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Transcription factors that potently induce cell fate often remain expressed in the induced organ throughout
life, but their requirements in adults are uncertain and varied. Mechanistically, it is unclear if they activate
only tissue-specific genes or also directly repress heterologous genes. We conditionally inactivated mouse Cdx2,
a dominant regulator of intestinal development, and mapped its genome occupancy in adult intestinal villi.
Although homeotic transformation, observed in Cdx2-null embryos, was absent in mutant adults, gene expres-
sion and cell morphology were vitally compromised. Lethality was significantly accelerated in mice lacking both
Cdx2 and its homolog Cdx1, with particular exaggeration of defects in villus enterocyte differentiation.
Importantly, Cdx2 occupancy correlated with hundreds of transcripts that fell but not with equal numbers that
rose with Cdx loss, indicating a predominantly activating role at intestinal cis-regulatory regions. Integrated
consideration of a transcription factor’s mutant phenotype and cistrome hence reveals the continued and
distinct requirement in adults of a critical developmental regulator that activates tissue-specific genes.

Some transcription factors (TFs) are recognized by tissue-re-
stricted expression and a potent ability to induce lineage-specific
conversion of heterologous cells, developmental properties that
reflect coordinate regulation of innumerable tissue-specific genes.
Molecular mechanisms that direct cell specification are incom-
pletely understood, as are the ongoing requirements for key
TFs in mature, established adult tissues. Contributing to this
limited understanding, the transcriptional activities and direct
targets of most key TFs are unknown.

Two homologous homeodomain proteins of the caudal fam-
ily, Cdx1 and Cdx2, are restricted to the intestinal epithelium
in adult animals, and each can induce intestinal differentiation
in transgenic mouse stomachs or human esophageal cells (20,
22, 23, 33). Consistent with this inductive property, mouse
embryos lacking Cdx2 in the primitive gut endoderm develop a
foregut type of mucosa in place of the distal intestinal epithe-
lium (11, 12), a homeotic shift that underscores its powerful
developmental functions. Despite much effort toward under-
standing Cdx functions, two important questions remain: (i)
What is the Cdx requirement in adults, long after the intestinal
epithelium is specified? (ii) What portion of the intestinal gene
expression program do Cdx proteins regulate by direct cis-
element binding? We combined genetic and DNA-binding ap-
proaches to answer these questions.

One factor that confounds genetic analysis of the caudal
family is the potential redundancy among homologues. In the
four distinct spatiotemporal domains that require Cdx factors,
the trophectoderm, blood formation, and embryonic axial skel-
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eton and intestine (4, 5, 24, 27, 42), one Cdx protein often
assumes the function of another (8, 27, 37, 38, 40). In partic-
ular, the presence of a normal intestine in CdxI null mice (3)
is attributed to compensation by Cdx2, which is expressed in an
overlapping distribution (6, 18, 34). Although conditional Cdx2
depletion in embryonic mouse endoderm materially disrupted
intestinal development (11), Cdx1 was undetectable in these
animals, leaving uncertain whether the defects resulted from
isolated Cdx2 loss or the fortuitous absence of both Cdx1 and
Cdx2. In the adult intestinal epithelium, replicating progenitor
cells reside in the crypts of Lieberkiihn, and mature, differen-
tiated cells lie along the villus projections. Whereas Cdx2 is
expressed throughout the crypt-villus unit, Cdx1 is reported to
be more prominent in crypts (3, 6, 34); and while studying
differential chromatin modifications in gut epithelium, we re-
cently uncovered redundant requirements for Cdx1 and Cdx2
in adult crypt cell replication (39). Because Cdx1 expression is
less prominent than that of Cdx2 in mature villus cells and
because absence of Cdx2 alone caused a gradually fatal defect
in enterocyte differentiation, we assumed that Cdx1 was un-
available to compensate for its absence.

Here, we report that combined loss of Cdxl and Cdx2 in
adult mice significantly enhances the effects of isolated Cdx2
deficiency on mature, postmitotic enterocytes, rapidly acceler-
ating severe malnutrition and death. These effects were accom-
panied by profound alterations in intestinal gene expression
and the morphology of villus enterocytes. Roughly equal num-
bers of transcripts were increased and decreased, suggesting
the possibility of dual, context-dependent activating and re-
pressive functions for Cdx proteins, as demonstrated for other
TFs (19, 29). However, using chromatin immunoprecipitation
with extensive parallel sequencing of immunoprecipitated
DNA (ChIP-seq) for analysis of intestinal villi from wild-type
mice revealed direct Cdx2 binding predominantly at loci with
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reduced expression in Cdx2~/~ and Cdxl~'~; Cdx2~'~ intes-
tines, indicating a principal function in transcriptional activa-
tion. The combination of phenotypic, gene expression, and
DNA occupancy analyses hence establishes the in vivo func-
tions of a critical regulator of the self-renewing adult gut epi-
thelium.

MATERIALS AND METHODS

Histochemical and immunohistochemical analysis of mouse tissues. Mice 4 to
6 weeks old were injected with 1 mg of tamoxifen for five consecutive days and
euthanized on day 6 or 7. All analyses compared mutants to littermate controls,
including Cdx!~/~; Cre™ and heterozygous mice, neither of which showed dif-
ferences from the wild type. Tissues were flushed with ice-cold phosphate-
buffered saline (PBS) and then with 4% paraformaldehyde (PFA) and incubated
in PFA overnight at 4°C. They were then rinsed extensively in PBS for 1 h,
dehydrated in a series of ethanols, embedded in paraffin, and sectioned at a 5-um
thickness. Hematoxylin and eosin (H&E), Alcian blue, and periodic acid-Schiff
(PAS) stains were performed using standard methods. For alkaline phosphatase
staining, slides were incubated in nitroblue tetrazolium (NBT) and 5-bromo-4-
chloro-3-indolylphosphate (BCIP; Roche). For immunostaining, slides were
probed with trefoil factor 3 (TFF3) antibody ([Ab] 1:2,000; gift from D. Podol-
sky, Massachusetts General Hospital). Alternatively, slides were first treated with
10 mM citrate buffer (pH 6) in a pressure cooker with Ab against chromogranin
A (1:500; Immunostar), Cdx1 (1:500; gift from J. Lynch, University of Pennsyl-
vania), lysozyme (1:50; Invitrogen), E-cadherin (1:250; Cell Signaling), ZO-1
(1:200; Invitrogen), or Crsdc (1:1,000; gift from A. Ouellette laboratory, Univer-
sity of California, Irvine). After incubation with primary Ab, slides were treated
with biotin-conjugated secondary IgG (Vector Labs, Burlingame, CA), and bind-
ing was detected with a Vectastain avidin-biotin-peroxidase complex staining kit
(Vector) or tyramide signal amplification (TSA) biotin system (PerkinElmer)
and diaminobenzidine substrate (Sigma). Numbers of stained cells are expressed
as a fraction of all villus epithelial cell nuclei, and ¢ tests were applied to estimate
the probability of significance.

Electron microscopy. One-centimeter segments of the distal ileum were fixed
(2.5% paraformaldehyde, 5% glutaraldehyde, 0.06% picric acid, 0.1 M cacody-
late, 0.06% CaCl,) overnight or longer at 4°C and embedded in Taab 812 resin
(Marivac Ltd., Nova Scotia, Canada). Thin (95 nm) sections were stained with
0.2% lead citrate and visualized on a JEOL 1200 electron microscope at an
accelerating voltage of 80 kV.

ChIP, ChIP-seq, and data analysis. Mouse jejunal villus epithelium was har-
vested by incubating freshly dissected 1-cm pieces of tissue in 15-ml conical tubes
containing phosphate-buffered saline supplemented with 15 mM EDTA. Sam-
ples were agitated by vortexing five times (setting 4.5; Vortex Genie 2) for 5 min
each, and villus epithelium was retained atop a 70 pM filter each time. Fractions
were pooled, inspected visually for purity, and cross-linked with 1% formalde-
hyde for 15 min at 4°C and for 35 min at 25°C. Cross-linked samples were
processed for chromatin immunoprecipitation (ChIP) using CDX2 antibody
(Bethyl BL3194) as described previously (39). ChIP material was tested for
enrichment of expected fragments and amplified, and the DNA was sequenced
using the manufacturer’s protocols (Illumina). Sequences were mapped to ref-
erence 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) (44) using default parameters and P value cutoffs
of 107" or 107°.

Gene expression microarray and analysis. Mouse jejunal epithelium was har-
vested as described above, and RNA was extracted using Trizol (Invitrogen).
RNA was either reverse transcribed (SuperScript, Invitrogen) and analyzed by
quantitative PCR (Applied Biosystems) or labeled and hybridized to Mouse
Genome 430 2.0 expression microarrays according to the manufacturer’s instruc-
tions (Affymetrix). Data were processed as described below.

Background coercion/normalization and identification of differentially ex-
pressed genes from the microarray data sets. Gene expression level changes
resulting from Cdx2 knockout (KO) were compared among early embryonic, late
embryonic, and adult stages. The publicly available microarrays of early and late
embryonic knockouts (Agilent Technology) (10, 11) were downloaded from the
European Bioinformatics Institute (EBI) ArrayExpress (accession numbers E-
MTAB-92 and E-MTAB-218) and processed using the R limma (35) package to
detect differentially expressed genes between the KO samples and controls. Our
mouse adult Cdx2 KO and Cdxl Cdx2 double KO (DKO) gene expression
microarrays (Affymetrix Mouse Genome 430 2.0) were preprocessed for back-
ground coercion and normalization using the robust multichip average (RMA)
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function (17) within the Bioconductor affy microarray analysis package, and the
limma package was also applied to the preprocessed data. Genes that showed
false discovery rates (FDRs) smaller than 5% were finally chosen for further
analyses. The FDR cutoff of 5% was universally used for detection of differen-
tially expressed genes unless noted otherwise.

Clustering/GO analysis for adult Cdx2 KO and Cdx1 Cdx2 double KO mi-
croarrays. The k-means clustering was applied to identify sets of genes and
modules functionally related to Cdx2 loss or Cdx1 Cdx2 double loss. For this,
genes that are increased or decreased (FDR = 5%) under either of the knockout
conditions were selected and clustered by their relative expression level changes
across conditions (k = 7) (see Fig. 2G). The individual gene groups (G1 to G7)
were analyzed using the DAVID (database for annotation, visualization, and
integrated discovery) gene ontology tool (http://david.abcc.nciferf.gov/) to see
whether they matched any specific gene ontology (GO) terms significantly. G2
and G3 were combined for GO analysis because these two groups showed similar
gene expression patterns.

Preprocessing and peak calling of in vivo Cdx2 ChIP-seq in mouse villi. The
short DNA sequence reads obtained from Cdx2-bound and input DNA frag-
ments were mapped back to the mouse reference genome (University of Cali-
fornia, Santa Cruz [UCSC] version mm9) using ELAND. Among the mapped
sequence reads, only ones with no more than two mismatches were retained for
peak calling using MACS (44) to ensure high detection quality. P value cutoffs of
107° and 10~ '” were used to obtain peak sets at two different confidence levels
for comparison. The genomic distribution and other summary statistics of the
identified Cdx2 binding sites were given using the cis-regulatory element anno-
tation system (CEAS) (30) and other analysis tools (e.g., conservation of the
binding sites) within the Cistrome pipeline (http://cistrome.dfci.harvard.edu/ap/).

Association of gene expression with in vivo Cdx2 binding. Three different
methods were developed to see how Cdx2 is involved in transcriptional regula-
tion in mouse intestine cells based on gene expression and in vivo binding
ChIP-seq data. First, we visually represented correlations between the degree of
mRNA transcript changes with nearby Cdx2 occupancy (see Fig. 7A). Genes
were grouped into bins of 100 according to their expression changes with respect
to controls, and the average numbers of nearby Cdx2 binding sites (e.g., 20 kb
from the transcriptional start site [TSS]) for the genes in each bin were estimated
and visually represented in the form of heat maps (see the bottom yellow-black
heat maps in Fig. 7A). A color closer to yellow means that the corresponding
gene set has more Cdx2 binding sites near its TSSs. Second, we examined the
correlation between regulated genes and their nearest Cdx2 binding sites to
appreciate the effect of distance on gene regulation (see Fig. 7B). Every gene was
matched with its nearest Cdx2 site, and the distance was calculated and summa-
rized using histograms. Third, the differential expression odds ratio was em-
ployed to quantify the potential association between Cdx2 binding and the
expressions of the target genes (15). The definition of the differential expression
odds ratio is as follows: (gi/gi") X (G"/G"), where g, g, G', and G represent,
respectively, regulated genes (r) with k nearby Cdx2 binding loci within a given
distance (e.g., 20 kb) from its nearest binding site, nonregulated genes (nr) with
k sites within the distance, all regulated genes, and all nonregulated genes
(whether located within the distance or not). This statistic informs the likelihood
ratio between regulated genes within functional binding sites over nonregulated
genes with the same number of binding sites, normalized with respect to the
genome background. Thus, a high differential expression odds ratio means that
the gene set is likely to be directly regulated by its nearby transcription factor
binding.

Microarray data accession number. All microarray and ChIP-seq data devel-
oped in this study were submitted to the Gene Expression Omnibus (GEO)
database under accession number GSE24633.

RESULTS

Many Cdx2 functions in the adult mouse intestine are dis-
tinct from those in embryos. The defects that occur upon
conditional Cre recombinase-dependent Cdx2 depletion at dif-
ferent stages in mouse intestine development fall along a spec-
trum. Cre expression from the Foxa3 promoter, which is active
in early gut endoderm at embryonic day 7 (E7), converts distal
intestinal cells into a squamous type characteristic of the prox-
imal foregut (11). When Cre is expressed from the Villin pro-
moter, which is active in nascent crypt-villus units after E12
(21), the intestine ectopically expresses a few stomach genes
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FIG. 1. Stage-specific functions for Cdx2 and functional redundancy with Cdx1 in adult mice. (A and B) Venn diagram representation of genes
that decrease (A) or increase (B) in expression with intestine-specific Cdx2 loss in early (11) or late embryos (10), depicted as green and blue
circles, respectively, and adult mice (red circles). Transcript numbers confidently altered under each condition are indicated (FDR of <5%). The
heat maps display expression levels relative to each sample’s internal controls (log, scale) for genes dysregulated at all stages (single asterisk) or
only in the adult (double asterisk). (C) Cdx1, the only caudal protein coexpressed in the intestine, is detectable by immunohistochemistry in both
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FIG. 2. Additional loss of Cdx1 exacerbates morphological defects in Cdx2™""*"; Villin-Cre" ™ intestines. (A to H) H&E staining of intestinal
regions reveals a stunted, disorganized villus epithelium (control in panels A and C versus Cdx1 Cdx2 DKO in panels B, D, and E). DKO crypt
lumina are commonly filled with crystalline material (arrows in panel E) never observed in control crypts (A, C, and F). Histology was less severely
affected in the proximal DKO intestine (jejunum in panel G and duodenum in panel H) but disorganized, with vacuolated cells with rounded nuclei
at the villus tips (brackets). (I) Quantitation of villus height in the ileum from mice of different genotypes; whiskers on the box plots denote
maximum and minimum values, and P values were determined by a ¢ test. (J to O) Transmission electron micrographs of enterocytes from the ileum
of controls (wild type in panel J and Cdx! '~ in panel K), Cdx2~/~ (L), and Cdxl Cdx2 DKO mice (M, N, and O), highlighting the severely
compromised microvillus brush border (M and N) and abundant apical cytoplasmic vesicles (O) in the latter. Microvillus length and density varied
among cells depleted of Cdx2 alone but were uniformly scant and stunted in Cdx1 Cdx2 DKO ileum. V, vacuoles in panel O. Scale bars, 2 pm (J
and M), 1 um (K, L, and N), and 0.5 pm (O).

but escapes overt histologic conversion (10). Lastly, condi-
tional Cdx2 gene inactivation in the adult intestine, stimulated
by induction of tamoxifen-responsive Cre expressed under the
control of the Villin promoter (9), compromises enterocyte
function, causing malnutrition and death in about 3 weeks (39).
To investigate the basis of these distinct, stage-specific effects,
we compared transcriptional profiles from early (Foxa3-Cre;
Cdx2""*¥1°xy and late (Villin-Cre; Cdx2""*"*'°*) embryonic con-

ditional Cdx2 null intestines (10, 11) with those induced in
adult mice using a tamoxifen-inducible Cre transgene expressed
under control of the Villin promoter (9) and a distinct floxed Cdx2
conditional allele (39), Villin-Cre*"2; Cdx2"""""). Only a frac-
tion of transcripts was dysregulated at every developmental
stage (Fig. 1A and B), representing the minimal set of stage-
independent, Cdx2-dependent genes. Many of these genes
function in ion transport and lipid metabolism, and they in-

villi and crypts in wild-type mice (left). Villus Cdx1 protein remains detectable in the absence of Cdx2 alone (center), indicating a potential for
redundant villus functions in addition to those we previously observed in crypts (39). Cdx1 ™/~ tissue serves as a negative control for Cdx1 Ab
staining. Scale bar, 100 pm. (D) Immunoblot analysis of intestinal epithelium shows similar Cdx1 protein levels in wild-type and Cdx2-deficient
mice. CdxI '~ intestines provide a negative control, and the blot was reprobed with antiactin Ab as a loading control. (E) Adult mice depleted
only of Cdx2 develop clinical signs over 2 to 3 weeks, whereas compound mutants lacking both Cdx1 and Cdx2 lose weight precipitously and
invariably succumb within 7 days of the first dose of tamoxifen administered to disrupt Cdx2 (average of =5 animals per set; error bars represent
the standard error of the mean; the P value was calculated by a ¢ test). «, anti.
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FIG. 3. Intercellular junctions and polarity in adult Cdx1 Cdx2 DKO enterocytes. (A to D) In transmission electron micrographs comparing
Cdx17'~ (A) or wild-type (not shown) controls and Cdx2-deficient (B) and Cdx1 Cdx2 DKO (C and D) enterocytes, apical cell junctions (arrows)
appeared overtly intact. The zonula occludens (ZO) and zonula adherens (ZA) are highlighted in the mutant cell shown in panel D. These images
further highlight the prominent defect in the apical microvillus brush border (Br Bo) and the presence of innumerable vacuoles (d) in Cdx1 Cdx2
DKO cells. (E to I) Immunostaining of control (E and H) and Cdx1 Cdx2 DKO (F, G, and I) ileum for the structural proteins E-cadherin and
ZO-1. E-cadherin expression is significantly reduced in mutant cells and distributed close to the cell periphery in cells with preserved expression.

Z0-1 is not strictly localized to the zonula occludens in mutant cells (I) as it is in control tissue (H). Scale bar, 1 wm.

clude the previously proposed Cdx2 targets Cdhl7 and Vill
(16, 41). A larger group of transcripts showed Cdx2 depen-
dence uniquely in the adult intestine (Fig. 1A and B), and some
genes changed in opposite directions when Cdx2 was depleted
in fetal or adult intestines, indicating specific and diverse func-
tions in different settings. Thus, Cdx2 requirements extend
beyond development and encompass the continuous regulation
of many adult intestine genes.

One reason for discrepant mRNA changes could be that
Cdx1 compensates differently for Cdx2 loss in adults and em-
bryos. CdxI '~ mice have normal intestines (3). Cdx1 is absent
when Cdx2 function is ablated early in endoderm development
(11) but detectable when Cdx2 is disrupted after the gut epi-
thelium is specified (12). Immunoblot analysis of the adult
Cdx2-null small intestine showed persistent Cdx1 protein ex-
pression (Fig. 1D). Immunohistochemistry confirmed this re-
sult, further revealing Cdx1 expression in both crypts and villi

(Fig. 1C). These observations indicate that Cdx1 is available to
compensate for Cdx2 loss in intestinal villi, similar to our
previous demonstration of the redundant actions of these two
TFs in crypt cell replication (39). We therefore studied Cdx2™"",
CdxI™'~; Villin-Cre"™ mice (here, designated Cdxl Cdx2
DKO) after administration of tamoxifen, hence activating Cre
recombinase to disrupt Cdx2 on a constitutive Cdx-null back-
ground. Mice induced to lack all intestinal Cdx activity became
moribund and lost weight much more rapidly than Cdx2"*"*";
Cdx1"'~; Villin-Cre®R™? littermates, indicating potent func-
tional redundancy between the two factors. Whereas Cdx2
deficiency in the adult intestine allows mice to survive up to 3
weeks, death of all double mutant mice appeared imminent
within 2 days after a 5-day course of tamoxifen (Fig. 1E), and
necropsy invariably revealed a distended, fluid-filled intestine.

Epithelial defects in the absence of both caudal proteins.
The intestinal epithelium of adult Cdx1 Cdx2 DKO mice was
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markedly abnormal, with severe to moderate diminution of
villus height in the distal and proximal intestine, respectively
(Fig. 2A, B, and I; also see Fig. S1 at http://research4.dfci
.harvard.edu/shivdasani/pubs/supplementary). In contrast to
CdxI~'~ and Cdx2~/~ intestines, where villus cells appear nor-
mal (3, 39) or nearly normal (Fig. 2C and F), cells lining the
stunted Cdx1 Cdx2 DKO villi showed frequent cytoplasmic
vacuolation, especially in the top one-third to one-half of the
villi, where the epithelium was also disorganized (Fig. 2D, G,
and H). These defects were most prominent in the ileum (Fig.
2D), where Cdx2 expression is normally highest (18), and less
severe but clearly discernible in the jejunum (Fig. 2G) and
duodenum (Fig. 2H). Crypt lumina throughout the intestine
were filled with a crystalline, eosinophilic debris (Fig. 2D and
E) that was absent in Cdxl ™/~ or Cdx2/~ intestines.
Caspase-3 Ab staining did not reveal excessive apoptosis at the
villus tips compared to control intestines (data not shown).
Ultrastructural analysis of Cdx1 Cdx2 DKO enterocytes con-
firmed the frequent presence of numerous apical multivesicu-
lar inclusions (Fig. 20) and revealed a rudimentary brush
border, with substantial reduction in the numbers, height, and
density of apical microvilli (Fig. 2M and N). The continuum of
structural defects across Cdx genotypes was most apparent in
the brush border, where microvilli in wild-type (WT) or
Cdx1~'~ enterocytes were normal (Fig. 2J and K), and those in
Cdx2™'~ enterocytes were generally shorter, wider, and less
dense (Fig. 2L), exactly as reported in fetal Cdx2-deficient
mice (10). However, whereas the adult Cdx2~'~ brush border
showed variation from cell to cell, DKO microvilli were uni-
formly sparse and severely stunted (Fig. 2M and N), with some
cells carrying only a handful. This microvillus defect was ap-
parent along the full villus length (Fig. 2M). Our gene expres-
sion and histology results combine to suggest that Cdx1 Cdx2
DKO mice die of starvation as a result of global dysregulation
of genes associated with terminal digestion, nutrient absorp-
tion, and proper assembly of the apical microvillus brush
border.

The combination of reduced villus height, vacuolated cyto-
plasm, and rudimentary brush border could reflect an under-
lying defect in cell polarity, as described in fetal mouse intes-
tines lacking Cdx2 (10). To evaluate cell polarity in Cdx1 Cdx2
DKO intestinal villus cells, we first examined apical intercel-
lular junctions. Electron microscopy revealed overtly intact
zonula occludens and zonula adherens structures (Fig. 3A to
D), consistent with the histologic evidence for a well-preserved
epithelial barrier (Fig. 2B and D). However, immunohisto-
chemistry revealed reduced staining with E-cadherin Ab (Fig.
3E to G), and, in the few cells with abundant E-cadherin, the

and blue denote high and low expression, respectively. Unsupervised
hierarchical clustering by samples (columns) showed high consistency
between replicates, as reflected in the dendrogram at the top. k-Means
clustering (k = 7) identified gene sets with similar behaviors across
samples, revealing two principal patterns of regulation by caudal pro-
teins. All genes regulated in either Cdx2 KO or Cdx1 Cdx2 DKO tissue
were selected prior to clustering (FDR = 5%j; rows). Transcripts in
clusters G1 and G6 change in Cdx2 KO and more robustly in com-
pound mutants, whereas transcripts in the remaining clusters change
only when both Cdx factors are inactive. Scale bar, 50 pm.
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domain of expression often extended to the cell periphery (Fig.
3F and G). Control tissues (Cdxl Cdx2 DKO lacking Cre)
showed the expected punctate distribution of the zonula oc-
cludens marker ZO-1 (Fig. 3H). In contrast, ZO-1 rarely
showed the same distribution when both Cdx1 and Cdx2 were
missing, and although ZO-1 transcript levels were not reduced,
Z0O-1 appeared diffusely in association with the apical and
basement membranes (Fig. 31). The sum of these defects re-
sembles the pattern described in Cdx2-deficient fetal intestines
(10); taken together with the preservation of intercellular junc-
tions and presence of rudimentary microvilli, the findings im-
plicate Cdx function in selected, but not all, aspects of adult
intestinal epithelial cell polarity.

The polarity defect in Cdx2-deficient fetal intestine is attrib-
uted in part to Cdx2 control over a transcriptional program for
endolysosomal and vacuolar products (10). We therefore as-
sessed RNA expression in adult intestines of the 82 lysosomal
and endolysosomal genes that are reduced in mice with fetal
Cdx2 deficiency. Consistent with the limited total overlap in
gene dysregulation (Fig. 1), only 9 of 40 lysosomal genes and 14
of 43 endolysosomal genes showed reduced expression in adult
Cdx2-deficient intestines (see Table S2 at http://research4.dfci
.harvard.edu/shivdasani/pubs/supplementary). mRNA encod-
ing the transcription factor Tcfeb, which is believed to control
many of these genes (10), was also unaffected in adults, and
some transcripts that were reduced in fetal intestines were
increased in adult DKO intestines. Thus, both fetal and adult
intestinal villus cells show similar polarity defects in spite of a
limited overlap in gene dysregulation.

Transcriptional redundancies between Cdxl and Cdx2 in
the adult intestine. Because expression of many intestinal
genes is thought to depend on Cdx2 (13), we ascertained Cdx
redundancies at the level of gene expression, first using reverse
transcription-PCR (RT-PCR). Certain enterocyte transcripts,
illustrated by Treh, Lct, and Heph, decreased upon Cdx2 de-
pletion and were further compromised in the absence of Cdx1
(Fig. 4A). Other transcripts, such as Slc7a8 and Alpi, were
largely intact in Cdx2 mutants and were reduced only when
both Caudal factors were missing. Alkaline phosphatase histo-
chemistry corroborated the latter result. Although Alpi tran-
script levels are normal in Cdx2 mutants, the enzyme is ex-
pressed inefficiently at the apical membrane, as also reported
with fetal Cdx2 inactivation (10); loss of both Cdx proteins led
to markedly reduced transcript levels and undetectable enzyme
activity (Fig. 4B). RNA microarray analysis confirmed on the
genome scale that absence of Cdxl enhances the effects of iso-
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lated Cdx2 deficiency on gene expression. Compound mutant
intestines showed greater numbers of significantly altered tran-
scripts (775 transcripts increased and 691 decreased in Cdx2 KO
mice versus 3,899 increased and 3,013 decreased in Cdx1 Cdx2
DKO mice at a false discovery rate [FDR] of =5%) as well as
greater magnitudes of change (see Table S2 at http://research4
.dfci.harvard.edu/shivdasani/pubs/supplementary). An unsu-
pervised machine-learning approach using k-means clustering
identified seven groups of genes (Fig. 4C). Cluster G1, con-
taining transcripts that decrease upon solitary inactivation of
Cdx2 and decline further in double mutants (e.g., Lct and Treh)
(Fig. 4A), is enriched for gene ontology (GO) terms associated
with enterocyte functions, including phospholipid and ion
transport (see Table S1 at http://research4.dfci.harvard.edu
/shivdasani/pubs/supplementary). Transcripts in clusters G2
and G3 were barely affected in Cdx2 single mutants but signif-
icantly reduced in double mutant mice (e.g., Slc7a8 and Alpi)
(Fig. 4A). Overrepresented in these clusters were GO catego-
ries related to cell proliferation, corroborating our prior dem-
onstration of Cdx redundancy in crypt cell replication (39), and
mature intestinal functions, further suggesting redundant func-
tions in villus enterocytes. Clusters G1 to G3 highlight the
redundant regulation of hundreds of genes and the variable
degree to which Cdx1 compensates for Cdx2 loss at individual
loci. At every FDR, approximately equal numbers of tran-
scripts were increased and decreased in Cdx1 Cdx2 DKO in-
testines, as represented in clusters G4 to G7; we return below
to consideration of such genes.

Cdx functions in secretory cell lineages. The intestinal epi-
thelium carries three secretory cell types: mucin-producing
goblet cells, hormone-secreting enteroendocrine (EE) cells,
and, at the base of each crypt, microbicide-secreting Paneth
cells (1). Each of these cell types expresses Cdx2 although
levels consistently seem lowest in Paneth cells, a lineage re-
cently shown to be suppressed by Cdx2 overexpression (7).
Staining with Alcian blue, Trefoil factor 3 (TFF3) antibody,
and periodic acid-Schiff (PAS) revealed a small, statistically
significant increase in goblet cell numbers in tamoxifen-treated
DKO intestines (Fig. SA and B) although transcript levels of
goblet cell genes were barely affected (Fig. 5C). Likewise,
Paneth cell-specific mRNA levels were largely intact, as was
immunoreactivity for the Paneth cell products lysozyme and
Crs4c (Fig. 5D and E). The most notable secretory cell defect
in Cdx1-Cdx2 DKO intestines was a reduced number of EE
cells (Fig. 5F and G). Expression of Math1, a TF that controls
differentiation of all secretory cells and is induced upon ectopic

FIG. 5. Reduced enteroendocrine cell numbers in the absence of caudal factors. Intestinal secretory cell lineages were examined in Cdx2 KO
and Cdx1 Cdx2 DKO mice. Goblet cells, defined by Alcian blue-positive, periodic acid-Schiff-positive (PAS™), and anti-TFF3-positive mucous
granules (A) were increased slightly in number in Cdx1 Cdx2 DKO mice (B), but transcripts intrinsic to these cells were not significantly altered
(C). Cell counts are represented as box plots with whiskers representing the highest and lowest counts; error bars indicate standard deviations.
Representative Paneth cell proteins lysozyme and Crs4c (D) and mRNAs Pla2g2a, Lyz1, Defcr3, and Defa-rs10 (E) were also expressed at nearly
similar levels in control, Cdx2 KO, and Cdx1 Cdx2 DKO intestines. Bars indicate standard deviations. In contrast, chromogranin A (ChgA) Ab
staining (F; arrows) revealed modestly reduced numbers of enteroendocrine cells in Cdx2 KO ileum and significantly reduced numbers in Cdx1
Cdx2 DKO ileum (G). Average fractions of enteroendocrine cells are plotted * standard errors of the means. This reduction was accompanied
by lower expression of the endocrine cell TF mRNAs NeuroDI and Neurogenin3, whereas levels of Mathl, a TF that controls all secretory cell
differentiation, were not reduced (H). Bars represent standard errors of the means, and the statistical significance of differences between tissues
of different genotypes is indicated. Transcripts encoding enteroendocrine cell products were also suppressed (I). Bars represent the standard
deviations. Transcript levels were assessed by quantitative RT-PCR and graphed relative to littermate controls for at least five animals of each
mutant genotype. The P value was calculated by a ¢ test. Scale bar, 50 wm.
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FIG. 6. Limited plasticity for homeotic conversion of the intestinal epithelium and indirect repression of foregut genes. (A) Comparison in early
(11) and late (10) embryos and adult Cdx2 KO and Cdx1 Cdx2 DKO mice of the expression levels of the fifth percentile of transcripts that increased
in Foxa3-Cre Cdx2 knockout intestines (here, designated early embryos; these transcripts are enriched for ectopically expressed foregut genes).
Gene expression relative to control mice is plotted on a log, scale. Each box indicates the interquartile range (25% from the median), and the
whiskers indicate 2.5 times the interquartile range. Most transcripts that increase in early embryos were unaffected in the adult, but a small fraction,
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Cdx2 expression in the stomach (23, 31), was preserved. How-
ever, mRNAs encoding Ngn3 and NeuroD, TFs that operate
downstream of Math1 in EE cells, and several endocrine end
products were reduced (Fig. SH and I). EE cell deficiency was
statistically significant in Cdx1 Cdx2 DKO but not in Cdx2
single-mutant intestines (Fig. 5G), suggesting that Cdx1 and
Cdx2 function redundantly to regulate EE cell differentiation.
In sum, loss of caudal proteins has a modest effect on adult
intestinal secretory cells, with the most significant effects oc-
curring in cell numbers and specific products of the EE lineage.

In vivo role of Cdx proteins in plasticity of adult gut epithe-
lial gene expression. In early Cdx2-deficient mouse embryos,
the distal intestine adopts foregut features, including high ex-
pression of keratins and other esophageal genes (11). This
homeotic effect is not apparent when Cdx2 is inactivated later
in gestation (10, 12), suggesting that it reflects a short window,
between E8 and E12, when gut endodermal fate is pliable and
Cdx2 imposes intestinal identity. Indeed, we observed that
transcripts with the largest quantitative increase in Foxa3-Cre;
Cdx2""*"°* embryos, the fifth percentile that is heavily en-
riched for foregut genes (11), were largely silent or similar to
controls in both Villin-Cre; Cdx2""*""** fetuses (10) and ta-
moxifen-treated Cdx2™""Y; Villin-Cre®®™® adults on Cdxl '~
or CdxI*'" backgrounds (Fig. 6A). Furthermore, acute Cdx
loss in adults did not induce foregut squamous morphology in
the ileum (Fig. 2B). Expression analysis nevertheless revealed
high expression levels of several outlier stomach-specific tran-
scripts in adult Cdx-depleted intestines, represented in the dots
that fall outside the range of the box plots and highlighted in
the adjoining table (Fig. 6A). Compared to the tight silencing
of such genes in wild-type mice, RT-PCR analysis confirmed
significant expression of representative examples in the ab-
sence of Cdx2 and further increases upon additional loss of
Cdx1 (Fig. 6B; note log,, scale on the y axis). These results
indicate that the adult intestine retains plasticity sufficient to
express a limited number of heterologous genes and that Cdx
TFs normally suppress this latent potential.

Analysis of genome-wide Cdx2 binding in vivo suggests that
it functions principally to activate genes. Similar numbers of
transcripts increased and decreased in both Cdx2 single knock-
out and Cdx1 Cdx2 DKO intestines at all FDRs (Fig. 4C and
data not shown), and the foregoing analysis showed that some
increased transcripts correspond to foregut genes. Taken to-
gether, these results point to the possibility of alternative ac-
tivating or repressive Cdx functions at different loci. Indeed,
silencing of heterologous genes is as important in cell differ-
entiation as activation of tissue-specific genes; critical regula-
tors of cellular identity, in particular, might serve both func-
tions, as is known for some TFs (26, 43).

To identify direct targets of Cdx2 activity and to resolve

REDUNDANT FUNCTIONS AND /N VIVO DNA BINDING OF Cdx2 2035

whether Cdx2 functions as an activator, repressor, or both, we
used chromatin immunoprecipitation (ChIP) and massively
parallel sequencing of immunoprecipitated DNA (ChIP-seq)
to map its physical occupancy in the genome of primary intes-
tinal epithelial cells in wild-type mice. We focused attention on
intestinal villi because mutant enterocyte phenotypes were
prominent (Fig. 2 to 4) and because uncontaminated crypt cell
numbers are limiting for accurate whole-genome ChIP. A lack
of antibodies suitable for ChIP precluded separate mapping of
Cdx1 occupancy, and, in any event, the redundant phenotypes
and RNA expression profiles in knockout mice (Fig. 4) indi-
cate that the two factors bind many of the same sites. Cdx2
ChIP-seq in primary mouse intestinal villus cells yielded 6.8 X
10° sequence tags, giving 5.95 X 10° uniquely mappable reads,
and identified 8,775 occupied sites (at a P value of <10~>; 1,976
sites at a P value of =107 ') (see Fig. S3 at http://research4.dfci
.harvard.edu/shivdasani/pubs/supplementary). Cdx2 binding sites
were conserved across species and heavily enriched for the
known Cdx-binding motif (2), indicating detection of bona fide
Cdx2 occupancy (see Fig. S3). Clusters of sequence tags
mapped near many enterocyte genes that showed reduced ex-
pression in the absence of Cdx2 (Fig. 6C, left column), sug-
gesting that it might activate such genes directly. Conversely,
we rarely observed Cdx2 binding within 40 kb of genes that
increase in expression when Cdx2 is missing (Fig. 6C, right
column), including foregut-specific genes. These data hint that
Cdx2 rarely represses gene expression directly.

To determine if these selected results apply generally, we
examined the global frequency of Cdx2 occupancy near genes
that decline in expression (candidate targets for gene activa-
tion), increase expression (repressed genes), or remain stable
in Cdx2 KO or Cdx1 Cdx2 DKO tissue. In the heat map shown
at the top of Fig. 7A, each segment represents bins of 100
dysregulated genes, ranked from those containing genes with
the most reduced expression (blue) to the most increased (red;
black is neutral) in Cdx2 KO jejunum. The companion heat
map plots the frequency of Cdx2 binding sites identified at high
confidence (P value of =107'°) within 20 kb of genes in the
corresponding expression bin. Cdx2 binding was strongly asso-
ciated with the set of downregulated genes (Fig. 7A, left side)
and not at all with genes that increase expression (right side),
providing powerful, genome-scale evidence that Cdx2 func-
tions primarily, and perhaps exclusively, to transactivate intes-
tinal target genes. Associations between Cdx2 occupancy and
gene regulation were stronger in Cdx1 Cdx2 DKO intestines
(Fig. 7A, bottom) than in single Cdx2-null intestines (Fig. 7A,
top) when changes in expression were considered although the
trends were similar in both cases.

To strengthen this conclusion and to better define Cdx2
transactivation preferences, we first examined the relationship

represented by the small circles falling outside the range of about 62.5% from the median, is notably increased, consistent with gene derepression.
These genes are highlighted in the adjacent table with P values and fold changes observed in the adult Cdx1 Cdx2 DKO mice. (B) Expression of
representative stomach-specific transcripts assessed by quantitative RT-PCR on four independent adult intestine samples. Note the log,, scale on
the y axis. (C) Cdx2 ChIP-seq analysis in wild-type intestine revealed no Cdx2 binding at such derepressed foregut-specific loci (stomach genes),
suggesting that Cdx-dependent effects on their transcription may be indirect. In contrast, ChIP-Seq readily revealed Cdx2 occupancy at many loci
that reduce expression in KO intestines (intestine genes). Each representation of sequence tag counts depicts a 40-kb window of the mouse genome
(build mm9) with genes indicated by a horizontal black line. Arrows denote transcriptional start sites, and the asterisks mark regions in which Cdx2

binding significantly exceeds the experimental background.
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FIG. 7. Cdx2 functions principally as a transcriptional activator in adult intestinal villi. (A) The upper heat maps display log, fold change in gene
expression in three or four replicates of Cdx2 KO or Cdx1 Cdx2 DKO intestinal epithelium compared to wild-type tissue, respectively. Each heat
map spans the spectrum from a marked decrease to a marked increase. Each vertical bin includes 100 genes, and its color indicates the average
relative expression level for the group. The lower heat maps plot the average number of Cdx2 binding sites located within 20 kb of the TSSs of
the corresponding genes in each bin displayed in the expression heat map, encoded by the intensity of yellow shading. Genes that are significantly
reduced in expression in mutant epithelia tend to accommodate much greater Cdx2 binding (left), whereas genes that increase expression in the
mutant intestine show no such tendency. These results indicate that Cdx2 functions primarily to activate rather than repress transcription. (B and
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between the number of binding sites near a gene and the
likelihood of its dependence on Cdx2. Even a single nearby
binding site within 20 kb of a TSS increased the odds ratio of
differential expression for genes that decline upon loss of cau-
dal factors; multiple Cdx2 binding sites (e.g., Lct, represented
in the left side of Fig. 6C) conferred increasing likelihood of
reduced expression in the absence of Cdx proteins (Fig. 7B and
D). Conversely, we observed little association between num-
bers of Cdx2 binding sites and the set of upregulated genes, a
result that held true for genes that alter expression with loss of
Cdx2 alone (Fig. 7B) or upon combined loss of Cdx1 and Cdx2
(Fig. 7D). Next, we evaluated the distribution of distances
between Cdx2-bound regions and annotated transcription start
sites (TSSs). Only 3.6% of Cdx2-occupied sites fell <1 kb from
a TSS, within classical promoters (MACS, P value = 107°)
(see Fig. S3 at http://research4.dfci.harvard.edu/shivdasani
/pubs/supplementary); most sites lay in introns or intergenic
regions at a median distance of 38.6 kb from the nearest TSS
(see Fig. S3). The observation that genes downregulated in
Cdx2 KO or Cdx1 Cdx2 DKO intestines were more frequently
bound by Cdx2 than genes that increased or stayed the same
was apparent at distances of >20 kb from TSSs (Fig. 7C and
E). Not only was Cdx2 binding near increased and nonregu-
lated genes less frequent, but it also distributed randomly in
relation to TSSs (Fig. 7C and E). Genes that increased or
stayed the same upon Cdx loss showed similar patterns, distin-
guishing likely direct transcriptional targets from all other
genes. Distribution of binding distances indicated that Cdx2
typically occupies regulated loci 2 kb to 15 kb from the TSS
although binding also occurs at far greater distances and within
promoters (data not shown). Details on the number and dis-
tances of Cdx2-bound sites near regulated genes are publicly
available (see “Microarray data accession number” above).
These results collectively argue that Cdx2 principally activates
intestinal epithelial genes through binding at distal regulatory
regions.

DISCUSSION

Although the intestine-restricted homeodomain protein
Cdx2 is required to specify intestinal epithelium during devel-
opment, its functions in the adult organ were unclear. Here, we
demonstrate redundant Cdx protein requirements in adult in-
testinal structure, function, and gene expression, and we relate
these requirements to genome-wide Cdx2 binding in primary
mouse intestinal villus cells. This analysis allowed delineation
of likely direct transcriptional targets and suggests that Cdx2
operates mainly as a transcriptional activator rather than a
repressor. The combination of in vivo function, gene expres-
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sion, and DNA occupancy provides an unprecedented view of
regulation of diverse genes through cis-regulatory regions that
depend on one or both Cdx proteins for their full activity.
These TFs act primarily at distal regulatory regions to activate
genes that control many core aspects of terminal intestinal
epithelial differentiation and are necessary for adult nutrition
and survival.

Loss of Cdx1 alone does not affect bowel structure or func-
tion (3), and its requirement is unmasked only upon loss of
Cdx2. It therefore follows that Cdx2 function in the adult
intestine is more vital than that of Cdx1. One possibility is that
Cdx2 function prevails by virtue of differences in protein struc-
ture. However, Cdx1 and Cdx2 have similar sequences, partic-
ularly within the DNA-binding homeodomain, and recognize
the same DNA sequence (2). Although differences outside the
homeodomain include a serine 60 residue in Cdx2 that can be
phosphorylated to regulate transcriptional activity (25), Cdx2
knock-in into the CdxI locus rescues vertebral patterning de-
fects in Cdx! mutant embryos, indicating functional equiva-
lence (27). The simpler explanation, therefore, is that Cdx2 is
more abundant and also expressed throughout the crypt-villus
unit, whereas Cdx1 expression in wild-type mice is more prom-
inent in crypt than in villus cells (32, 34). It is also conceivable
that the profound defects we observe in Cdx1 Cdx2 DKO villus
cells have their origins in crypt cell precursors that express both
TFs abundantly. However, Cdx1 is present in wild-type and
Cdx2~'~ crypts (Fig. 1C), and candidate target genes are al-
most always more severely affected in Cdx1 Cdx2 DKO intes-
tines than in Cdx2 single-mutant intestines (Fig. 4C). More-
over, we uncovered clear associations between gene expression
in Cdx1 Cdx2 DKO intestines and Cdx2 binding in villus cells
(Fig. 7). Taken together, these observations suggest simple
redundancy as the best explanation for the compound mutant
phenotype, just as Cdx2 levels increase in the absence of Cdx1
(3); Cdx2 probably assumes all the functions of Cdx1. Future
availability of Cdx1 antibodies suitable for ChIP might allow a
rigorous test of this idea. Dosage of caudal genes has an im-
portant role in elongation of the embryonic posterior axis as
heterozygous loss of each factor adds to the defects that occur
with complete loss of the other (37). Although similar gene
dosage effects proved difficult to quantify in the intestine, we
suspect that CdxI™'~; Cdx2"""" intestinal defects are inter-
mediate between those in the Cdx2~/~ and Cdxl Cdx2 DKO
organ.

Cdx2 inactivation in embryos caused homeotic conversion of
the distal intestinal epithelium (11, 12), whereas ectopic ex-
pression in the stomach induced intestinal properties (22, 27,
33). Cdx2 manipulation in each of these studies commenced

D) Genes that decline in Cdx-deficient epithelium are more likely to harbor multiple Cdx2 binding events than genes that increase expression. Odds
ratios for differential expression in single (B) or double (D) mutant tissues were evaluated in relation to the number of Cdx2 binding sites within
20 kb of TSSs of decreased (blue) or increased (red) genes, hence quantifying direct Cdx2 binding at loci that respond to Cdx protein loss compared
to the genome-wide background for Cdx2 binding (refer to Materials and Methods for mathematical details). (C and E) Distribution of TSS
distances in 10-kb windows from the nearest Cdx2 binding sites. Genes with an FDR of =5% were determined as either decreased or increased
in Cdx2 KO (C) or Cdx1 Cdx2 DKO (E) intestines compared to controls, and the remaining genes were considered nonregulated. The graph plots
the fraction of all genes in the indicated category containing a Cdx2 binding site within the indicated window. Downregulated genes are more likely
to have nearby Cdx2 binding sites than up- or nonregulated genes. All analysis was done using Cdx2 binding sites predicted by MACS at a P value

of =1071°,
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before birth, possibly during a window of developmental plas-
ticity. In adult mice, in contrast, even combined Cdx gene
disruption did not induce widespread activation of foregut
genes or a homeotic morphological shift, and gene expression
differed substantially according to the developmental context
of Cdx2 inactivation (Fig. 1). Thus, although Cdx2 dominantly
controls intestinal differentiation in both embryos and adults,
its target genes in the two contexts show surprisingly little
overlap, with marked suppression of anterior foregut genes in
embryos and direct control over a large portion of the entero-
cyte transcriptional program in adults. Nevertheless, expres-
sion of some foregut genes increased by several orders of
magnitude over a nearly silent baseline in adults (Fig. 6), in-
dicating that caudal proteins continually suppress a modicum
of residual developmental plasticity in the adult gut. Because
our analysis of genome occupancy suggests a primary activat-
ing function, it follows that silencing of anterior genes likely
occurs indirectly through one or more intermediary factors.
The distinct effects of Cdx2 gene inactivation at different stages
probably reflect significantly different interactions of a domi-
nant TF with diverse chromatin features and coregulatory fac-
tors on the embryonic and adult genomes. For example, our
ChIP analysis in adult intestinal villus cells showed Cdx2 bind-
ing within 20 kb of the TSS at only 5 of 43 endolysosomal genes
and at 12 of 40 lysosomal genes that are implicated in the cell
polarity defects observed in the Cdx2-deficient fetal intestine
(data not shown).

Combined loss of Cdx1 and Cdx2 in the intestine reduced
expression of more than 3,000 transcripts and increased ex-
pression of an even larger number. In this light, it is difficult to
attribute the cellular phenotypes we highlight in this report to
any single gene or group of genes. Rather, the complex deficits
in cell morphology and vacuolation, paucity of the microvillus
brush border, and aberrant expression and distribution of po-
larity proteins likely result from the simultaneous dysregula-
tion of hundreds of genes of diverse function. In the EE cell
lineage, however, where cell numbers are appreciably reduced
in Cdxl Cdx2 DKO intestines, the data do allow a stricter
interpretation. Mathl mRNA levels are unaffected, whereas
TFs that operate lower in the EE transcriptional hierarchy (28)
and hormonal end products are reduced (Fig. 5). These results
suggest that Cdx function in this lineage might occur down-
stream or in parallel to Math1, impinging on control of Ngn3
and NeuroD levels.

The functions of few other dominant lineage-determining
genes have been investigated in the same detail in early and
late embryos and in adults. MyoD and Myf5 are essential for
skeletal muscle development, but their inactivation in adult
mice has few consequences (36). In contrast, Gatal is impor-
tant in both embryonic and adult erythropoiesis (14). One
possibility is that regenerative adult tissues like the intestine
and blood depend more on the function of dominant regula-
tors than postmitotic tissues such as muscle. Resolution of this
question can occur with examination of other TFs that drive
fate choice in embryos and remain expressed in the same sites
in adults. However, although Cdx mutant mouse phenotypes
define temporal genetic requirements, they do not alone dis-
tinguish between direct and secondary targets or illuminate the
transcriptional basis of Cdx functions. Our synthesis of mouse
genetic and cistrome analyses overcomes the inherent limita-
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tions of each approach, permits a deeper appreciation of tran-
scriptional mechanisms in the intestine, and points the way for
integration of experimental approaches to elucidate the spe-
cific activities of Cdx in the embryo or, more generally, of key
TFs in other tissues.
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