rather of aberrant epithelial 
cell differentiation. A total absence of alkaline phosphatase in Cdx2del and Hnf4adelCdx2del  villi in
the ileum (Figure 4B) implicated the enterocyte compartment. Indeed, Alcian blue staining 
revealed a predominance of goblet cells (Figure 4B), whereas total goblet cell numbers were 
similar to control mice (Figure 4H). Thus, the fraction of goblet cells per villus was significantly 
increased in the Hnf4adelCdx2del ileum (Figure 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.

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 (24). 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 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 5B), consistent with 
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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 5C; Supplemental 
table 1): 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 5D) 

Figure 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 are 30 µm.
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show binding of 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.
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 

Figure 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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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 
(Figure 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.

Figure 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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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 (Supplemental table 2). 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 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 (19). In contrast, microvilli on the apical membranes 

Figure 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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of Cdx2del enterocytes were moderately scant and stunted, whereas those in Hnf4adelCdx2del  
cells were sparse, shortened, and disarrayed (Figure 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.

Figure 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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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 
metabolism (23). 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 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 (38). 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 (39). 
Accordingly, Cre-and Hnf4adel control mice showed prominent Oil Red O staining in duodenal 
cells and virtually none in the ileum (Figure 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 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.

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 (40) and a few basic- helix-loop-helix TFs control much of the 
muscle cell-specific transcriptome (41). 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 (42,43). Second, the corresponding 
sequence motifs recur frequently at intestine-active enhancers identified by histone marks 
and nucleosome depletion (11,44) or differential DNA methylation (45). 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 
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culture (11), 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 (35). 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 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 (24), 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.
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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ABSTRACT

GATA4 is expressed in the proximal 85% of small intestine where it promotes a 
proximal intestinal (‘jejunal’) identity while repressing a distal intestinal (‘ileal’) identity, 
but its molecular mechanisms are unclear. Here, we tested the hypothesis that 
GATA4 promotes a jejunal vs. ileal identity in mouse intestine by directly activating and 
repressing specific subsets of absorptive enterocyte genes by modulating the acetylation 
of histone H3, lysine 27 (H3K27), a mark of active chromatin, at sites of GATA4 occupancy. 
Global analysis of mouse jejunal epithelium showed a statistically significant association 
of GATA4 occupancy with GATA4-regulated genes. Occupancy was equally distributed 
between down- and up-regulated targets, and occupancy sites showed a dichotomy of 
unique motif over-representation at down- vs. up-regulated targets. H3K27ac enrichment 
at GATA4-binding loci that mapped to down-regulated genes (activation targets) was 
elevated, changed little upon conditional Gata4 deletion, and was similar to control 
ileum, whereas H3K27ac enrichment at GATA4-binding loci that mapped to up-regulated 
genes (repression targets) was depleted, increased upon conditional Gata4 deletion, and 
approached H3K27ac enrichment in wild-type control ileum. These data indicate that 
GATA4 represses an ileal program of gene expression in the proximal small intestine by 
inhibiting the acetylation of H3K27. 

INTRODUCTION

Cellular identity in adult organisms is fundamentally determined by the unique panel of 
genes expressed within that cell. Regulation of a distinct set of genes requires precise 
spatial and temporal coordination of a multitude of general and specific transcription 
factors at cis-regulatory elements within DNA (1). Recognition and binding of transcription 
factors to specific DNA sequences occurs within the context of chromatin, whose dynamic 
structural characteristics play a significant role in regulating gene expression. Cell identity is 
thus determined by the influences of DNA sequence, transcription factor binding, and the 
epigenetic chromatin state within any given cell. 
The absorptive enterocyte is a highly specialized cell lineage in the small intestinal epithelium 
that exhibits differential identities depending on its placement along the length of small 
intestine. Absorptive enterocytes in jejunum express digestive enzymes, transporters, and 
intracellular carriers necessary for the digestion and absorption of nutrients, while absorptive 
enterocytes in distal ileum express a discrete set of proteins that include, among others, bile 
acid transporters that function in the distal re-absorption of bile acids, the first step in their 
necessary enterohepatic circulation. Understanding how spatial differences in absorptive 
enterocyte identity are determined has implications for restoring regional functions that are 
lost due to disease processes or intestinal resection. 
GATA4, a member of an ancient family of zinc finger transcription factors that bind WGATAR 
motifs in DNA (W = A or T, R = A or G), is a key regulator of regional identity in absorptive 

2014226 proefschrift Boaz Aronson.indd   142 20-01-15   08:15



143

GATA4 INHIBITS H3K27 ACETYLATION

enterocyte gene expression and function (2-4). GATA4 is expressed in the proximal 85% of 
small intestine, but is not expressed in distal ileum, highly coincident with the demarcation 
in changes in intestinal gene expression and function between proximal intestine and distal 
ileum (2, 4, 5). Conditional deletion of Gata4 in small intestine results in the transformation of 
absorptive enterocyte gene expression and function from a proximal intestinal to a distal ileal 
pattern (2-4). Specifically, the subset of genes that are expressed at high levels in proximal 
small intestine, but not expressed in distal ileum, are down-regulated in proximal intestine. 
Conversely, the subset of genes not normally expressed in proximal small intestine, but 
highly expressed in distal ileum, are up-regulated in proximal small intestine. For example, 
the lactase (Lct) gene that is normally expressed in jejunum and proximal ileum, but not distal 
ileum, is significantly down-regulated in the proximal intestine, while the solute carrier family 
10, member 2 (Slc10a2) gene that encodes the ileal-specific, apical sodium dependent bile 
acid transporter, is significantly up-regulated in the proximal intestine (2, 4), and bile acid 
absorption is induced (4). Thus, by virtue of its restricted expression to the proximal 85% of 
small intestine, and its functions in both activating and repressing the expression of specific 
intestinal genes, GATA4 promotes a jejunal identity while repressing an ileal identity in 
absorptive enterocyte gene expression and function. GATA4 also functions redundantly with 
GATA6, which is expressed throughout the length of small intestine, including distal ileum, to 
regulate crypt cell proliferation and secretory cell differentiation, but due to the overlapping 
functions with GATA6, these processes are not altered in the proximal intestine of single Gata4 
knockout mice (6). How GATA4 confers a ‘jejunal’ identity while repressing an ‘ileal’ identity on 
absorptive enterocytes of the proximal small intestine is the topic of this investigation. 
Chromatin structure is determined by histone proteins, which undergo a multitude of 
covalent modifications that influence chromatin architecture and gene expression. One such 
modification is acetylation of histone H3, lysine 27 (H3K27ac), a histone modification mark 
that is highly correlated with open chromatin and gene transcription (7-10). In cardiac and 
hematopoietic systems, GATA factors have been shown to interact with CBP/p300 (11-14), a 
transcriptional coactivator which has intrinsic histone acetyl-transferase activity and H3K27 as 
its substrate (8, 9). Chromatin occupancy of GATA1 in hematopoietic cells is highly correlated 
with H3K27ac enrichment (15-17) but little is known about the relationship between GATA4 
and H3K27ac. In the present study, we tested the hypothesis that conditional deletion of 
Gata4 results in the ‘ilealization’ of the H3K27ac chromatin mark. To test this hypothesis, we 
determined the global occupancy of GATA4 in mouse jejunal epithelium using an efficient 
in vivo biotinylation approach, mapped this occupancy to genes down- and up-regulated by 
conditional Gata4 deletion, and compared H3K27ac enrichment at these loci in wild-type 
control jejunum to conditional Gata4 knockout jejunum, and to wild-type control ileum. Our 
data implicate GATA4 as both an activator and repressor of specific subsets of target genes 
within the small intestine, and show that GATA4 activates a subset of genes by a process that is 
independent of H3K27ac modification, but represses a different subset of genes by inhibiting 
the acetylation of H3K27. These data implicate novel mechanisms of gene regulation by GATA 
factors, and contribute to our understanding of transcriptional regulatory mechanisms in the 
intestinal epithelium. 
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MATERIAL AND METHODS

Mice
Wild-type mice, and previously established and confirmed Gata4flapflap (18) transgenic 
VillinCreERT2 (19), Gata4flbio/flbio (20) and Rosa26BirA/BirA (21) mice were used to establish the 
following groups of mice: 
WT Ctl:  Gata4wt/wt

G4ΔIE: Gata4flap/flap, VillinCreERT2-positive
BirA Ctl: Rosa26BirA/BirA

G4flbio:  Gata4flbio/flbio, Rosa26BirA/BirA 
Wild-type control (WT Ctl) mice express wild-type GATA4 under the control of the endogenous 
Gata4 gene; Gata4ΔIE mice, after treatment with tamoxifen to excise floxed (fl) Gata4 and induce 
expression of alkaline phosphatase (ap) from the Gata4flap allele (20), do not express Gata4 in 
the intestinal epithelium (IE); BirA control (BirA Ctl) mice express the bacterial biotinylation ligase 
enzyme BirA under the control of the Rosa26 gene; and Gata4flbio mice express a modified 
GATA4 containing a FLAG (fl) and biotin ligase tag (bio) on its COOH-terminus that is efficiently 
biotinylated by BirA in vivo (22). DNA was extracted from tail biopsies, and genotypes were 
determined by semiquantitive polymerase chain reaction (PCR) using previously validated 
primers (19-21). Adult (6-8 wks of age) WT Ctl and Gata4ΔIE mice were injected intraperitoneally 
with 1 mg tamoxifen (Sigma Chemical Co, Inc, St. Louis, MO) in sunflower seed oil (Sigma) 
once per day for 5 days to induce recombination of conditional alleles. At the time of tissue 
collection, mice were anesthetized and tissue was dissected as previously described (23). 
Approval was obtained from the Institutional Animal Care and Use Committee.

RNA isolation and qRT-PCR
Mouse intestinal epithelial cells were isolated for RNA extraction by incubating freshly 
dissected segments (~10 cm) of small intestine in 15 ml conical tubes containing 30 mM 
ethylenediaminetetraacidic acid (EDTA) in1X Weiser solution A(24), and intestinal epithelial 
cells were released from the lamina propria by vigorously shaking three times for 30 sec and 
collected by centrifugation at 4°C (25). RNA was isolated from the small intestinal epithelial 
cells using the RNeasy kit (Qiagen Sciences, Germantown, MD) according to the manufacturer’s 
instructions. To quantify mRNA abundances, quantitative reverse transcriptase (qRT)-PCR was 
conducted as described previously (23). GAPDH mRNA abundance was measured for each 
sample and used to normalize the data. All data were expressed relative to the averages of 
the wild-type samples.

Nuclear extracts, biotin-streptavidin pull-down assays and Western blot
Intestinal epithelial cells were isolated from the middle 8 cm of the mouse small intestine 
(jejunum) as described above, and nuclear extracts were prepared as reported previously (26). 
For streptavidin-biotin pull-down of GATA4, nuclear extracts were pre-cleared using protein 
A/G magnetic beads (Life Technologies), and incubated with streptavidin magnetic beads 
(M280, Life Technologies) overnight at 4°C. Beads were washed 3x5 min in 1 ml buffer B (0.1% 
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NP-40, 5 mM Tris-HCl, 100 mM KCl and 10% glycerol) at 4°C and boiled in 30 µl 2x sample 
buffer for 10 min. Western blotting was performed as previously described (5) by transferring 
nuclear extracts to nitrocellulose membranes (Invitrogen) that were previously blocked with 
5% nonfat dried milk in PBS. Membranes were then incubated with anti-mouse GATA4 (1:5000; 
SC-25310; Santa Cruz Biotechnology, Santa Cruz, CA) or anti-mouse β-actin (1:5000; A5441; 
Sigma) overnight at 4°C, washed, incubated with horseradish peroxidase secondary antibodies 
and developed with SuperSignal West Femto ECL chemiluminescence solution (Thermo Fisher 
Scientific, Inc., Waltham, MA).

Biotin-streptavidin chromatin pull-down assays chromatin immunoprecipitation 
assays, and deep sequencing analysis
GATA4 chromatin occupancy was defined using biotin-streptavidin chromatin pull-
down (BioChIP) assays (27), and H3K27ac enrichment was determined using chromatin 
immunoprecipitation (ChIP) assays (25). In both assays, epithelial cells were isolated from 
the middle 8 cm (jejunum) and/or the distal 6 cm just proximal to the ileocecal junction. 
Epithelial fractions were cross-linked using 1% formaldehyde in phosphate-buffered saline 
(PBS) for 15 min at 4°C, then for 28 min at room temperature, followed by sonication in lysis 
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl pH 8.1) using a Branson Sonifier (Branson 
Ultrasonic Corporation, Danbury CT) fitted with a microprobe until most DNA fragments were 
between 500-1000bp in length, as determined by agarose gel electrophoresis. Cell lysates 
were diluted 5-fold in binding buffer (1% Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM 
Tris-HCl pH 8.1). For BioChIP analysis, cell lysates were incubated with streptavidin magnetic 
beads (Life Technologies) for 1 h at 4°C and further processed as described previously (27). 
Briefly, streptavidin beads were washed 2x in 2% SDS, 1x in high salt buffer (50 mM HEPES, 
pH 7.5, 500 mM NaCl, 1 mM disodium EDTA, 0.1% (w/v) sodium deoxycholate, 1% (v/v) Triton 
X-100), 1x in LiCl buffer (10 mM Tris·Cl, pH 8.1, 250 mM LiCl, 1 mM disodium EDTA, 0.5% (v/v) 
Nonidet P-40 (NP-40), 0.5% (w/v) sodium deoxycholate), and 2x in TE buffer. For ChIP assays, 
cell lysates were incubated with anti-H3K27ac (ab4729, Abcam, Cambridge,MA) coupled to 
protein A/G magnetic beads (Life Technologies) for 16 h at 4°C, and washed 6 times in PBS. 
For both BioChIP and ChIP assays, DNA was recovered and cross-links were reversed in ChIP 
elution buffer (50 mM Tris·Cl, pH 8.1, 10 mM disodium EDTA, 1% (w/v) SDS) and then treated 
with RNase A. Enrichment at distinct loci was determined by quantitative PCR using specified 
primers (Supplemental Figure S1). 
For BioChIP-seq and ChIP-seq, intestinal epithelial cells from three different mice were pooled 
and epithelial fractions were sonicated until most fragments were between 200-400bp in 
length. BioChIP and ChIP was conducted as described above, and DNA libraries on pull-down 
material were prepared using the NEB Next kit according to the manufacturer’s instructions 
(New England Biolabs, Inc., Ipswich, MA). Libraries were tested for enrichment of expected 
fragments and amplified, and the DNA was sequenced, using the manufacturer’s protocols 
(Illumina, Inc., San Diego, CA) and 50 bp single-end reads. Sequences were mapped to 
reference genome Mus musculus build 9 (mm9) using ELAND tools, allowing 0 to 2 mismatches 
(Illumina), and binding peaks were identified by model-based analysis of ChIP-seq (MACS),  
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an efficient peak calling tool that removes redundant reads, accurately adjusts peak summits 
based on tag length and sequencing reads, calculates peak enrichment, and estimates the 
empirical false discovery rate (FDR) (28). . A biological replicate confirmed the reliability of both 
GATA4 BioChIP-seq and H3K27ac ChIP-seq assays (Supplemental Figure S2).

Data analysis
Analysis of BioChIP-seq and ChIP-seq data was done using tools within the Cistrome pipeline 
(http://cistrome.dfci.harvard.edu/ap/) (29) and Microsoft Excel. Microarray data was processed 
using dChip (http://www.hsph.harvard.edu/cli/complab/dchip/) with a fold enrichment cut-
off of ±1.1. Genomic Region Enrichment Annotation Tool (GREAT) was used as an advanced 
analytical tool to capture distal binding events (30). The Cis-Regulatory Element Annotation 
System (CEAS) is a meta-gene analysis tool that was used to estimate enrichment levels across 
specific genomic regions (e.g., promoters, introns, etc) with respect to the whole genome 
(29). Gene ontology (GO) analysis, which groups gene products by their associated biological 
processes, cellular components, and molecular functions, was performed using the Database 
for Annotation, Visualization and Integrated Discovery (DAVID) (31, 32). GO groups were 
clustered using the functional annotation clustering tool within DAVID and enrichment scores 
were calculated for each cluster as an average of Expression Analysis Systematic Explorer 
(EASE) scores of GO groups (modified Fisher exact tests that reflect overlap of genes within 
GO groups) (33). Data was visualized using the Integrated Genome Viewer 2.3 (Broad Institute, 
http://www.broadinstitute.org/igv/) (34). The SeqPos motif tool finder, an algorithm available 
within Cistrome (29), was used to calculate motif enrichment within a standard 500bp distance 
of the summit of GATA4 peaks. H3K27ac signal profiling was conducted using the SitePro 
aggregation plot tool within Cistrome, at a standard profiling resolution of 50 bp. The number 
of GATA4 peaks analyzed by different programs varied slightly (<0.1%) due to algorithmic 
differences within each program. 
 

RESULTS

GATA4 chromatin occupancy in mouse small intestinal epithelium
GATA4 specifies regional identity in the mammalian small intestine, but knowledge of its direct 
target genes and mechanism of action in this organ have been deficient, in large part due to lack 
of ChIP-quality GATA4 antibodies. To overcome this limitation, GATA4 chromatin occupancy in 
mouse small intestinal epithelium was defined using an in vivo GATA4 biotinylation tagging, 
chromatin pull-down (BioChIP) approach(20, 27). In this model, G4flbio mice express under 
the control of the endogenous GATA4 gene a modified GATA4 containing a FLAG peptide and 
biotinylation tagging site on its COOH- terminus (GATA4flbio). GATA4flbio is biotinylated by 
BirA, expressed under the control of the Rosa26 gene. 
In small intestine, Gata4flbio mRNA abundance in G4flbio mice was not significantly different 
from Gata4 mRNA abundance in BirA Ctl mice (Figure 1A). Using a GATA4 antibody that 
recognizes sequence within the COOH-terminal domain, the signal in Western blot analysis for 
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GATA4flbio protein in G4flbio mice, though somewhat less intense, showed the expected slower 
mobility as compared to GATA4 in BirA Ctl mice (Figure 1B). Western analysis of precipitates 
pulled down using streptavidin beads showed efficient pull-down of GATA4flbio (Figure 1C), 
demonstrating that the GATA4flbio is biotinylated in vivo in the small intestinal epithelium. 
Importantly, Lct and Slc10a2, targets of GATA4 in jejunum that are down-regulated and up-
regulated, respectively, in conditional Gata4 knockout mice (G4ΔIE) (2, 4), were expressed 
normally in G4flbio mice (Figure 1D), indicating that GATA4flbio is functional in the intestine 
and GATA4-mediated jejunal-ileal patterning is preserved.

Figure 1. GATA4flbio is expressed at near endogenous levels, efficiently biotinylated, and functional in 
jejunal epithelium of G4flbio mice. (A) Gata4 mRNA abundance, determined by qRT-PCR using mouse Gata4 
cDNA primers (mean ± SD, n = 4 in each group), and (B) Western blot analysis using a GATA4 antibody shows 
that Gata4 is expressed at near endogenous levels in mouse epithelial cells of G4flbio mice as compared 
to BirA Ctl mice. (C) Streptavidin-biotin pull-down assays showing efficient pull-down of GATA4flbio from 
nuclear extracts of jejunal epithelium fromG4flbio mice. GATA4flbio was detected by Western analysis using 
a GATA4 antibody. Input is the extracts isolated from G4flbio mice that have not undergone streptavidin-
biotin pull-down, and represents 10% of that used in the pull-down assay. (D) Messenger RNA abundance 
of the Gata4 target genes, Lct and Slc10a2, in G4flbio mice reveals no difference in gene expression from 
BirA Ctl mice, demonstrating that GATA4flbio is functional. As a control for impaired GATA4 function, G4ΔIE 
mice demonstrate the expected down-regulation and up-regulation of Lct and Slc10a2, respectively. Data 
are shown as mean ± SD, n = 4 in each group. 

2014226 proefschrift Boaz Aronson.indd   147 20-01-15   08:15



CHAPTER 7

148

Figure 2. GATA4 occupies chromatin loci in H3K4me2-enriched regions that map to the GATA4 
target genes Lct and Slc10a2. (A) Sequencing tag density (revealed as wiggle files) of H3K4me2 and 
GATA4flbio enrichment in the lactase (Lct) and solute carrier family 10, member 2 (Slc10a2) genes. 
H3K4me2 enrichment was obtained from publicly available data(25), and GATA4flbio occupancy was 
determined by BioChIP-seq analysis as described in Methods. The statistically significant called MACS 
peaks are shown as filled boxes. The pink boxes indicate H3K4me2-enriched loci that contain at least 
one WGATAR motif. Locations are shown relative to the transcription start site (TSS) (considered as 
+1 bp) above the pink boxes. One called GATA4flbio peak in Lct not within a pink box is indicated with 
an arrowhead (+4 kb). (B) Enrichment of GATA4flbio in H3K4me2-enriched loci containing WGATAR 
motifs. BioChIP with qPCR quantification was conducted on jejunal epithelium of BirA Ctl and G4flbio 
mice as described in Methods. Sites analyzed are those in the pink boxes in (A). The TSS of Amy1, 
a gene that is not expressed in intestinal epithelium, was used as a negative control. All data are 
expressed relative to the mean of the BirA Ctl of the Amy1 TSS. Data are represented as mean ± SD 
from four independent experiments each from four individual mice (mice were also independent of 
those used for BioChip-seq in (A)). *P<0.05, as compared to BirA Ctl. (C) Sequencing logo plot showing 
that (A/T)GATA(A/G) is the most highly represented motif within GATA4-occupancy sites. 
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We next determined the effectiveness of utilizing the GATA4 BioChIP model to define GATA4 
chromatin occupancy in the small intestine. Because existing GATA4 antibodies are not 
effective for immunoprecipitation (IP) of GATA4 bound to chromatin making it impossible to 
compare GATA4 occupancy using ChIP with GATA4flbio occupancy using BioChIP, we validated 
our GATA4 BioChIP by predicting occupancy at selected GATA4 targets genes and comparing 
binding detected by qPCR with called peaks defined by the global BioChIP-seq assay. We also 
assessed the most highly represented motif in the BioChIP-seq analysis. 
We did not know a priori where GATA4 bound chromatin in mouse small intestinal epithelium, 
but we reasoned that GATA4 would likely occupy sites that mapped to putative GATA4 target 
genes, such as Lct and Slc10a2. We further reasoned that such sites were likely to be positioned 
at genomic loci that were in an ‘open’ configuration and also contain at least one WGATAR 
consensus binding motif. Since di-methylation of histone H3, lysine 4 (H3K4me2) is indicative 
of open chromatin (7, 35), and global data on H3K4me2 enrichment in chromatin from mouse 
small intestinal epithelium are publicly available (25), we scanned the Lct and Slc10a2 genomic 
loci for WGATAR motifs localized within H3K4me2-enriched domains. We chose four such 
domains in Lct, and three in Slc10a2 (Figure 2A, pink boxes) for further analysis. 
To determine GATA4 occupancy at these genomic loci, we performed BioChIP assays on 
chromatin isolated from jejunal epithelium of adult G4flbio mice. As controls, we included 
samples that contained the biotinylating enzyme BirA but lacked the epitope-tagged GATA4 
(BirA Ctl). We also included ‘input’ chromatin which did not undergo pull-down. Using a qPCR 
detection approach on pulled-down, reverse cross-linked chromatin, GATA4 was found to be 
significantly enriched at two of the four sites mapped to Lct, and all three sites mapped to 
Slc10a2 (Figure 2B). 
On separate extracts from different mice, we subsequently conducted a deep-sequencing 
analysis (BioChIP-seq) using the model-based analysis of ChIP-seq (MACS) peak-calling 
algorithm (36), a false discovery rate of 0.05, and a P-value cutoffs of 10-5 to identify regions 
(‘peaks’) in which the experimental BioChIP sample was enriched for tags compared with input 
sample. These parameters led to the identification of 15,081 peaks, with a peak sequence 
length of 1450 bp, as determined by the MACS peak finding algorithm (28). In contrast, the BirA 
control sample did not yield enough DNA to perform deep-sequencing. We found that the two 
sites enriched for GATA4 via the qPCR approach that mapped to Lct (+13 kb & -10 kb), and all 
three sites that mapped to Slc10a2, demonstrated a significant enrichment in sequencing tags 
via BioChIP-seq, while the two non-enriched sites that mapped to Lct (+1 kb & -1 kb) were not 
statistically called peaks in the global BioChIP-seq analysis (Figure 2A, filled boxes), precisely 
matching our qPCR enrichment data (Figure 2B). We noted an additional called peak in Lct (+4 
kb) that was not analyzed by qPCR; this site was surrounded by H3K4me2 enrichment (Figure 
2A, arrowhead) and also contained a WGATAR motif. 
Motif analysis at called peaks indicated that the most highly represented motif was the 
consensus binding sequence WGATAR (Figure 2C). Using the Motif Based Interval Screener in 
Cistrome, we identified 14,870 WGATAR motifs at the 15,081 GATA4-occupied sites, compared 
with 13,605 WGATAR motifs at 15,081 randomly selected genomic sites (P<10-3). Although we 
are unable to directly compare GATA4flbio occupancy in Gata4flbio mice with endogenous 
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GATA4 occupancy in wild-type mice, the detection of GATA4 occupancy at likely sites that 
map to putative target genes, the concordance of statistically significant binding detected 
by qPCR with called peaks defined independently by the global BioChIP-seq assay, and the 

Figure 3. Genome-wide distribution of GATA4 occupancy in chromatin from mouse jejunal epithelium. (A) 
Distribution of GATA4 occupancy relative to its nearest transcription start site (TSS), shown as absolute 
distance from the TSS, as determined using the Genomic Region Enrichment Annotation Tool (GREAT)
(30). (B) Distribution of GATA4 occupancy within genomic space, as determined by Cis-Regulatory Element 
Annotation System (CEAS) (29). Promoter is defined as 3 kb upstream of the TSS; Intronic is introns; 
Intergenic is all regions that do not include the promoter (-3 kb from TSS), introns, exons, or untranslated 
regions (UTRs); Exons, UTRs are also shown. (C) GATA4 enrichment level across specific genomic regions 
was determined using CEAS (29).  
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identification of a classic GATA binding motif at called peaks, all validate the GATA4 BioChIP 
assay, and indicate that it is a useful approach to define global GATA4 occupancy in chromatin 
from mouse jejunal epithelial cells 

GATA4 occupancy is enriched in intronic and intergenic regions, but densest in promoter 
regions
The 15,081 GATA4-occupied sites identified by BioChIP-seq were all mapped to the nearest 
transcription start site (TSS) of genes in the mouse genome, without limitation to distance. 
Accordingly, while each peak was mapped to a single gene, specific genes could have multiple 
peaks mapped to it. GREAT analysis showed that more than 70% of occupied sites occurred 
within 50 kb of a TSS, and nearly all occurred within 500 kb of a TSS (Figure 3A). Of the 15,081 
sites, 1362 (9.0%) were located on promoters (defined as the 3 kb upstream from a TSS), 7057 
(46.8%) were located within introns, 6198 (41.1%) were located in the intergenic regions, and 
464 (3.1%) were located in exons or untranslated regions (Figure 3B). Using the CEAS meta-
analysis tool, GATA4 occupancy was found to be densest in the region just upstream of the 
TSS (Figure 3C). Noteworthy were regions of relatively lower occupancy right at the TSS and the 
transcription termination site (TTS). Together, these data indicate that although greater than 
85% of GATA4 occupancy occurrs outside of the promoter region (i.e., intronic and intergenic 
regions), GATA4 occupancy is densest within the promoter region nearest to the TSS. 

GATA4 occupancy is associated with GATA4-regulated genes
To identify the intestinal genes likely regulated directly by GATA4, we defined the overlap of 
GATA4-bound genes with differentially-regulated genes determined from publicly available 
profiling data from conditional Gata4 knockout mouse jejunum (3). We found that the 15,081 
GATA4 peaks identified from our BioChIP-seq analysis mapped to 8042 genes, an average of 
1.88 peaks/gene. Of the 8042 GATA4-bound genes, 2988 (37.2%) were differentially regulated 
(Figure 4A), significantly greater than that which would be expected if the distribution were 
random across the genome (Fisher’s exact test: P<10-16). The 2988 GATA4-bound, differentially 
regulated genes represent 29.1% of all differentially regulated genes. ; the remaining 70.9% 
are likely either secondary or downstream targets of GATA4, or direct targets associated 
with GATA4 occupancy sites that were not statistically called by our MACS peak analysis. Of 
the 5054 GATA4 bound genes that were not differentially regulated upon conditional Gata4 
deletion, 507 (10.0%) were altered in ileum by conditional GATA6 deletion (6), suggesting that 
these genes might be GATA4/GATA6 redundant targets. 
We next defined the relationship between peak density and gene regulation and function. Of 
the 2988 GATA4-bound, differentially regulated genes, over half were associated with only 
one GATA4 peak, and nearly one quarter were associated with two peaks; 127 (4.3%) were 
associated with 6 or more peaks (Figure 4B). There was no correlation between the number of 
peaks associated with a specific gene, and fold change in mRNA abundance (data not shown), 
as observed by others (37). However, GO analysis of only those differentially regulated genes 
with 6 or more GATA4 peaks showed the most enrichment for a gene set related to negative 
transcriptional regulation (Figure 4C), suggesting that transcriptional repression is an essential 
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GATA4 function (38). Specific examples of possible downstream transcription factor targets 
include Gata6 (18 peaks), leucine-rich repeats and immunoglobulin-like domains 3 (Lrig3,12 
peaks), BarH-like homeobox 2 (Barx2,11 peaks), Jun oncogene (Jun, 10 peaks), and intestine-
specific homeobox (Isx, 9 peaks). 

Figure 4. GATA4 occupancy is associated with GATA4-regulated genes. (A) Overlap of differentially 
regulated genes with GATA4 bound genes. A GATA4 bound gene is defined as a gene that has one or more 
peaks mapped to it, regardless of the peak-to-gene distance. A differentially regulated gene is defined as 
one that significantly changes at least 1.1-fold when Gata4 is conditionally deleted in the small intestine(3). 
The distribution of GATA4 peaks was significantly different from that which would be expected if the 
distribution were random (P<10-16, Fisher’s exact test). (B) Distribution of peaks to differentially regulated, 
GATA4-bound genes, segmented by number of allocated peaks per gene reveals a subset of genes with 
multiple GATA4 peaks. (C) Gene ontology (GO) analysis of genes with 6 or more GATA4 peaks associated 
with them. The enrichment score is defined as the geometric average of Expression Analysis Systematic 
Explorer (EASE) scores (modified Fisher exact tests) of the individual GO groups in the cluster(57).
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GATA4 occupies both activated and repressed genes
We next determined the association of GATA4 occupancy with down-regulated vs. up-
regulated genes. Of the 2988 GATA4-bound, differentially regulated genes, 1351 (48%) were 
up-regulated, and 1637 (52%) were down-regulated upon conditional Gata4 deletion (Figure 
5A). The distribution of fold-change was similar between the two groups with 85% of up- and 
down-regulated genes each changing less than 2-fold, and less than 2.5% changing more 
than 5-fold. The fold change in expression of down-regulated and up-regulated GATA4-bound 
genes was highly correlated with the fold change in expression between jejunum and ileum of 
the same set of genes (R=0.79, P<0.001) (Figure 5B), suggesting that direct targets of GATA4 
define jejuno-ileal patterning. The relatively equal distribution of GATA4 occupancy between 
down-regulated vs. up-regulated genes suggests that GATA4 both activates and represses 
genes directly in the epithelium of mouse small intestine. 

Figure 5. GATA4 occupies both activated and repressed target genes. (A) Distribution of up-regulated 
and down-regulated, GATA4 bound genes. Genes are distributed from the most up-regulated to the most 
down-regulated. A change of 2-fold and 5-fold (up or down) is indicated by dotted lines. (B) Correlation of 
GATA4 regulation of direct targets with jejuno-ileal differences in gene expression. Fold changes in mRNA 
abundance of the 2988 GATA4-bound, differentially regulated genes were plotted against the publicly 
available(3) fold changes from jejunum-to-ileum of the same gene set. 
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Gene ontology (GO) analysis of all 2988 GATA4 bound, regulated genes revealed a marked 
enrichment for genes associated with cell death, signal transduction, cytoskeleton, 
transcription-related processes, and lipid metabolism (Supplemental Figure S3). These 
functions were segregated by direction of GATA4 regulation; GATA4-bound, down-regulated 
genes (i.e., activation targets) demonstrated a significant enrichment for genes associated 
with transcription-related processes, while GATA4-bound, up-regulated genes (i.e., repression 

Figure 6. GATA4 co-occupies multiple sites with CDX2 and HNF4α. (A) Overlap of GATA4, CDX2, and HNF4α 
binding in intestinal epithelium from WT Ctl jejunum, determined by ChIP-seq peaks called at a P-value 
of <10-5 and a false discovery rate (FDR) <5%. Occupancy was obtained from publicly available CDX2(25) 
and HNF4α(41) ChIP-seq data from mouse jejunum, and our GATA4 BioChIP-seq analysis. (B) Histogram 
depicting the frequency at which CDX2 (left) or HNF4α (right) ChIP-seq peaks appear within 1 kb windows 
of the indicated distance from the summit of a GATA4 peak. CDX2 and HNF4α (blue bars) bind near the 
summit of GATA4 peaks; such clustering is not evident for GATA4 and random genomic regions equal in 
number and length to CDX2 or HNF4α binding sites (red bars). 
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targets) showed enrichment for cell death, signal transduction, cytoskeleton, and lipid 
metabolism. Down-regulated genes (activation targets) also showed enrichment for genes 
associated with digestion/absorption processes. These data are in general agreement with 
that found for all GATA4-induced gene expression changes as determined by Battle et al. (3) 
using Ingenuity Pathway Analysis (IPA), implying that not only direct targets, but also indirect, 
downstream targets, regulate the same set of processes. 

Specific motifs are segregated with down- and up-regulated GATA4 target genes
To identify possible co-regulatory transcription factors that segregate with down- and up-
regulated GATA4 target genes, motif analysis was performed on the 500 bp centered on the 
summit of all GATA4 peaks using the SeqPos motif tool (29), a motif finding algorithm within the 
Cistrome pipeline. Thirty-six motifs were significantly associated with GATA4 occupancy, based 
on a cut-off of p<10-3 (Supplemental Figure S4). As anticipated, the most highly represented 
motif was WGATAR). Of the 36 motifs, 16 (44%) were common to both down-regulated and up-
regulated genes suggesting possible core co-regulatory transcription factors that function in 
general intestinal gene expression. Notable were motifs for CDX2 and HNF4, two transcription 
factors known to regulate intestinal genes in vivo (39), and also occupy regions associated with 
GATA occupancy in Caco-2 cells (40). Using publicly available ChIP-seq data for CDX2 (25) and 
HNF4α (41) in mouse jejunum, together with our GATA4 BioChIP-seq data, we found a high 
level of overlap in occupancy among these three transcription factors (all peaks called at P<10-

5 , FDR<5%) (Figure 6A). Occupancy analysis further revealed that CDX2 and HNF4α peaks were 
most abundant near summits of GATA4 peaks (Figure 6B). These data suggest that GATA4 
works in concert with CDX2 and HNF4α to regulate intestinal gene expression. 
Of the 36 motifs associated with GATA4 peaks, 14 were specifically associated with down-regulated 
genes (activation targets), while only 1 (Nr1d1) was specifically associated with up-regulated 
genes (repression targets) (Supplemental Figure S4)), suggesting that GATA4 co-associates with 
distinct transcription factors to carry out its specific functions in the small intestine. The unique 
association of specific motifs with down- vs. up-regulated genes further supports the concept 
that GATA4 both activates and represses specific genes in the small intestine. 

GATA4 represses genes by modulating the acetylation of H3K27
Because GATA factors have been shown to interact with CBP/p300(11-14), a transcriptional 
coactivator which acetylates H3K27 (8, 9), we performed ChIP-seq analysis with antibodies 
for H3K27ac on chromatin isolated from epithelial cells of WT Ctl jejunum, G4ΔIE jejunum, 
and WT Ctl ileum. We then compared H3K27ac enrichment at GATA4 peaks mapped to genes 
down-regulated (activation targets) and up-regulated (repression targets) by conditional Gata4 
deletion using SitePro analysis (29) (Figure 7). In all models, H3K27ac enrichment was expectedly 
low at random genomic loci (Figure 7, red line). In WT Ctl jejunum (Figure 7, top panel), H3K27ac 
at GATA4 peaks that mapped to activation targets (blue line) was more enriched than those 
that mapped to repression targets (purple line). Moreover, H3K27ac enrichment at activation 
targets showed a typical ‘bunny ears’ pattern consistent with an open chromatin configuration 
at TSSs. The ‘bunny-ears’ pattern is marked by low H3K27ac enrichment at the transcription 
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factor binding peak due to a displaced nucleosome that is flanked by high H3K27ac enrichment 
on either side (40, 42). In G4ΔIE jejunum (Figure 7, middle panel), H3K27ac at GATA4 peaks 
that mapped to activation targets surprisingly remained highly enriched and in an open 
configuration, contrasting with the down-regulation of these targets upon conditional Gata4 
deletion. H3K27ac at GATA4 peaks that mapped to repression targets became highly enriched 

Figure 7. Loss of GATA4 in intestinal epithelium promotes the acetylation of H3K27 at GATA4 peaks mapped 
to repression targets. Using SitePro, a tool embedded in the Cistrome pipeline(29), H3K27ac enrichment 
was determined across 2000 bp centered on sites of GATA4 occupancy (GATA4 peak) at loci mapped to 
genes down-regulated by conditional Gata4 deletion (activation targets, blue line), and genes up-regulated 
by conditional Gata4 deletion (repression targets, purple line). In order to control for variability across ChIP-
seq experiments, H3K27ac enrichment was determined in a subset of random genomic loci (red line) as a 
negative control. H3K27ac enrichment at all TSSs in the genome was used as a positive control to normalize 
the data. H3K27ac enrichment patterns are shown for wild-type (WT Ctl) jejunum (top panel), conditional 
Gata4 knockout (G4ΔIE) jejunum (middle panel), and WT Ctl ileum (bottom panel). 

2014226 proefschrift Boaz Aronson.indd   156 20-01-15   08:15



157

GATA4 INHIBITS H3K27 ACETYLATION

upon conditional Gata4 deletion, and demonstrated an open configuration nearly identical to 
that of activation targets. In WT Ctl ileum (Figure 7, bottom panel), H3K27ac was highly enriched 
and showed an open chromatin configuration for both activation and repression targets, 
similar to that in G4ΔIE jejunum. Taken together, these data show that conditional deletion of 
Gata4 in proximal small intestine results in the transformation of the H3K27ac profile at GATA4 
target genes to one that approaches that in wild-type distal ileum. 
We visualized the raw deep-sequencing data from GATA4 BioChIP experiments in WT 
Ctl jejunum, and H3K27ac ChIP experiments in G4ΔIE jejunum and WT Ctl ileum from 3 
representative activation and 3 representative repression targets (Figure 8) using the publicly 
available Integrated Genome Viewer (34). The fold change from profiling data is shown on 
the right. As shown at specific called GATA4 peaks (pink boxes) mapped to down-regulated 
genes (activation targets), H3K27ac enrichment changes little when Gata4 is deleted, despite 
a reduction in gene expression. In contrast, at specific called GATA4 peaks mapped to up-
regulated genes (repression targets), H3K27ac enrichment is increased upon Gata4 deletion, 
consistent with activation of these genes. These data exemplify the aggregate SitePro data in 
Figure 7 that shows a transformation of H3K27ac enrichment at GATA4 targets from a jejunal 
to an ileal pattern when Gata4 is deleted in the intestinal epithelium. 
 

DISCUSSION

In this study, we provide the first genome-wide chromatin occupancy analysis of GATA4 in 
mouse intestinal epithelium, and compare this to a GATA4 gene profiling dataset and H3K27ac 
enrichment allowing us to characterize features of GATA4 in vivo occupancy that correlate 
with gene context-dependent transcriptional activity and absorptive enterocytes cell identity. 
We used an in vivo biotinylated GATA4 chromatin pull-down model (BioChIP) allowing us to 
circumvent limitations of currently available antisera. This in vivo biotinylation approach has 
been validated in prior studies (22, 43-45) and current data suggests that it does not alter 
GATA4 activity in the intestine (Figure 1). GATA4 chromatin occupancy was validated in our 
study by accurately predicting GATA4 occupancy at open chromatin loci containing WGATAR 
motifs that map to putative GATA4 targets, and subsequently confirmed by independent pull-
down with PCR-based detection, and by global motif analysis that showed WGATAR as the most 
highly representative motif (Figure 2). Although our dataset may fail to identify all of the bona 
fide GATA4 occupancy sites due to a possible bias toward high-affinity sites, determination 
of a large number of high-confidence sites allowed us to apply statistical methods to further 
understand the transcriptional activity of GATA4 in the small intestinal epithelium, and how it 
confer regional identity to absorptive enterocytes. Our data uncover the jejunal GATA4-specific 
transcriptome and implicate GATA4 as both an activator and repressor of specific subsets 
of intestinal genes. Our data also reveal that GATA4 maintains proximal-distal differences 
in H3K27 acetylation at GATA4 target genes by inhibiting H3K27 acetylation specifically at 
repression targets. These data contribute to our understanding of transcriptional regulatory 
mechanisms and cell identity in the intestinal epithelium. 
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We found that the binding motif that best predicts global GATA4 occupancy in the small 
intestine is the classic WGATAR motif, though with an emphasis for ‘A’ in the 6th position 
(Figure 2C). This is identical to that found for GATA4 occupancy in cardiac cells (22) and 
GATA6 occupancy in Caco-2 cells (40), and similar to that found for GATA1 occupancy in 
hematopoietic cells, which was somewhat more extended with greater sequence preference 
than the classic WGATAR motif (16, 46). A large majority of sites of GATA4 occupancy occurred 
outside of the promoter region (>85%), likely in distal enhancers, while the highest density of 
GATA4 occupancy occurred in promoter regions (Figure 3), a pattern similar to that found for 

Figure 8. Individual genes show H3K27ac enrichment patterns similar to genome-wide enrichment 
patterns. (A) Fold change of selected genes from profiling data of GATA4 knockout-WT and jejuno-ileal 
differences(3). ChIP-seq traces at gene loci of down-regulated (B) and up-regulated (C) genes. Pink boxes 
indicate selected, called GATA4 peaks. Traces for GATA4 in WT Ctl jejunum, and for H3K27ac in WT Ctl and 
G4ΔIE jejunum and WT Ctl ileum are shown. 
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other global GATA occupancy data (16, 22, 40, 46). These data reveal that GATA occupancy 
characteristics across family members and tissue and cell types are generally conserved.
Comparison of our global analysis of GATA4 occupancy with profiling data obtained from 
conditional Gata4 knockout mice (3) allowed us to also define the genes directly regulated 
by GATA4. We mapped all GATA4 peaks to the nearest gene, a well recognized method 
for defining transcription factor targets on a global basis (40, 47), though chromosome 
conformation capture (48) or other techniques are necessary to define direct regulation 
of specific genes. We identified a total of 2988 genes that were both bound by GATA4, and 
differentially regulated upon conditional Gata4 deletion, thus representing an approximation 
of the GATA4 intestinal epithelial transcriptome (Figure 5A). The differentially regulated genes 
were highly correlated with those whose expression differs significantly between jejunum and 
ileum (Figure 5B), indicating that direct targets of GATA4 define jejuno-ileal patterning. 
Motifs for CDX2 were over-represented in GATA4 occupancy sites (Supplemental Figure S4), and 
GATA4 and CDX2 occupancy were found to overlap significantly in small intestinal epithelium 
(Figure 6). CDX2 is an intestine-specific homeodomain protein that specifies embryonic 
intestinal epithelium (49) and maintains adult intestinal function and identity (25, 50, 51). CDX2 
chromatin occupancy in Caco-2 cells shows a surprising lability with redistribution from sites 
occupied only in proliferating cells to new sites in differentiated cells, with a preponderance of 
co-occupancy with GATA6 in proliferating cells and HNF4α in differentiated cells (40). In mouse 
intestinal epithelium, CDX2 maintains a transcription-permissive chromatin state enabling 
occupancy of HNF4α (41) . Our data support combinatorial interactions between CDX2 and 
GATA4 in intestinal epithelium (Figure 6), though future work is necessary to determine the 
extent to which CDX2 and GATA4 occupancy and effects on chromatin structure show an 
ordered hierarchy vs. codependency. 
GATA4 occupies nearly equal numbers of down-regulated and up-regulated genes (Figure 
5A) suggesting that GATA4 both activates and represses genes directly in the epithelium of 
mouse small intestine. This is consistent with the direct activation and repression of cardiac 
genes by GATA4 (52) and of hematopoietic genes by GATA1 (16, 46). In cardiac cells, GATA4 
has been shown to interact directly with the coactivator p300, friend of GATA (FOG) cofactors, 
and corepressor complexes including the nucleosome remodeling and histone deacetylase 
(NuRD) complex and the polycomb repressive complex 2 (PRC2) (53). We previously showed 
that conditional knock-in of a GATA4 mutant that is unable to bind FOG cofactors results in a 
modest (10%) but significant up-regulation of Slc10a2 (54), a gene shown here to be a direct 
repression target of GATA4 (Figure 2). These data suggest a role for FOG cofactors in mediating 
GATA4 gene repression in the small intestine. 
Analysis of H3K27ac enrichment at GATA4 occupancy sites at activation and repression targets 
in control and Gata4 knockout jejunum and control ileum allowed us to interrogate the effects 
of GATA4 occupancy on chromatin state, and its role in maintaining a jejunal vs. ileal profile. 
H3K27ac can be deposited by both p300 and CREB binding protein (CBP) (8) and is associated 
with active enhancers in mammalian cells (55). P300 is a transcriptional coactivator in multiple 
tissues, and is recruited to transcriptional enhancers in cardiac cells by GATA4 (13). We utilized 
H3K27ac enrichment as a measure of active chromatin state and possible p300 recruitment. 
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We found that GATA4 loci that mapped to activation targets were highly enriched in H3K27ac. 
Surprisingly, however, H3K27ac enrichment at these sites was not reduced upon conditional 
Gata4 deletion (Figs. 7 & 8). These sites were also highly enriched in control ileum, where 
Gata4 is not expressed. Although many of these target genes are down-regulated, some to 
undetectable levels (e.g., Lct), in G4ΔIE jejunum and control ileum, their GATA4 binding loci 
remain in an ‘open’ chromatin state. Thus, GATA4 activates jejunal genes by a process that is 
independent of H3K27 acetylation, and likely independent of p300 recruitment. 
GATA4 loci that mapped to repression targets were not enriched in H3K27ac, became enriched 
upon conditional Gata4 deletion, and approached H3K27ac enrichment in wild-type control 
ileum (Figs. 6 & 7). These genes were significantly up-regulated, many from undetectable levels 
(e.g., Slc10a2), in G4ΔIE jejunum and control ileum, consistent with the acetylation of H3K27 
and establishment of an ‘open’ chromatin configuration. Thus, GATA4 represses ileal genes 
in the proximal small intestinal epithelium by preventing the acetylation of H3K27. Chromatin 
occupancy of GATA1 in hematopoietic cells is highly correlated with H3K27ac enrichment (15-
17), but our data show that this is not the case for GATA4 in the intestine. While it remains 
possible that GATA4 could induce an open chromatin state early in intestinal development 
(56) and not be required for the maintenance of an open state in mature intestine, our data 
nonetheless show that for certain genes (i.e., repression targets), GATA4 inhibits the acetylation 
of H3K27 at these targets preventing their expression. 
Our data provide a genome-wide analysis of GATA4 chromatin occupancy in the intestinal 
epithelium, enabling an examination of its transcriptional mechanisms in this tissue. The 
findings suggest that GATA4 directly activates and represses subsets of genes, possibly by 
co-association with distinct sets of transcription factors within enhancers and promoters 
of its targets. While GATA4 activates genes in the intestinal epithelium by a mechanism 
that is independent of H3K27ac modification, it represses genes by a process that inhibits 
the acetylation of H3K27. Future work should focus on GATA4 partners, including other 
transcription factors as well as specific co-activators or co-repressors, and their co-association 
at activation vs. repression target genes. This data set should provide a valuable resource to 
other investigators studying transcriptional regulation in the small intestine. 

2014226 proefschrift Boaz Aronson.indd   160 20-01-15   08:15



161

GATA4 INHIBITS H3K27 ACETYLATION

REFERENCES

1. Heintzman ND, Ren B: Finding distal regulatory 
elements in the human genome. Current opinion 
in genetics & development 2009, 19(6):541-549.

2. Bosse T, Piaseckyj CM, Burghard E, Fialkovich JJ, 
Rajagopal S, Pu WT, Krasinski SD: Gata4 is essential 
for the maintenance of jejunal-ileal identities in 
the adult mouse small intestine. Molecular and 
cellular biology 2006, 26(23):9060-9070.

3. Battle MA, Bondow BJ, Iverson MA, Adams SJ, 
Jandacek RJ, Tso P, Duncan SA: GATA4 is essential 
for jejunal function in mice. Gastroenterology 
2008, 135(5):1676-1686 e1671.

4. Beuling E, Kerkhof IM, Nicksa GA, Giuffrida MJ, 
Haywood J, aan de Kerk DJ, Piaseckyj CM, Pu WT, 
Buchmiller TL, Dawson PA et al: Conditional Gata4 
deletion in mice induces bile acid absorption in 
the proximal small intestine. Gut 2010, 59(7):888-
895.

5. van Wering HM, Bosse T, Musters A, de Jong E, 
de Jong N, Hogen Esch CE, Boudreau F, Swain 
GP, Dowling LN, Montgomery RK et al: Complex 
regulation of the lactase-phlorizin hydrolase 
promoter by GATA-4. American journal of 
physiology Gastrointestinal and liver physiology 
2004, 287(4):G899-909.

6. Beuling E, Baffour-Awuah NY, Stapleton KA, 
Aronson BE, Noah TK, Shroyer NF, Duncan SA, 
Fleet JC, Krasinski SD: GATA factors regulate 
proliferation, differentiation, and gene expression 
in small intestine of mature mice. Gastroenterology 
2011, 140(4):1219-1229 e1211-1212.

7. Heintzman ND, Hon GC, Hawkins RD, Kheradpour 
P, Stark A, Harp LF, Ye Z, Lee LK, Stuart RK, 
Ching CW et al: Histone modifications at human 
enhancers reflect global cell-type-specific gene 
expression. Nature 2009, 459(7243):108-112.

8. Tie F, Banerjee R, Stratton CA, Prasad-Sinha J, 
Stepanik V, Zlobin A, Diaz MO, Scacheri PC, Harte 
PJ: CBP-mediated acetylation of histone H3 lysine 
27 antagonizes Drosophila Polycomb silencing. 
Development 2009, 136(18):3131-3141.

9. Pasini D, Malatesta M, Jung HR, Walfridsson J, Willer 
A, Olsson L, Skotte J, Wutz A, Porse B, Jensen ON 
et al: Characterization of an antagonistic switch 
between histone H3 lysine 27 methylation and 
acetylation in the transcriptional regulation of 
Polycomb group target genes. Nucleic acids 
research 2010, 38(15):4958-4969.

10. Ernst J, Kheradpour P, Mikkelsen TS, Shoresh N, 
Ward LD, Epstein CB, Zhang X, Wang L, Issner R, 
Coyne M et al: Mapping and analysis of chromatin 
state dynamics in nine human cell types. Nature 
2011, 473(7345):43-49.

11. Morceau F, Schnekenburger M, Dicato M, 
Diederich M: GATA-1: friends, brothers, and 
coworkers. Annals of the New York Academy of 
Sciences 2004, 1030:537-554.

12. Ferreira R, Ohneda K, Yamamoto M, Philipsen 
S: GATA1 function, a paradigm for transcription 
factors in hematopoiesis. Molecular and cellular 
biology 2005, 25(4):1215-1227.

13. Yanazume T, Hasegawa K, Morimoto T, Kawamura 
T, Wada H, Matsumori A, Kawase Y, Hirai M, Kita 
T: Cardiac p300 is involved in myocyte growth 
with decompensated heart failure. Molecular and 
cellular biology 2003, 23(10):3593-3606.

14. Yanazume T, Morimoto T, Wada H, Kawamura 
T, Hasegawa K: Biological role of p300 in cardiac 
myocytes. Molecular and cellular biochemistry 
2003, 248(1-2):115-119.

15. Letting DL, Rakowski C, Weiss MJ, Blobel GA: 
Formation of a tissue-specific histone acetylation 
pattern by the hematopoietic transcription factor 
GATA-1. Molecular and cellular biology 2003, 
23(4):1334-1340.

16. Yu M, Riva L, Xie H, Schindler Y, Moran TB, Cheng Y, 
Yu D, Hardison R, Weiss MJ, Orkin SH et al: Insights 
into GATA-1-mediated gene activation versus 
repression via genome-wide chromatin occupancy 
analysis. Molecular cell 2009, 36(4):682-695.

17. Papadopoulos GL, Karkoulia E, Tsamardinos I, 
Porcher C, Ragoussis J, Bungert J, Strouboulis 
J: GATA-1 genome-wide occupancy associates 
with distinct epigenetic profiles in mouse fetal 
liver erythropoiesis. Nucleic acids research 2013, 
41(9):4938-4948.

18. Zhou B, Ma Q, Rajagopal S, Wu SM, Domian I, 
Rivera-Feliciano J, Jiang D, von Gise A, Ikeda S, 
Chien KR et al: Epicardial progenitors contribute to 
the cardiomyocyte lineage in the developing heart. 
Nature 2008, 454(7200):109-113.

19. el Marjou F, Janssen KP, Chang BH, Li M, Hindie V, 
Chan L, Louvard D, Chambon P, Metzger D, Robine 
S: Tissue-specific and inducible Cre-mediated 
recombination in the gut epithelium. Genesis 
2004, 39(3):186-193.

20. He A, Shen X, Ma Q, Cao J, von Gise A, Zhou P, 
Wang G, Marquez VE, Orkin SH, Pu WT: PRC2 
directly methylates GATA4 and represses its 
transcriptional activity. Genes & development 
2012, 26(1):37-42.

21. Driegen S, Ferreira R, van Zon A, Strouboulis 
J, Jaegle M, Grosveld F, Philipsen S, Meijer D: A 
generic tool for biotinylation of tagged proteins 
in transgenic mice. Transgenic research 2005, 
14(4):477-482.

22. He A, Kong SW, Ma Q, Pu WT: Co-occupancy 
by multiple cardiac transcription factors 

2014226 proefschrift Boaz Aronson.indd   161 20-01-15   08:15



162

CHAPTER 7

identifies transcriptional enhancers active in 
heart. Proceedings of the National Academy of 
Sciences of the United States of America 2011, 
108(14):5632-5637.

23. Beuling E, Aronson BE, Tran LM, Stapleton KA, 
ter Horst EN, Vissers LA, Verzi MP, Krasinski SD: 
GATA6 is required for proliferation, migration, 
secretory cell maturation, and gene expression in 
the mature mouse colon. Molecular and cellular 
biology 2012, 32(17):3392-3402.

24. Weiser MM: Intestinal epithelial cell surface 
membrane glycoprotein synthesis. I. An indicator 
of cellular differentiation. The Journal of biological 
chemistry 1973, 248(7):2536-2541.

25. Verzi MP, Shin H, Ho LL, Liu XS, Shivdasani RA: 
Essential and redundant functions of caudal 
family proteins in activating adult intestinal genes. 
Molecular and cellular biology 2011, 31(10):2026-
2039.

26. Dignam JD, Lebovitz RM, Roeder RG: Accurate 
transcription initiation by RNA polymerase II in a 
soluble extract from isolated mammalian nuclei. 
Nucleic acids research 1983, 11(5):1475-1489.

27. He A, Pu WT: Genome-wide location analysis 
by pull down of in vivo biotinylated transcription 
factors. Current protocols in molecular biology 
/ edited by Frederick M Ausubel (et al) 2010, 
Chapter 21:Unit 21 20.

28. Feng J, Liu T, Qin B, Zhang Y, Liu XS: Identifying 
ChIP-seq enrichment using MACS. Nature 
protocols 2012, 7(9):1728-1740.

29. Liu T, Ortiz JA, Taing L, Meyer CA, Lee B, Zhang Y, 
Shin H, Wong SS, Ma J, Lei Y et al: Cistrome: an 
integrative platform for transcriptional regulation 
studies. Genome biology 2011, 12(8):R83.

30. McLean CY, Bristor D, Hiller M, Clarke SL, Schaar 
BT, Lowe CB, Wenger AM, Bejerano G: GREAT 
improves functional interpretation of cis-
regulatory regions. Nature biotechnology 2010, 
28(5):495-501.

31. Huang da W, Sherman BT, Lempicki RA: Systematic 
and integrative analysis of large gene lists using 
DAVID bioinformatics resources. Nature protocols 
2009, 4(1):44-57.

32. Huang da W, Sherman BT, Tan Q, Kir J, Liu D, 
Bryant D, Guo Y, Stephens R, Baseler MW, Lane HC 
et al: DAVID Bioinformatics Resources: expanded 
annotation database and novel algorithms to 
better extract biology from large gene lists. 
Nucleic acids research 2007, 35(Web Server 
issue):W169-175.

33. Hosack DA, Dennis G, Jr., Sherman BT, Lane HC, 
Lempicki RA: Identifying biological themes within 
lists of genes with EASE. Genome biology 2003, 
4(10):R70.

34. Robinson JT, Thorvaldsdottir H, Winckler W, 
Guttman M, Lander ES, Getz G, Mesirov JP: 
Integrative genomics viewer. Nature biotechnology 
2011, 29(1):24-26.

35. Heintzman ND, Stuart RK, Hon G, Fu Y, Ching 
CW, Hawkins RD, Barrera LO, Van Calcar S, Qu C, 
Ching KA et al: Distinct and predictive chromatin 
signatures of transcriptional promoters and 
enhancers in the human genome. Nature genetics 
2007, 39(3):311-318.

36. Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, 
Bernstein BE, Nusbaum C, Myers RM, Brown M, Li 
W et al: Model-based analysis of ChIP-Seq (MACS). 
Genome biology 2008, 9(9):R137.

37. Menendez D, Nguyen TA, Freudenberg JM, 
Mathew VJ, Anderson CW, Jothi R, Resnick MA: 
Diverse stresses dramatically alter genome-wide 
p53 binding and transactivation landscape in 
human cancer cells. Nucleic acids research 2013.

38. Zeiser S, Liebscher HV, Tiedemann H, Rubio-
Aliaga I, Przemeck GK, de Angelis MH, Winkler G: 
Number of active transcription factor binding sites 
is essential for the Hes7 oscillator. Theoretical 
biology & medical modelling 2006, 3:11.

39. Verzi MP, Shin H, San Roman AK, Liu XS, 
Shivdasani RA: Intestinal master transcription 
factor CDX2 controls chromatin access for partner 
transcription factor binding. Molecular and cellular 
biology 2012.

40. Verzi MP, Shin H, He HH, Sulahian R, Meyer 
CA, Montgomery RK, Fleet JC, Brown M, Liu XS, 
Shivdasani RA: Differentiation-specific histone 
modifications reveal dynamic chromatin 
interactions and partners for the intestinal 
transcription factor CDX2. Developmental cell 
2010, 19(5):713-726.

41. Verzi MP, Shin H, San Roman AK, Liu XS, 
Shivdasani RA: Intestinal master transcription 
factor CDX2 controls chromatin access for partner 
transcription factor binding. Molecular and cellular 
biology 2013, 33(2):281-292.

42. He HH, Meyer CA, Shin H, Bailey ST, Wei G, Wang 
Q, Zhang Y, Xu K, Ni M, Lupien M et al: Nucleosome 
dynamics define transcriptional enhancers. 
Nature genetics 2010, 42(4):343-347.

43. de Boer E, Rodriguez P, Bonte E, Krijgsveld J, 
Katsantoni E, Heck A, Grosveld F, Strouboulis J: 
Efficient biotinylation and single-step purification 
of tagged transcription factors in mammalian cells 
and transgenic mice. Proceedings of the National 
Academy of Sciences of the United States of 
America 2003, 100(13):7480-7485.

44. Rodriguez P, Bonte E, Krijgsveld J, Kolodziej KE, 
Guyot B, Heck AJ, Vyas P, de Boer E, Grosveld F, 
Strouboulis J: GATA-1 forms distinct activating and 

2014226 proefschrift Boaz Aronson.indd   162 20-01-15   08:15



163

GATA4 INHIBITS H3K27 ACETYLATION

repressive complexes in erythroid cells. The EMBO 
journal 2005, 24(13):2354-2366.

45. Kim J, Chu J, Shen X, Wang J, Orkin SH: An extended 
transcriptional network for pluripotency of 
embryonic stem cells. Cell 2008, 132(6):1049-1061.

46. Fujiwara T, O'Geen H, Keles S, Blahnik K, Linnemann 
AK, Kang YA, Choi K, Farnham PJ, Bresnick EH: 
Discovering hematopoietic mechanisms through 
genome-wide analysis of GATA factor chromatin 
occupancy. Molecular cell 2009, 36(4):667-681.

47. Yang J, Mitra A, Dojer N, Fu S, Rowicka M, Brasier 
AR: A probabilistic approach to learn chromatin 
architecture and accurate inference of the NF-
kappaB/RelA regulatory network using ChIP-Seq. 
Nucleic acids research 2013.

48. de Wit E, de Laat W: A decade of 3C technologies: 
insights into nuclear organization. Genes & 
development 2012, 26(1):11-24.

49. Gao N, White P, Kaestner KH: Establishment of 
intestinal identity and epithelial-mesenchymal 
signaling by Cdx2. Developmental cell 2009, 
16(4):588-599.

50. Hryniuk A, Grainger S, Savory JG, Lohnes D: Cdx 
function is required for maintenance of intestinal 
identity in the adult. Developmental biology 2012, 
363(2):426-437.

51. Stringer EJ, Duluc I, Saandi T, Davidson I, Bialecka 
M, Sato T, Barker N, Clevers H, Pritchard CA, 
Winton DJ et al: Cdx2 determines the fate of 
postnatal intestinal endoderm. Development 
2012, 139(3):465-474.

52. Zhou B, von Gise A, Ma Q, Hu YW, Pu WT: Genetic 
fate mapping demonstrates contribution of 
epicardium-derived cells to the annulus fibrosis 
of the mammalian heart. Developmental biology 
2010, 338(2):251-261.

53. Zhou P, He A, Pu WT: Regulation of GATA4 
transcriptional activity in cardiovascular 
development and disease. Current topics in 
developmental biology 2012, 100:143-169.

54. Beuling E, Bosse T, aan de Kerk DJ, Piaseckyj 
CM, Fujiwara Y, Katz SG, Orkin SH, Grand RJ, 
Krasinski SD: GATA4 mediates gene repression 
in the mature mouse small intestine through 
interactions with friend of GATA (FOG) cofactors. 
Developmental biology 2008, 322(1):179-189.

55. Wang Z, Zang C, Rosenfeld JA, Schones DE, Barski 
A, Cuddapah S, Cui K, Roh TY, Peng W, Zhang MQ et 
al: Combinatorial patterns of histone acetylations 
and methylations in the human genome. Nature 
genetics 2008, 40(7):897-903.

56. Cirillo LA, Lin FR, Cuesta I, Friedman D, Jarnik M, 
Zaret KS: Opening of compacted chromatin by 
early developmental transcription factors HNF3 
(FoxA) and GATA-4. Molecular cell 2002, 9(2):279-
289.

57. Huang da W, Sherman BT, Tan Q, Collins JR, Alvord 
WG, Roayaei J, Stephens R, Baseler MW, Lane 
HC, Lempicki RA: The DAVID Gene Functional 
Classification Tool: a novel biological module-
centric algorithm to functionally analyze large 
gene lists. Genome biology 2007, 8(9):R183.

2014226 proefschrift Boaz Aronson.indd   163 20-01-15   08:15



CHAPTER 7

164

SUPPLEMENTAL

Supplemental Figure 1. Quantitative PCR primers used in BioChIP assays of the mouse Lct and Slc10a2 loci.  
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Supplemental Figure 2.  Biological replicate of GATA4 BioChIP-seq and H3K27ac ChIP-seq analysis. We 
had conducted our original analysis (pooled from 3 mice) using BioChIP-seq for GATA4flbio on jejunum, 
and ChIP-seq for H3K27ac on control ileum, but the duplication rate, false discover rate (FDR) and P-values 
were too high for these libraries (library 1 for each), and thus did not provide enough reliable peaks for 
global statistical analysis.  However, those peaks with the highest number of reads (and lowest duplication 
rates, FDR rates and P-values), are, by statistical definition, ‘more’ valid peaks. Accordingly, we established 
increasingly stringent cut-offs for library 1 based on number of reads (thus increasing the reliability of valid 
peaks), and calculated the fraction of overlap with the second libraries (library 2 for each) we constructed. 
We found a strong correlation between peak validity of library 1 and fraction of overlap with library 2 (see 
bargraphs above).  Five exemplary wiggle files of overlapping peaks between the two sets of libraries are 
also shown.  This analysis represents a biological replicate for GATA4 BioChIP-seq and H3K27ac ChIP-seq 
assays.  Library 2 for GATA4 BioChIP-seq and H3K27ac ChIP-seq  had low duplication rates, FDR rates, and 
P-values, and were used in all subsequent analyses.   
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Supplemental Figure 3. Gene Ontology (GO) term analysis of GATA4-bound, regulated genes.  Enrichment 
scores, calculated for each cluster as an average of Expression Analysis Systematic Explorer (EASE) scores 
of GO groups (modified Fisher exact tests that reflect overlap of genes within GO groups), is shown for the 
top 15 terms for all regulated genes, and for the top 7 each for down- and up-regulated genes.  
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Supplemental Figure 4. 
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DISCUSSION AND FUTURE PERSPECTIVES 

To define the role of GATA factors in cytodifferentiation of the gut
As chapter 1 highlights, GATA factors are critical in determining lockdown of endodermal fate 
and formation of the gut tube. However, because GATA4-/--mice die between E7.5 and E9.5, 
due to failure of primitive heart tube formation, and GATA6-/--mice die between E5.5-E7.5 
from defects in visceral endoderm formation, their role in processes beyond formation of the 
gut tube, namely elongation, which occurs from E9.5-E14.5, and cytodifferentiation and villus 
formation, which occurs from E14.5-E17.5, remain poorly understood. In one study of Bosse et 
al., GATA4 was ablated at E12.5 in a conditional, inducible manner, by injecting tamoxifen into 
timed-pregnant females for five days and no overt changes in development were observed (1). 
These changes may be due to technicalities in the study design, were there was a certain lack 
of control on timing of gene knockout, due to the inducible nature of the mouse model. It may 
also be that GATA factors are redundant for one another.
To determine the role of GATA factors in cytodifferentiation of the gut, established Gata4Fp/Fp, 
Gata6F/F- and combined Gata4Fp/FpGata6F/F-mice models, which were used in this thesis, should 
be integrated with vCre mice. Villin is activated a E9.5 and results in full gene recombination 
is established at E12.5(2). To test the hypothesis that GATA4 and/or GATA6 are required in 
cytodifferentiation, comparison of GATA4 and GATA6 single knockout mice and GATA4/
GATA6 double knockout mice with wild-type mice should be performed. Assessment of 
gross morphology, immunohistochemistry and gene expression profiling at timepoints after 
birth (P1), at the start of formation of Paneth cells ( P7) and prior to weaning (P21) will test 
the hyptothesis that GATA4 and/or GATA6 are critical for early intestinal specification and 
cytodifferentiation during embryonic development, and Paneth cell formation during postnatal 
development.

To define the role of GATA6 in colorectal cancer
The experiments in chapters 2 and 3 define GATA6 function in colonic and small intestinal 
epithelium respectively. Interestingly, these data demonstrate that GATA6 promotes 
proliferation in both.colon and small intestine, suggesting that it may function as an oncogene. 
GATA6 has further been reported to be oncogenic in multiple cancers and pre-cancerous 
lesions, including Barrett’s esophagus, gastric cancer, pancreatic cancer, and colon cancer(3). 
Gata6 expression is up-regulated in colon cancer epithelial cells(4,5,10), as well as in non-
malignant cells along the stromal margins(10), but it has not been determined whether this is 
a correlative, causative or protective event. 
To define the role of GATA6 in colorectal cancer, an approach should be established where Gata6 
is both ablated and over-expressed in wild-type and APC- mice. The latter develop spontaneous 
colorectal cancer by over-activation of the Wnt signaling pathway(6). Although currently no 
conditional inducible Gata6-overexpression mouse model exists, one potential strategy 
could be to integrate previously established vCreERT2-, Rosa26-Stop-rtta-, and TRE2-Gata6 
transgenic mice. Treatment of such a mouse model with tamoxifen would induce translocation 
of CreERT2 to the nucleus of intestinal and colonic epithelial cells, resulting in excision of the 
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Stop repressor cassette in the Rosa26-Stop-rtta locus which enables expression of rtTA. 
Subsequently, treatment with doxycyclin then results in transactivation and over-expression of 
GATA6. From these studies, GATA6 promotion or inhibition of development and progression 
of colorectal cancer could be determined by assessment of histology, gene expression and 
observation whether and how many adenomas/adenocarcinomas develop. Long-term studies 
can be performed to test the hypothesis that prolonged GATA6 overexpression has an 
oncogenic effect. Finally, the effect of GATA6 ablation and overexpression on the Wnt pathway 
can be determined, through integration of TopGal mice, which express beta-galactosidase in 
response to Wnt signaling, in order to determine the effect of GATA6 on Wnt signaling. These 
proposed studies are important in determining the role of GATA6 in colonic cancer, which 
could, in turn, lead to the development of better diagnostic and therapeutic management. 

To define the properties of cis-regulatory regions that specifically bind GATA4, GATA6 
or both GATA4 and GATA6
Technical advancements in recent years in deep-sequencing DNA has tremendously 
lowered the costs and time-frames associated with such experiments and has thus lead to 
tremendous possibilities to perform genome wide studies. In chapter 6, we assessed genome 
wide GATA4 genomic binding and combined these results with gene profiling to define the 
GATA4 transcriptome. One prevailing question remains on which genomic loci are specifically 
occupied by GATA4, which ones are specifically occupied by GATA6 and which loci can be 
bound by both. To answer this question, GATA6 genome-wide genomic binding should be 
defined, in a similar approach as was done for GATA4 in chapter 6. However, lack of ChIP 
quality mouse GATA6 antibodies has thus far hampered the field from defining direct targets 
of GATA6. In order to circumvent this problem a Flag-biotin GATA6 mouse model should be 
constructed similar to the Gata4flagbio-Rosa26BirA mouse model that was used in chapter 
6. In this model, the C-terminal exon of Gata6 is modified to include C-terminal FLAG and 
Biotin epitope tags. Gata6flbio mice can be generated by homologous recombination in mouse 
embryoinic stem (ES) cells. A Frt-neo-Frt cassette will be placed in the 3’ UTR and subsequently 
excised by breeding through Actb::Flpe mice(7). Gata6flbio/+ and Rosa26BirA/BirA mice(8) can be 
crossed to obtain Gata6flbio/flbio Rosa26BirA/BirA mice, which can then be maintained as homozygotes. 
BioChIP followed by deep-sequencing (BioChIPseq) on isolated intestinal epithelium of these 
mice will result in the identification of all GATA6-bound genomic loci in the mature mouse 
small intestine. A bioinformatics approach to compare the GATA4- and GATA6-bound genomic 
loci will determine genomic regions that allow for specific and redundant occupation of GATA 
factors and may delineate the properties of those regions. 
Combining genome wide GATA6-bound genomic loci with GATA6 gene expression profiling, 
the latter which was already performed in chapter 3, will result in the determination of the 
GATA6 intestinal transcriptome, which was done in a similar manner for GATA4 in chapter 6. 
Comparing GATA4 and GATA6 transcriptome datasets will define distinct GATA4 and GATA6 
specific and GATA4/6 redundant transcriptomes and their properties. Such experiments 
determine the direct targets of the GATA4/6 redundant pathway and thus further define the 
function of this pathway.
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Determination of GATA4 activation and repression protein complexes
In chapter 6 of this thesis GATA4 was demonstrated to bind to almost equal amounts of 
activated and repressed genes. These findings strongly suggest that GATA4 is both able to 
activate and repress genes simultaneously, which is consistent with studies on GATA1, in the 
hematopoetic system, which also shares this property11,12. GATA1 has been demonstrated 
to both directly activate and repress genes by binding directly to cis-regulatory elements 
associated with activated and repressed genes in erythroid cells12, but also by forming at 
least five different protein complexes which bind different subsets of genes11. As GATA4 also 
mediates many distinct functions, as shown in chapter 2, 5 and 6 of this thesis, it could be 
hypothesized that GATA4 also binds in many different complexes that subsequently activate/
repress distinct subsets of genes.
To test the hypothesis that GATA4 binds in different complexes, a potential approach would 
be to perform biotin-avidin pulldowns of GATA4 from nuclear extracts derived of isolated 
intestinal epithelium from Gata4flbioRosa26BirA –mice with a single step purification technique 
as described by de Boer et al.(9). The high affinity of biotin with streptavidin should make this 
possible with even though the amount of cells available when utilizing such an approach in vivo 
is relatively low. Electrophoresis and subsequent mass spectrometry would provide a dataset 
with potential co-factors. To further define different complexes, co-immunoprecipitation 
of co-factors should be performed. Finally, ChIP assays with antibodies against these co-
factors should be performed, on genomic loci where GATA4 binds according to the GATA4 
transcriptome provided in chapter 6. These experiments will determine the protein partners 
that GATA4 interacts with to regulate distinct subsets of genes and may define how GATA4 can 
simultaneously activate and repress genes in the small intestine.

Significance
The mammalian small intestinal epithelium is a rapidly renewing, highly orchestrated cellular 
layer that is responsible for uptake and digestion of nutrients, secretion of hormones and 
formation of a mucous barrier that defends against pathogens. The epithelium is regulated 
by transcription factors in a strict spatial manner along the crypt-villus axis, as well as 
along the horizontal axis of the small intestine. The function of transcription factors in this 
compartmentalized fashion, creates regionalization in functional outcome of the different 
intestinal regions. It also defines distinct differences in processes mediated in the crypts of 
Lieberkühn, where proliferation occurs, and on villi, where cells abruptly stop proliferating and 
start differentiating in one of five post-mitotic cell types. When this transcription factor mediated 
regulation of cellular processes goes awry, pathological processes such as inflammation and 
cancer occur. Unfortunately, the mechanisms of transcription factor function in this complex 
system are only beginning to be elucidated. Determination of these functions, and the 
mechanisms in which they regulate physiological processes, may lead to further defining their 
role in pathological events and is an important step in finding potential drug targets.
Within this extensive network of transcription factors, the studies performed in this thesis 
have focused on the evolutionarily conserved family of GATA transcription factors. The novel 
role for GATA4 repression of genes, through an epigenetic mechanism, provides fundamental 
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insight into transcriptional regulation which is crucial for understanding of, and developing 
future therapies against, intestinal cancer. Likewise, the discovery of different distinct, 
compartmentalized functions in which GATA factors work with other transcription factors to 
regulate complex processes of proliferation and differentiation, provide fundamental insights 
in how the gut functions so that eventual dysfunction may be better understood. Therefore, 
future studies proposed in this thesis are designed to further deepen these insights and to 
directly assess the role of GATA factors in intestinal cancer in vivo.
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In this thesis, we determined the role of GATA factors in transcriptional regulation of intestinal 
genes, which ultimately forms the molecular basis of the complex physiology of the gut. The 
overall aim of this thesis is to determine GATA6 function in vivo and to delineate mechanisms 
of GATA4 activation and repression of absorptive enterocyte genes. In chapter 1, the 
evolutionary biology of GATA factors and their function in specifying the endodermal germ 
layer, the formation of the gut and the regulation of genes in the adult mammalian small 
intestine, is reviewed. GATA factors are a highly evolutionarily conserved family of transcription 
factors and exemplary of this is the finding of a single ancestral GATA factor orthologue in 
Nematostella vectensis, or the starlet sea anemone (1). In a later evolutionary stage, both 
protostome and deuterostome tripoblasts express at least two distinct ancestral GATA 
orthologs of the mammalian GATA factor classes in mammals (hematopoetic lineages, or GATA 
1/2/3 and endodermal lineages, GATA4/5/6) (2). All tripoblasts express the GATA4/5/6 ortholog 
in endodermal cells after gastrulation, and in cells along the digestive tract at maturity. This 
demonstrates an evolutionary preserved role for GATA factors in endoderm formation and 
development and maintenance of the gut. 
In specifying endoderm, GATA factors operate differently in invertebrate, vertebrate and 
mammalian organisms. In the invertebrate organisms C. Elegans and D. Melanogaster, various 
GATA factor orthologues activate each other sequentially in order to lock down endodermal 
cell fate. Contrary to this, the vertebrates X. Lavis and D. Rerio employ a parallel pathway, where 
GATA factors are simultaneously stimulated by Nodal signaling (3-5) and act in parallel with 
other transcription factors to activate markers that specify endoderm (3,4,6-8). In mice, GATA6 
is essential in specifying primitive endoderm and may do so in a pathway with GATA4 as the 
downstream effector (9-14). Furthermore, GATA4 is essential for ventral folding and formation 
of the primitive gut tube (10,11,15). The precise role of GATA factors after primitive endoderm 
development (definitive endoderm specification, development and elongation of the gut tube 
and cytodifferentiation) remain to be determined. Alternative Cre drivers, for conditional 
elimination in the right time windows, and compound mutant models, to determine redundant 
GATA functions, are needed to further delineate the mechanisms of GATA factors in these 
processes.
In the adult small intestine, GATA4, -5 and -6 have been shown to bind WGATAR motifs in 
DNA and activate intestinal genes(15-22). GATA4 mRNA is expressed in the proximal 85% of 
the intestine but not in the distal ileum, whereas GATA5 mRNA shows an increasing proximal-
distal pattern and GATA6 mRNA is expressed equally throughout the small intestine and 
colon. GATA4 protein is expressed in crypts and in absorptive enterocytes on villi but not in 
eneteroendocrine or Goblet cells. It remains unclear whether GATA4 is present in Paneth 
cells(15,17,23-25). GATA5 protein expression has been suggested in secretory cells but still 
has to be carefully determined, as GATA5 antibodies have been known to heavily cross-react 
with other proteins. GATA6 protein is expressed in all proliferating and differentiated cells in 
the mouse small intestine(26) and colon(27). 
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GATA6 regulates colonic epithelial homeostasis
In chapter 2, the function of GATA6 in the adult mouse colon is defined. The colonic epithelium, 
also a derivative of endoderm, has crypts and a surface epithelium, but no villi. It is maintained 
through a process of continuous cellular renewal in which crypt stem cells give rise to three 
differentiated cell lineages, colonocytes, goblet cells, and enteroendocrine cells.  Although 
neither GATA4 nor GATA5 is expressed in colon, GATA6 is expressed in colonic epithelium of 
humans (24,28) and mice (27). Using improved GATA6 antibodies, validated using conditional 
Gata6 knockout mice, we showed that GATA6 is expressed in all proliferating and differentiated 
cells in the mature mouse colon (27). Conditional, inducible deletion of Gata6 in the small 
intestinal and colonic epithelium using the villinCreERT2 Cre driver resulted in an altered 
crypt structure, a decrease in crypt proliferation, and a delayed crypt-to-surface epithelium 
migration rate (27). Specific colonocyte genes were significantly down-regulated, goblet cells 
were immature, and the mRNAs for specific hormones produced by endocrine cells were 
altered. Gata6 knockdown in human LS174T cells, a colonic adenocarcinoma cell line, resulted 
in the down-regulation of a similar subset of colonocyte genes. GATA6 occupied active loci in 
enhancers and promoters of some of these genes, suggesting that they are direct targets of 
GATA6. These data demonstrate that GATA6 is necessary for proliferation, migration, lineage 
maturation, and gene expression in the mature mouse colonic epithelium. A role in supporting 
colonic epithelial proliferation is consistent with the suggestion that GATA6 may promote 
colorectal cancer (29).

GATA factors modulate proliferation, secretory cell differentiation and absorptive 
enterocyte gene expression in the mature mouse small intestine
The mechanisms of GATA factors in the small intestine are more complicated than in the colon, 
due to the overlap of GATA4 and GATA6 expression in the proximal small intestine. In chapter 
3, these mechanisms are delineated by comparing the intestinal phenotype produced among 
single and double Gata4/Gata6 conditional knockout mice using the villinCreERT2 driver(26). 
In the distal ileum, where Gata6 is expressed but Gata4 is not, conditional deletion of Gata6 
resulted in a decrease in crypt cell proliferation, decreases in differentiated enteroendocrine 
and Paneth cells, and alterations in absorptive enterocyte gene expression. This altered 
phenotype was not present in the proximal intestine where Gata4 is expressed. Instead, 
Paneth cells were increased, perhaps as a compensatory response to the loss of Paneth cells in 
distal ileum. When both Gata4 and Gata6 (herein, Gata4/Gata6) were conditionally deleted, the 
proximal intestine showed all the changes in proliferation, differentiation, and gene expression 
found in the distal ileum of single Gata6 conditional knockout mice. These data indicate that in 
addition to the GATA4-specific functions in maintaining jejuno-ileal distinctions in absorptive 
enterocyte gene expression, GATA4 and GATA6 share common functions (GATA4/GATA6-
redundant pathway) in regulating proliferation, differentiation, and gene expression in the 
mature small intestine. 
Cellular proliferation in intestinal crypts is necessary for the continuous renewal of the 
intestinal epithelium. Gata4/Gata6 deletion results in a reduction in the number of Ki67- and 
BrdU-positive cells in crypts, as well as a decrease in villus height and epithelial cell number, 
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demonstrating a requirement for GATA factors in supporting intestinal regeneration and 
the maintenance of the absorptive surface area (26). In Caco-2 cells, an intestinal cell line 
that proliferates rapidly until reaching confluence, then undergoes differentiation, CDX2, 
a key transcriptional regulator of intestinal genes, occupies a specific set of gene loci in 
proliferating cells, but a different set in differentiated cells (30). GATA motifs were the most 
highly represented motif (other than CDX motifs) in the CDX2 occupancy sites in proliferating 
cells and GATA6 was found to preferentially co-occupy these sites, suggesting that CDX2 co-
regulates intestinal proliferation with GATA4/GATA6.
Conditional deletion of Gata4/Gata6 showed an altered secretory cell phenotype. 
Enteroendocrine cell number and Neurog3 mRNA abundance were decreased, suggesting 
a GATA requirement for enteroendocrine cell specification in ATOH1-secretory progenitors. 
Goblet cells on villi were normal, but Paneth cells were replaced by a goblet-like cell type 
that expresses abundant mucin 2 (Muc2), but no defensins. Paneth cell loss and goblet-like 
cell gain at the base of crypts did not occur until at least two weeks after the induction of 
Gata6 deletion, consistent with the slower turnover rate of Paneth cells. The goblet-like cells 
also express genes that promote Paneth cell differentiation and their crypt base localization, 
including SOX9 and EPHB3, respectively, which are not normally expressed in mature goblet 
cells. Thus, the goblet-like cells that accumulate in the crypts are likely committed Paneth cells 
that, in the absence of GATA4/GATA6, default to a goblet-like cell type. These data suggest that 
GATA4/GATA6 act within secretory progenitors to promote enteroendocrine cell commitment 
and the terminal differentiation of Paneth cells.
GATA4/GATA6 also activate and repress specific absorptive enterocyte genes.  Many of the 
genes down-regulated by Gata4/Gata6 deletion encode lipid transporters and apolipoproteins 
(‘lipid’ gene set), but are distinct from the GATA4-specific lipid transporters and carriers 
discussed above. Many of the genes up-regulated by conditional Gata4/Gata6 deletion are 
normally more highly expressed in colon than small intestine (‘colonic’ gene set). 
In summary, these studies outline two fundamental pathways of GATA regulation in the mature 
mouse small intestine, a GATA4-specific pathway and a GATA4/GATA6-redundant pathway. 
In the GATA4-specific pathway, GATA4 regulates the proximal-distal transcriptome in the 
gastrointestinal tract by distinguishing jejunal vs. ileal gene expression and function (23,31,32). 
GATA6 is unable to compensate for this pathway supporting a mechanism in which GATA4 
specifically selects its target genes for regulation. In the GATA4/GATA6-redundant pathway, 
GATA4 and GATA6 are capable of regulating multiple process, including proliferation, lineage 
specification, and terminal differentiation (26).  These findings indicate that GATA target genes 
in the intestinal epithelium are regulated by mechanisms that involve differential recruitment 
of specific GATA factors.

The GATA4/6 redundant pathway promotes proliferation through repression of SPDEF
Noah et al.(33) overexpressed SPDEF in the small intestine and found a phenotype that was 
almost identical to the phenotype described in the GATA4/6 conditional knockout mice(26). 
In ileum, SPDEF mRNA is upregulated upon conditional ablation of GATA6, whereas GATA6 
mRNA levels don’t change upon overexpression or ablation of SPDEF(26), suggesting that 

2014226 proefschrift Boaz Aronson.indd   177 20-01-15   08:15



CHAPTER 8

178

SPDEF functions downstream of GATA6. In chapter 4, we therefore determined the extent 
to which SPDEF mediates the effects of conditional GATA6 ablation by comparing GATA6/
SPDEF double knockout mice (DKO) phenotype to single knockout mice and wild-type 
controls. The experiments in chapter 4 demonstrate that GATA6 mediated secretory cell 
differentiation (promotion of terminal differentiation of Paneth cells and lineage commitment 
of enteroendocrine cells) is not dependent on SPDEF. However, default differentiation of 
Paneth cells into Goblet-like cells did not occur in DKO mice. This suggests that SPDEF does 
not contribute to GATA6 mediated terminal differentiation of Paneth cells but is necessary in 
their subsequent default differentiation to a Goblet cell phenotype. The latter observation is 
consistent with SPDEF promoting specification and terminal differentiation of Goblet cells as 
was determined in previous studies(33,34). 
Absorptive enterocyte gene regulation, in GATA6 conditional knockout mice, also does 
not depend on SPDEF. We identified two genes that, in GATA6 conditional knockout mice, 
were downregulated and upregulated respectively: apolipoprotein a1 (Apoa1) and carbonic 
anhydrase 1 (Car1). Unlike GATA6, SPDEF is not expressed in absorptive enterocytes on 
villi. Still, GATA6 could theoretically establish activation of absorptive enterocyte genes in a 
progenitor stage, where SPDEF is expressed. However, DKO mice showed Apoa1 and Car1 
mRNA expression that was similar to single GATA6 knockout mice, concluding that GATA6 
mediated absorptive enterocyte gene expression is not mediated by SPDEF.
Conditionally ablated GATA6 show a 30% decrease in proliferation, as shown by ki67 staining 
and immunohistochemistry for BrdU(26). In DKO mice, this phenotype was completely rescued 
as proliferation was unchanged compared to wild-type controls. Furthermore, gene expression 
profiling data of GATA6 conditional knockout and SPDEF knockout mice showed an 83% 
overlap of gene targets. Analysis of these overlapping targets using Database for Annotation, 
Visualization and Integrated Discovery (DAVID) and Gene Set Enrichment Analaysis (GSEA), 
showed that Wnt signaling was the most affected pathway and APC gene target network was 
one of the top three networks, further suggesting proliferation to be a function of GATA6 
and SPDEF. Taken together, these data show SPDEF to be a downstream mediator of the 
proliferation function of GATA6 in ileum. 

Cdx2 regulates proliferation with GATA4 and differentiation with HNF1A and HNF4A
CDX2 regulates genes in the mammalian small intestine, where it mediates diverse, condition-
specific, physiological processes(30,35-37). In Caco-2 cells, CDX2 has been predicted to co-
regulate proliferation with GATA factors and differentiation with HNF1A and HNF4A(30).  
In chapter 5, we defined distinct phenotypes of compound conditional, inducible mutant 
mouse lines for CDX2/GATA4/GATA6, CDX2/HNF1A and CDX2/HNF4A to test this hypothesis 
in vivo.
In CDX2/GATA4/GATA6 mutants, GATA4 and CDX2 mRNA in jejunum were completely ablated 
after 5 days of injection with tamoxifen, GATA6 mRNA-levels did not change relative to controls. 
As it was previously reported, recombination of loxP elements in this Gata6 allele is inefficient 
and is likely the reason why we didn’t observe loss of GATA6 mRNA or protein(27). Nevertheless, 
the compound mutant provided a model to analyze the consequence of simultaneous 
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ablation of GATA4 and CDX2 (hereafter called Gata4delCdx2del). Surprisingly, jejunal villi of  
Gata4 delCdx2del mice were approximately half as long as jejunal villi of control mice and crypt 
units were smaller. Apoptosis was not affected in these mice, as determined by cleaved 
caspase 3 immunostaining. However, Gata4delCdx2del mice showed a significant reduction in Ki-
67-positive cells in jejunal crypts and fewer cells in jejunal crypts incorporated BrdU into their 
genomes. Taken together, these findings are consistent with functional redundancy between 
CDX2 and GATA4 in promoting proliferation in the mouse jejunum.
Contrary to Gata4delCdx2del mice, Hnf4adelCdx2del mice showed no reduction in proliferating 
cells. Immunostaining for cleaved caspase 3 ashowed that apoptosis was unaltered and 
secretory cell lineages showed no significant changes compared to controls. However, villi 
were markedly stunted, mainly in ileum where Cdx2 expression is highest. Immunostaining 
for alkaline phosphatase, a marker of absorptive enterocytes, revealed a complete loss of this 
marker on villi throughout the small intestine. Gene profiling analysis followed by functional 
grouping showed that lipid metabolism was mostly affected in Hnf4adelCdx2del mice, compared 
to single Cdx2del controls. This was experimentally confirmed by Oil red O experiments, which 
showed that lipid absorption was almost completely ablated in every region of Hnf4a delCdx2del 
mice small intestine. Taken together these findings show that combined loss of CDX2 and 
HNF4A leads to severe functional defects of absorptive enterocytes and marked paucity of 
aborptive enterocytes in ileum.
Similarly to Hnf4a delCdx2del mice, Hnf1a delCdx2del mice showed no defects in proliferation or 
apoptosis. However, the phenotype of Hnf1a delCdx2del mice was markedly different from Hnf4a 
delCdx2del mice. Hnf1a delCdx2del mice showed markedly reduced, and in some crypts absent, 
lysozyme immunostaining, a marker for Paneth cells. Absorptive enterocytes frequently 
showed apical vacuoles. Morphologically, there was a loss of columnar cell morphology in the 
epithelium and a uniformly narrow lamina propria on vili, with a paucity of mesenchymal cells. 
The latter is likely an indirect effect, as Cre was only expressed in epithelial cells. These findings 
show that combined loss of HNF1a and CDX2 leads to a differentiation phenotype which is 
distinctly different from combined loss of HNF4A and CDX2. Thus, CDX2 partners with GATA4 
to promote proliferation and with HNF factors to promote differentiation in vivo. 

GATA4 represses ileal genes directly through modulation of acteylation on H3K27
GATA4 specifically determines jejunal-ileal differences in absorptive enterocyte gene 
expression by activating jejunal genes and repressing ileal genes(23,31). In chapter 6, the 
mechanisms of GATA4 mediated gene activation and repression are delineated by genome-
wide mapping of GATA4 binding combined with a publically available GATA4 gene profiling 
dataset. These experiments show that GATA4 bound almost equal numbers of activated and 
repressed genes, suggesting GATA4 mediates these functions directly. This is consistent with 
properties of GATA1, in the hematopoetic field(38,39), which is known to form both activating 
and repressing complexes that directly bind genes. 
Motif analysis of GATA4 bound genomic loci indicated 4 novel partner proteins, known to 
be expressed in the small intestine, that could potentially co-activate genes and 3 partner 
proteins that could potentially co-repress genes with GATA4. Future experiments will be 
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needed to empirically verify these findings.
Acetylation of lysine 27 on histone H3 (H3K27ac) differentiates between poised and activated 
transcriptional state(40,41) and is the main substrate of the histone acetyl transferase 
CBP/p300(42,43). GATA4 associates with CBP in cardiac myocytes to activate genes(44-46). 
In the hematopeotic system, GATA1 either binds or displaces CBP depending on genomic 
context(47-49). To determine the role of GATA4 and CBP in the small intestine, genome 
wide mapping of H3K27ac was performed in wild-type jejunum, conditional GATA4 knockout 
jejunum and distal ileum. These experiments showed markedly different H3K27ac patterns at 
GATA4 bound genomic loci mapped to activated and repressed genes. GATA4 genomic loci 
mapped to repressed genes were depleted of H3K27ac and became enriched in H3K27ac upon 
conditional GATA4 ablation to levels that approximated the ileum. At genomic loci mapped to 
activated genes, there was enrichment in H3K27ac in the wild-type state and nothing changed 
upon conditional GATA4 ablation. 
Taken together, these studies show that GATA4 directly activates and represses genes. Novel 
partners are proposed for both GATA4 mediated activation and repression and a mechanism 
is suggested where GATA4 represses genes through inhibition of H3K27ac.
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In dit proefschrift is de rol van GATA transcriptiefactoren bepaald op het gebied van 
transcriptionele regulatie van genen in de darm. Het doel van dit proefschrift is om de functie 
van GATA6 in vivo te bepalen en om de mechanismen te schetsen van de activatie en repressie 
functie van genen in absorptieve enterocyten door GATA4. In hoofdstuk 1 is de bestaande 
literatuur beoordeeld op het gebied van de evolutionaire biologie van GATA factoren en hun 
functie in het specificeren van de endodermale kiemlaag, darmformatie en genregulatie in 
de volwassen dunne darm. GATA is een familie van transcriptiefactoren die sterk evolutionair 
geconserveerd is met als voorbeeld de vondst van een enkele GATA factor ortholoog in 
Nematostella vectensis, oftewel, de zee anemoon(1). In een latere evolutionaire fase worden 
twee specifieke voorloper GATA orthologen, van de hematopoëtische lijn oftewel GATA1/2/3 
en de endodermale lijn oftewel GATA4/5/6, tot expressie gebracht in zowel protostome 
als deuterostome tripoblasten(2). Alle tripoblasten brengen de GATA4/5/6 ortholoog tot 
expressie in endodermale cellen na gastrulatie en in cellen rondom de tractus digestivus 
bij volwassenheid. Dit toont een evolutionair gereserveerde rol aan voor GATA factoren in 
endoderm formatie en in ontwikkeling en onderhoud van de darm.
Bij het specificeren van endoderm werken GATA factoren op andere manieren in niet-
gewervelde-, gewervelde- en zoogdier organismen. Bij de niet-gewervelde organismen C. 
Elegans en D.Melanogaster, activeren verschillende GATA orthologen elkaar opeenvolgend 
om endodermale cel specificatie vast te leggen. In tegenstelling tot deze sequentiële activatie 
wordt in de gewervelde organismen X. Lavis en D. Rerio een parallel pathway gebruikt, waar 
GATA factors simultaan gestimuleerd worden door Nodal signaling(3-5) om vervolgens parallel 
met andere transcriptie factoren markers te activeren die resulteren in vastlegging van 
endodermale cel specificatie(3,4,6-8).

In muizen is GATA6 van essentieel belang in het specificeren van primitief endoderm en zou 
dat kunnen doen in een pathway waarbij GATA4 de downstream effector is(9-14). Verder 
is GATA4 essentieel voor folding en formatie van de primitieve darmbuis(10,11,15). Wat 
precies de rol van GATA factors is na de ontwikkeling van primitief endoderm (specificatie 
van definitief endoderm, ontwikkeling en elongatie van de darmbuis en cytodifferentiatie) is 
onbekend. Alternatieve Cre drivers, voor conditionele eliminatie op de juiste tijdspunten, en 
samengestelde genetisch gemodificeerde muismodellen, om redundancy van GATA factor 
functies te bepalen, zijn nodig om de mechanismen van GATA factoren in dit soort processen 
verder te kunnen bepalen. 

In de volwassen dunne arm is aangetoond dat GATA4, -5 en -6 WGATAR motieven kunnen 
binden in DNA en intestinale genen kunnen activeren(15-22). GATA4 mRNA wordt tot expressie 
gebracht in de proximale 85% van de dunne darm maar niet in het distale ileum, terwijl 
GATA5 mRNA een toenemend proximaal-distaal patroon laat zien en GATA6 mRNA in gelijke 
mate tot expressie wordt gebracht door de gehele dunne en dikke darm heen. GATA4 eiwit 
wordt tot expressie gebracht in crypten en in absorptieve enterocyten op de villi maar niet in 
enteroendocriene of Goblet cellen. Er heerst onduidelijkheid over het voorkomen van GATA4 
eiwit in Paneth cellen(15,17,23-25). Er is gesuggereerd dat GATA5 eiwit tot expressie wordt 
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gebracht in secretoire cellen maar dit moet nog definitief worden aangetoond, aangezien 
GATA5 antilichamen een sterke cross-reactie vertonen met andere eiwitten. GATA6 eiwit 
wordt tot expressie gebracht in alle prolifererende en gedifferentieerde cellen in de dunne 
darm(26) en in het colon(27) van de volwassen muis. 

GATA6 reguleert colon epitheel homeostase
In hoofdstuk 2 wordt de functie van GATA6 in het volwassen colon (dikke darm) van de 
muis bepaald. Het colon epitheel, ook een afgeleide van endoderm, heeft crypten en een 
oppervlakte epitheel laag maar geen villi. Het wordt onderhouden door een continu proces 
van cellulaire vernieuwing waarbij uit crypt stamcellen drie gedifferentieerde cellijnen 
ontstaan: colonocyten, Goblet cellen en enteroendocriene cellen. Expressie van GATA4 en 
GATA5 komt niet voor in colon maar expressie van GATA6 wel, in zowel het colon epitheel 
van mensen(24,28) als muizen(27). Met gebruik van verbeterde GATA6 antilichamen, die 
gevalideerd zijn met conditionele Gata6 knock-out muizen, hebben we laten zien dat GATA6 
tot expressie wordt gebracht in alle prolifererende en gedifferentieerde cellen in het volwassen 
colon van de muis(27). Conditioneel geïnduceerde deletie van Gata6, in het dunne darm- en 
colon epitheel, met gebruik van de villinCreERT2 Cre driver, resulteerde in een aangepaste 
crypt structuur, een vermindering van crypt proliferatie en een vertraagde crypt-oppervlakte 
migratie snelheid(27). Specifieke colonocyt genen waren significant down-gereguleerd, 
Goblet cellen waren onderontwikkeld en de mRNA niveaus voor specifieke hormonen die 
geproduceerd worden door enteroendocriene cellen waren aangepast. Gata6 knockdown 
in humane LS174T cellen, een colon adenocarcinoma cellijn, resulteerde in down regulatie 
van een soortgelijke subset van colonocyt genen. GATA6 bezette actieve loci in enhancers 
en promoters van een aantal van deze genen wat suggereert dat het directe targets zijn van 
GATA6. Deze data toont aan dat GATA nodig is voor proliferatie, migratie, cellijn maturatie en 
genexpressie in het colonepitheel van de volwassen muis. Een rol voor het onderhouden van 
colonepitheel proliferatie is consistent met de suggestie van Ayanbule et al. dat GATA6 zou 
kunnen aanzetten tot kanker(29).

GATA factoren moduleren proliferatie, secretoire cel differentiatie en absorptieve 
enterocyt genexpressie in de dunne darm van de volwassen muis
De mechanismen van GATA factoren in de dunne darm zijn meer complex dan in colon 
vanwege de overlap van GATA4 en GATA6 expressie in de proximale dunne darm. In 
hoofdstuk 3 worden deze mechanismen gespecificeerd door het intestinale fenotype te 
vergelijken tussen single en double Gata4/Gata6 conditionele knock-out muizen met behulp 
de villinCreERT2 driver(26). In het distale ileum, waar Gata6 tot expressie wordt gebracht maar 
Gata4 niet, resulteert conditionele, geïnduceerde deletie van Gata6 in een afname van crypt 
cel proliferatie, afname van gedifferentieerde enteroendocriene cellen, verlies van Paneth 
cellen en aangepaste absorptieve enterocyt genexpressie. Dit aangepaste fenotype was niet 
aanwezig in de proximale dunne darm waar Gata4 tot expressie komt. In plaats daarvan 
nam het aantal gedifferentieerde Paneth cellen in de proximale dunne darm toe, mogelijk 
als compensatoire reactie op het verlies van Paneth cellen in distaal ileum. Wanneer Gata4 
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en Gata6 beide (vanaf hier aangeduid met Gata4/Gata6) werden uitgeschakeld werd in de 
proximale dunne darm hetzelfde fenotype gezien als in het distale ileum van single Gata6 
knock-out muizen. Deze data tonen aan dat, aanvullend op de GATA4 specifieke functie van 
het onderhouden van jejunaal-ileale verschillen in absorptieve enterocyt genexpressie, GATA4 
en GATA6 gedeelde functies hebben (GATA4/GATA6-redundant pathway) in het reguleren van 
proliferatie, differentiatie en absorptieve genexpressie in de volwassen dunne darm.

De GATA4/6 redundant pathway zet aan tot proliferatie door onderdrukking van SPDEF
Noah et al.(33) brachten SPDEF tot overexpressie in de dunne darm en vonden een fenotype 
dat bijna identiek is aan het fenotype van dubbele GATA4/6 knock-out muizen wat beschreven 
wordt in hoofdstuk 3(26). In ileum neemt de expressie van SPDEF mRNA toe bij conditionele 
ablatie van GATA6 maar GATA6 mRNA blijft stabiel bij ablatie of overexpressie van SPDEF, 
hetgeen suggereert dat SPDEF downstream van GATA6 acteert(26). In hoofdstuk 4 hebben 
we daarom onderzocht in hoeverre SPDEF de effecten van GATA6 medieert door GATA6/
SPDEF double knock-out (DKO) muizen te vergelijken met GATA6- en SPDEF single knock-
out muizen en wild-type controles. De experimenten in hoofdstuk 4 tonen aan dat door 
GATA6 gemedieerde secretoire cel differentiatie (bevorderen van terminale differentiatie 
van Paneth cellen en vaststellen van enteroendocriene cellijn bestemming) niet afhankelijk 
zijn van SPDEF. Echter, standaard differentiatie van Paneth cellen in Goblet-like cellen kwam 
niet voor in DKO muizen. Dit suggereert dat SPDEF niet bijdraagt aan GATA6 gemedieerde 
terminale differentiatie van Paneth cellen maar wel nodig is in de daaropvolgende standaard 
differentiatie naar een Goblet cel fenotype. De laatste observatie is consistent met de SPDEF 
functie van aanzetten tot specificeren en terminaal differentiëren van Goblet cellen, hetgeen 
reeds beschreven is in voorgaande studies(33,34). 

Genregulatie in absorptieve enterocyten, in GATA6 conditionele knock-out muizen, is ook niet 
afhankelijk van SPDEF. We identificeerden twee genen die, in GATA6 conditionele knock-out 
muizen, respectievelijk waren down- en up-gereguleerd: apolipoprotein a1 (Apoa1) en carbonic 
anhydrase 1 (Car1). In tegenstelling tot GATA6 wordt SPDEF niet tot expressie gebracht in 
de absorptieve enterocyten op de villus. Echter, GATA6 zou theoretisch de activatie van 
absorptieve enterocyt genen kunnen reguleren in een voorloper fase, wanneer SPDEF nog 
wel tot expressie wordt gebracht. DKO muizen toonden echter geen verschil aan in expressie 
van Apoa1 en Car1 mRNA ten opzichte van GATA6 single knock-out muizen, hetgeen leidt tot 
de conclusie dat GATA6 gemedieerde absorptieve enterocyt genexpressie niet gereguleerd 
wordt door SPDEF.

Conditionele deletie van GATA6 toont 30% afname van proliferatie aan, wat aangetoond wordt 
door ki67 kleuring en immuunhistochemie met BrdU(26). In DKO muizen werd dit fenotype 
compleet hersteld, er was geen enkel proliferatie verschil tussen DKO muizen en wild-type 
controles. Verder toont genexpressie profiel data van GATA6 en SPDEF single knock-out 
muizen aan dat er 83% overlap is tussen aangedane genen. Analyse van deze genen middels 
de Database for Annotation, Visualization and Integrated Discovery (DAVID) en Gene Set 
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Enrichment Analaysis (GSEA), toonden aan dat Wnt signaling de meest aangedane pathway 
was end at het APC gen-netwerk in de top 3 voorkwam van aangedane netwerken, wat verder 
suggereert dat proliferatie een functie is van GATA6 en SPDEF. Bij elkaar genomen tonen deze 
data aan dat SPDEF een downstream mediator is van de proliferatie functie van GATA6 in 
ileum.

Cdx2 reguleert proliferatie met GATA4 en differentiatie met HNF1A en HNF4A
CDX2 reguleert genen in de dunne darm van zoogdieren, waar het diverse, conditie-specifieke 
fysiologische processen reguleert(30,35-37). In Caco2-cellen is voorspeld dat CDX2 proliferatie 
co-reguleert met GATA factors en differentiatie met HNF1A en HNF4A(30). In hoofdstuk 5 
hebben we specifieke fenotypen beschreven van samengestelde conditionele, induceerbare 
genetisch gemuteerde muislijnen voor CDX2/GATA4/GATA6, CDX2/HNF1A en CDX2/HNF4A 
om deze hypothese in vivo te testen. 

In CDX2/GATA4/GATA6 mutant muizen waren GATA4 en CDX2 mRNA, in jejunum, compleet 
verdwenen na 5 dagen injecties met tamoxifen. GATA6 mRNA niveaus waren echter 
onveranderd ten opzichte van de controles. Zoals eerder beschreven is de recombinatie van 
loxP elementen van het GATA6 allel inefficiënt wat waarschijnlijk de rede is dat er geen verlies 
geobserveerd is van GATA6 mRNA of eiwit(27). De samengestelde mutant leverde echter een 
model op om de consequentie van GATA4 en CDX2 ablatie (hierna Gata4 delCdx2delgenoemd) 
vast te stellen.
Verbazingwekkend genoeg waren jejunale villi van Gata4delCdx2del muizen ongeveer de helft 
korter dan wild-type controles en crypt eenheden waren kleiner. Apoptose was niet aangedaan 
in deze muizen wat werd aangetoond middels cleaved caspase 3 immuunkleuring. Gata4 
delCdx2del-muizen hadden echter een significante reductie van ki-67 positieve cellen in jejunale 
crypten en minder cellen die BrdU opnamen in hun genoom. Bij elkaar genomen zijn deze 
observaties consistent met functionele redundancy tussen CDX2 en GATA4 in het aanzetten 
tot proliferatie in jejunum van muizen. 
In tegenstelling tot Gata4 delCdx2del muizen, lieten Hnf4a delCdx2del muizen geen afname zien in 
prolifererende cellen. Immuunkleuring voor cleaved caspase 3 toonde aan dat apoptose niet 
was aangedaan en secretoire cellen lieten geen significante veranderingen zien in vergelijking 
met controles. Villi waren echter onvolgroeid, voornamelijk in ileum waar CDX2 expressie het 
hoogst is. Immuunkleuring voor alkaline phosphatase, een marker van absorptieve enterocyten, 
toonde volledig verlies aan van deze marker op villi door de gehele dunne darm heen. Gen 
profilering analyse gevolgd door functionele groepering toonde aan dat lipide metabolisme 
het meest was aangedaan in HNF4adelCdx2del-muizen, vergeleken met single Cdx2-controles. 
Experimenteel werd dit geverifieerd door middel van Oil red O experimenten, die aantoonden 
dat lipide absorptie bijna compleet was verdwenen in elke regio van de Hnf4a delCdx2del-dunne 
darm. Bij elkaar genomen tonen deze observaties aan dat gecombineerd verlies van CDX2 
en HNF4A leidt tot zware functionele defecten van absorptieve enterocyten en aanzienlijke 
schaarste van absorptieve enterocyten in ileum.
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Overeenkomstig met Hnf4a delCdx2del muizen lieten Hnf1a delCdx2del muizen geen defecten zien 
in proliferatie of apoptose. Echter, het fenotype van Hnf1a delCdx2del-muizen was opmerkelijk 
anders dan het fenotype van Hnf4a delCdx2del-muizen. Hnf1a delCdx2del-muizen toonden 
een aanzienlijke afname van lysozyme immuunkleuring, een marker voor Paneth cellen. 
Absorptieve enterocyten lieten frequent apicale vacuolen zien. Er was sprake van een verlies 
van kolom epitheel morfologie en een uniform versmalde lamina propria op villi met schaarste 
van mesenchymale cellen. Deze observaties tonen aan dat gecombineerd verlies van HNF1a 
en CDX2 leidt tot een differentiatie fenotype dat niet hetzelfde is als het fenotype van 
gecombineerd verlies van HNF4A and CDX2. Concluderend werkt CDX2 samen met GATA4, 
om aan te zetten tot proliferatie, en met HNF factoren, om aan te zetten tot differentiatie in 
vivo.

GATA4 onderdrukt expressie van ileale genen direct door modulatie van acetylatie op 
histon H3K27
GATA4 bepaald jejunaal-ileale verschillen in genexpressie van de absorptieve enterocyt door 
activatie van jejunale genen en repressie van ileale genen in jejunum(23,31). In hoofdstuk 
6 worden de mechanismen van GATA4 gemedieerde gen activatie en -repressie uiteen 
gezet door GATA4 binding over het hele genoom in kaart te brengen, gecombineerd met 
een publiek beschikbare GATA4 gen-profilering dataset. Deze experimenten tonen aan dat 
GATA4 gelijke aantallen geactiveerde en onderdrukte genen bindt, hetgeen suggereert dat 
GATA4 deze functies direct medieert. Dit is consistent met de eigenschappen van GATA1, in 
hematopoëse(38,39), waarbij is aangetoond dat deze zowel activerende als onderdrukkende 
eiwitcomplexen vormt die direct genen kunnen binden. Motif analyse van GATA4 gebonden 
genomische loci wezen op 4 nieuwe partner eiwitten, waarvan bekend is dat deze tot expressie 
worden gebracht in de dunne darm, die mogelijk genen zouden kunnen co-activeren en 3 
partner eiwitten die mogelijk genen zouden kunnen co-onderdrukken met GATA4. Toekomstige 
experimenten zijn nodig om empirisch deze observatie te verifiëren.
Acetylatie van lysine 27 op histon H3 (H3K27ac) differentieert tussen ‘klaar-voor-activeren’ 
(hierna genoemd: poised) en geactiveerde transcriptionele staat(40,41) en is het voornaamste 
substraat van de histon acetyl transferase CBP/p300(42,43). GATA4 associeert met CBP in 
cardiale myocyten om genen te activeren(44-46). In het hematopoëtische systeem kan GATA1 
CBP binden of verwijderen, afhankelijk van de genomische context(47-49). Om de rol van 
GATA4 en CBP te bepalen in de dunne darm hebben wij histon H3K27ac in kaart gebracht, 
over het hele genoom, in wild-type jejunum, conditionele GATA4 knock-out jejunum en distaal 
ileum. Deze experimenten tonen opmerkelijk verschillende H3K27ac patronen aan op GATA4 
gebonden genomische loci die toebedeeld zijn aan geactiveerde en onderdrukte genen. 
GATA4 gebonden loci die toebedeeld waren aan onderdrukte genen hadden geen H3K27ac 
en werden H3K27ac-verrijkt bij conditionele deletie van GATA4 tot en met een niveau dat het 
ileum benaderde. Op GATA4 gebonden loci die toebedeeld waren aan geactiveerde genen 
was sprake van verrijking van H3K27ac in de wilde-type staat, bij conditionele deletie van 
GATA4 veranderde deze verrijking niet.
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Bij elkaar genomen tonen deze studies aan dat GATA4 direct genen activeert en onderdrukt. 
Nieuwe eiwit partners zijn voorgesteld voor zowel GATA4 gemedieerde activatie en repressie 
en een mechanisme is gesuggereerd waarbij GATA4 genen onderdrukt door inhibitie van 
H3K27ac.
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