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In contrast to our significant understanding of signaling cascades that determine cell polarity in lower eukaryotic
or immortalized cells, little is known about the transcriptional program that governs mammalian epithelial
polarization in vivo. Here we show, using conditional gene ablation and three-dimensional tissue culture, that the
homeobox transcription factor Cdx2 controls apical–basolateral polarity in mouse enterocytes and human colonic
epithelial cells. Cdx2 regulates a comprehensive gene network involved in endo-lysosomal maturation and
protein transport. In the absence of Cdx2, defective protein trafficking impairs apical–basal transport and induces
ectopic lumen formation. These defects are partially recapitulated by suppression of key apical transport
components, Rab11a and Kif3b, which are regulated by Cdx2. Furthermore, Cdx2 deficiency affects components
that control the organization of microvillus actin cytoskeleton, leading to severe microvillus atrophy. These
results demonstrate that Cdx2 regulates epithelial cell polarity and morphogenesis through control of apical
protein transport and endo-lysosomal function.
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Studies in lower organisms indicate that the establish-
ment of apical–basolateral polarity requires formation of
junctional landmarks and sorting of proteins to different
membrane domains. An evolutionarily conserved apical
junctional complex serves as a control point in initiating
acquisition of polarity (Yeaman et al. 1999b). Within this
polarity organization center, the Partitioning-defective
(Par) complex, composed of Par3, Par6, and atypical pro-
tein kinase C (aPKC), is thought to play a pivotal role in
initial apical membrane formation (Goldstein and Macara
2007), while the small Rho GTPase Cdc42 participates in
the regulation of polarity (Joberty et al. 2000; Lin et al.
2000; Qiu et al. 2000). While mammalian cell culture sys-
tems have been used to explore the mechanisms of epi-
thelial polarity formation, these models are limited due to
their insufficiency of recapitulating the dynamic transcrip-
tional program during in vivo epithelial cell development.

Abnormal intestinal epithelial cell polarity and mor-
phology are typical features of several human patholog-
ical conditions, including intestinal tumors and micro-
villus diseases. Mutations in a number of genes that are
involved in cell polarity regulation—including LKB1, PTEN,
and APC—are responsible for intestinal tumors (Groden
et al. 1991; Hemminki et al. 1998; Marsh et al. 1999, 2008;

Etienne-Manneville et al. 2005; Martin-Belmonte et al.
2007; Mirouse et al. 2007; Barth et al. 2008). Mice with
homozygous ablation in Rab8a, encoding a small GTPase
involved in apical protein transport, demonstrate features
of microvillus inclusion disease (Sato et al. 2007). While
several effectors of epithelial polarity have been estab-
lished, it is not clear how this essential property of the
intestinal epithelium is regulated transcriptionally.

In mice, the pseudostratified posterior endoderm initi-
ates a dramatic morphological change around embryonic
day 14.5 (E14.5), polarizing into a columnar intestinal
epithelial monolayer. This morphological transition co-
incides with the initiation of cellular differentiation.
Differentiated enterocytes exhibit a striking separation
of functions between their apical and basolateral domains.
The apical domain faces the intestinal lumen and elabo-
rates an impressive array of microvilli called the brush
border. These sophisticated apical cellular projections
dramatically increase the apical cell surface, and contain
both enzymes and transporters essential for the uptake of
nutrients from the intestinal lumen. The basolateral do-
main faces neighboring epithelial cells and the extracel-
lular matrix, and contains intercellular junctional com-
plexes, extracellular matrix receptors, ion channels, and
solute transporters (Yeaman et al. 1999a). The molecular
mechanisms by which intestinal progenitor cells elabo-
rate the structural and functional polarity of enterocytes
remains poorly understood.
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We showed recently that the caudal-type homeobox
transcription factor Cdx2 is required for intestinal cell
lineage specification in early mouse endoderm (Gao et al.
2009). At the blastocyst stage, Cdx2 controls the segrega-
tion of the inner cell mass and the trophectoderm lineages
(Strumpf et al. 2005). Alteration of Cdx2 levels in mouse
blastomeres, by overexpression or knockdown, influences
cell division pattern, hence affecting cellular allocation
and lineage specification through a mutually reinforcing
relationship between cell polarity and Cdx2 (Jedrusik
et al. 2008). These studies provided preliminary connec-
tions between Cdx2 and cell polarity regulation; however,
they left open by which mechanism Cdx2 fulfills its role
in controlling key aspects of the polarity machinery.

Using conditional gene ablation in the differentiated
mouse intestinal epithelium, we demonstrate that Cdx2-
deficient enterocytes exhibit abnormal endo-lysosomal
trafficking, which is attributable to impaired transcrip-
tional control of a comprehensive gene network involv-
ing endosomal transport and lysosomal biogenesis. In
both mouse enterocytes and human colonic epithelial
cells, the segregation of apical and basolateral plasma
membrane domains and efficient protein transport to the
apical plasma membrane are dependent on Cdx2. Further,
we describe defective microvillus morphogenesis in Cdx2-
deficient enterocytes that highly resembles the features of
human microvillus atrophy.

Results

Derivation of intestine-specific Cdx2 mutant mice

To investigate whether Cdx2 contributes to epithelial cell
polarity in the intestine, we derived intestine-specific

Cdx2 mutant mice (Cdx2loxP/loxP; VillinCre+ mice,
termed ‘‘mutant’’ for simplicity hereafter). As determined
by Cdx2 immunostaining, depletion of Cdx2 protein from
intestinal epithelial cell nuclei initiated around E15.5
in this model and reached 85%–95% of epithelial cells
by E18.5 (Supplemental Fig. 1). PCR screening of >300
mouse offspring revealed that all mutant mice died on
postnatal day 1 or 2, following severe perturbations of
intestinal architecture, as outlined below.

Gross examination of E16.5–E18.5 mutant gastrointes-
tinal tracts revealed a translucent and pale appearance of
the gut tube in Cdx2 mutants, compared with the opaque
control intestine (Cdx2loxP/loxP or Cdx2loxP/+) (Fig. 1A–C;
Supplemental Fig. 1). Cdx2loxP/loxP; VillinCre+ mutants
developed colon and rectum, in contrast to the complete
colonic atresia we observed when we deleted Cdx2 at the
onset of gut formation (Supplemental Fig. 1; Gao et al.
2009). Concomitant with villus morphogenesis, polariza-
tion of intestinal epithelial cells initiates around E15.5 in
the mouse and completes with a polarized columnar cell
layer by E18.5 (Supplemental Fig. 1). Examination of mu-
tant intestinal sections at various stages revealed short-
ened villi (Supplemental Fig. 1), which, in cross-section,
appeared as numerous spheres of irregularly packed epi-
thelial cells (Supplemental Fig. 2). This contrasted with
the control villus epithelial cells in which the nuclei of
the single-layer epithelium are orderly aligned toward the
basement membrane (Supplemental Figs. 1, 2).

Examination of mutant villi by transmission electron
microscopy (TEM) confirmed their highly irregular cell
shape (Fig. 1E). Surprisingly, nearly all mutant cells con-
tained a large subapical vacuole, which was absent in
control cells (Fig. 1D,E). These cytoplasmic vacuoles were
first detectable in a subpopulation of E15.5 mutant cells

Figure 1. Intestine-specific ablation of Cdx2
causes altered enterocyte morphology and apical/
basolateral polarity. (A–C) E18.5 gastrointestinal
tracts, examined by light microscopy, revealed
translucent appearance of the Cdx2 mutant in-
testinal tube. Matched control and mutant
(Cdx2loxP/loxP; VillinCre) duodenal segments are
shown in B and C at higher magnification. (D,–E)
TEM micrographs of E18.5 control and Cdx2
mutant intestinal villus cross-sections. The arrow
in E points to one of the enlarged vacuoles in
the mutant cells. (F,G) The brush border marker
alkaline phosphatase was immunostained and is
visualized in red. Nuclei are labeled in green.
Arrows point to the abnormal distribution of
alkaline phosphatase activity on the entire Cdx2
mutant cell membrane. (H,I) Costaining of DBA
lectin (red) and E-cadherin (green). Arrows point
to the inclusion of lectin staining within sub-
apical cytoplasm in mutant cells. (J,K) Costain-
ing of ZO-1 tight junction protein (red) and
E-cadherin (green). The arrow points to ZO-1
localization at tight junctions in control cells.
(L,M) Costaining of the basement membrane

marker laminin (red) and E-cadherin (green). Establishment of the basement membrane is clearly perturbed in the absence of Cdx2.
Nuclei were labeled by DAPI in H–M. Bars: D,E, 10 mm; F–M, 20 mm.
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by TEM (Supplemental Fig. 3); that is, shortly after Cdx2
protein has been depleted (Supplemental Fig. 1).

Despite the altered epithelial morphology, mutant
enterocytes in the outermost layer of the Cdx2-deficient
epithelium formed apical microvilli (Supplemental Fig.
3). Goblet cells were detected throughout the mutant
intestines by Alcian blue staining (Supplemental Fig. 4).
In addition, no apparent squamous differentiation was
detected in the mutant intestinal epithelium. These data
demonstrate that the mutant epithelial cells had com-
mitted to intestinal fates by the time that Cdx2 was
deleted by the VillinCre transgene, and that the observed
phenotypes in the current model were not due to the cell
fate conversion that occurs in early endoderm-specific
Cdx2 mutants (Gao et al. 2009).

Disrupted apical–basal polarity in Cdx2-deficient
mouse enterocytes

To determine if the brush borders of the mutant enter-
ocytes express apical markers indicative of normal di-
gestive function, we analyzed the distribution of alkaline
phosphatase, an enzyme that is targeted exclusively to
the apical brush border in normal enterocytes (Fig. 1F;
Supplemental Fig. 4). Although some mutant cells dem-
onstrated alkaline phosphatase activity, this was present
on the entire cellular membrane, including the presump-
tive basolateral surfaces (Fig. 1G). ‘‘Inclusion’’ of alkaline
phosphatase activity, one of the specific diagnostic fea-
tures of the microvillus inclusion disease (Lake 1988),
was confirmed by light microscopic analysis of the
mutant cells (Supplemental Fig. 4). Staining for Dolichos
biflorus (DBA) lectin, which is selective for glycoconju-
gates on the mucosal surface (Fig. 1H,I), indicated that the
mucin secretory function of goblet cells was unaffected
by the absence of Cdx2 protein. However, inclusion of
this marker at subapical cytoplasmic regions was also
detected in mutant cells (Fig. 1I), while in control cells
the staining was located almost exclusively to the lumi-
nal surface (Fig. 1H). Most strikingly, E-cadherin, a baso-
lateral membrane marker that is excluded from the apical
surface in normal intestinal epithelial cells, demon-
strated ectopic localization to the entire cellular mem-
brane in the mutant cells (Fig. 1H–M; Supplemental
Fig. 2), confirming polarity defects in the Cdx2-deficient
intestine.

To examine the integrity of the tight junctions that
divide the apical and basolateral domains, we stained
intestinal epithelia simultaneously for the tight junction
protein ZO-1 and E-cadherin. In control cells, ZO-1 was
localized at the apical end of the E-cadherin-expressing
domain (Fig. 1J). In contrast, mutant cells demonstrated
an expanded ZO-1-positive membrane domain, with a re-
ticular staining pattern that comprised the outer layers of
the multilayered epithelium (Fig. 1K). This colocalization
of ZO-1 and E-cadherin in Cdx2 mutants was confirmed
by staining of tangential villus sections (Supplemental
Fig. 5). Perturbed apical/basolateral partitioning was fur-
ther supported by laminin staining, which illustrated an
impaired assembly of the basement membrane in mutant

epithelia (Fig. 1L,M). These data demonstrate that Cdx2
is required for the establishment and/or maintenance of
cellular polarity in enterocytes.

Cdx2-deficient enterocytes display microvillus atrophy

To obtain a three-dimensional (3D) view of the luminal
epithelial architecture of the Cdx2-deficient epithelium,
we performed scanning electron microscopic (SEM) anal-
ysis on control and mutant intestines. Control intestinal
epithelial cells showed a smooth luminal surface, distinct
intercellular junctions, and densely packed microvilli
(Fig. 2A,C; Supplemental Fig. 6). In contrast, mutant lu-
minal surfaces appeared uneven, lacked clear demarca-
tions between epithelial cells, and demonstrated dramat-
ically enlarged and disorganized microvilli (Fig. 2B,D;
Supplemental Fig. 6).

Quantification of microvillus dimensions revealed
that the mutant microvilli were not only shorter (46%
of control, P = 1.05�21), but also were larger in diameter
(157% of control, P = 2.73�18) (Fig. 2E,J; Supplemental Fig.
6). Vertical microvillus sections showed a lack of distinct
core actin filament bundles (Fig. 2K), which were clearly
present and attached to the subapical cytoplasm in con-
trol microvilli (Fig. 2F). Transverse sections through the
apical cytoplasmic region showed absence of a distinct
terminal web in Cdx2-deficient cells (Fig. 2L,M), as com-
pared with the presence of numerous bundled actin mi-
crofilaments in control sections (Fig. 2G,H). Transverse
sections through control microvilli demonstrated the
presence of 20–30 actin filaments bundled at the micro-
villus core (Fig. 2I), while the actin filaments in mutant
microvilli were spread throughout the microvillus cross-
section (Fig. 2N). As a result, a clear cytoplasmic space
was visible between the bundled actin filaments and the
plasma membrane in control microvilli, while this region
was absent from mutant microvilli (Fig. 2I,N). In addition,
the density of microvilli on the apical surface was much
lower in mutant cells than in controls (Fig. 2I,N). Despite
these morphologic alterations, mutant cells did form tu-
bular invaginations, known as canaliculi, between mi-
crovilli (Fig. 2L).

To gain insight into the molecular basis of the abnormal
microvillus structure in Cdx2-defcient intestinal epithelia,
we performed Western blots for a number of key compo-
nents involved in actin cytoskeleton organization. Surpris-
ingly, the levels of actin itself and those of two bundling
proteins that contribute to the microvillar core—villin and
plastin—were not significantly changed in mutant intes-
tinal epithelia (Fig. 2O). No apparent difference was ob-
served for the terminal web protein spectrin and two
critical myosins, Myo6 and Myo5b, which are involved
in protein recycling and vesicle trafficking (Fig. 2P; Ameen
and Apodaca 2007; Millman et al. 2008). However, the
levels of the brush border myosin Myo1a were decreased
by ;50% in the mutant intestine (P = 0.024) (Supplemen-
tal Fig. 7), while the expression of its light chain, calmod-
ulin, and its homolog, Myo1e, were unchanged (Fig. 2Q).

Ezrin, radixin, and moesin (the ‘‘ERM’’ proteins) func-
tion as linkers between the plasma membrane and the

Cdx2 and cell polarity

GENES & DEVELOPMENT 1297



actin cytoskeleton (Yonemura and Tsukita 1999). In the
developing intestine, Ezrin is the only ERM protein
present, and it organizes the apical terminal web region
(Saotome et al. 2004). In contrast to the decreased Myo1a
levels, we found that the expression levels of the 81-kDa
full-length Ezrin were increased 1.3-fold in mutant in-
testines compared with controls (P = 0.009) (Supplemen-
tal Fig. 7). Interestingly, a smaller putative Ezrin isoform
or splicing variant of 62 kDa was completely missing
from mutant intestinal samples (Fig. 2R, arrow). Analysis
of the mouse Ezrin locus revealed that the gene encodes
two transcripts, the longer one encoding a protein of 586
residues corresponding to the 81-kDa isoform, and the
shorter one encoding an ORF of 429 amino acids, corre-
sponding to a product of 62 kDa. Our data suggest that
Cdx2 may differentially regulate the expression of these
two transcripts.

In addition, we detected an ;30% reduction in Rab8a,
a small GTPase involved in apical protein translocation
(Sato et al. 2007), in the mutant intestine (P = 0.01) (Fig.
2R). While these data show clear molecular defects in
apical protein trafficking and terminal web assembly,
individual changes in Myo1a, Ezrin, and Rab8a are not
likely responsible for the cellular phenotype of the Cdx2-
deficient enterocytes, since no dramatic cell polarity al-
teration was observed in either Ezrin�/�(Saotome et al.
2004), Myo1a�/� (Tyska et al. 2005), or Rab8a�/� (Sato
et al. 2007) mouse intestines.

CDX2 is required for the apical–basal polarity
in human colonic epithelial cells

To determine whether human CDX2 plays a conserved
role in regulating intestinal epithelial cell polarity, we

employed a 3D epithelial cell cyst formation assay. We
achieved efficient suppression of CDX2 protein levels in
Caco-2 cells using CDX2-specific lentiviral shRNA par-
ticles (Fig. 3A). When Caco-2 cells were cultured in a 3D
matrigel environment (Jaffe et al. 2008), control cells
treated with nontargeting shRNA lentiviral particles de-
veloped cyst-like structures within a few days (Fig. 3B),
with 92% of the cysts demonstrating a fluid-filled central
lumen within 5 d of culture (Fig. 3B; Supplemental Fig. 8).
In contrast, ;89% of CDX2 knockdown cells failed to
elaborate a central lumen, but instead developed into
epithelial balls with multiple small cavities (Fig. 3C).
This difference became noticeable as early as 48 h (Fig.
3D,E). Multiple intracystic spaces were evident in older
CDX2 knockdown cysts by the accumulation of F-actin
(Fig. 3F,G). Apical–basolateral identity was clearly CDX2-
dependent, as indicated by staining for additional baso-
lateral markers including E-cadherin (Fig. 3D–G),
CTNNB1 (Fig. 3H,I), and Na+/K+-ATPase (Fig. 3J,K). The
difference between the 3D structures of CDX2-containing
or CDX2-deficient cysts was confirmed by Z-stack imag-
ing through the entire cyst (Supplemental Movies 1,2).

CDX2 deficiency affects Par complex localization
and activity

Interestingly, in these 3D cultured CDX2 knockdown
Caco-2 cysts, PRKCZ, a component of the PAR polarity
complex, was localized to multiple small lumens (Fig.
3M), while in control cysts, PRKCZ was concentrated at
the apical membrane facing the central lumen (Fig. 3L).
Using an in vitro protein kinase C assay, we detected a
26% reduction of PRKCZ activity in CDX2 knockdown
cells as compared with control cells (Fig. 3N). This

Figure 2. Intestine-specific Cdx2 deficiency re-
sults in abnormal microvillus morphogenesis.
(A–D) SEM demonstrates ‘‘uneven’’ luminal cell
surface and abnormal microvillus morphology
in Cdx2 mutant intestines. (E,F,J,K) Vertical TEM
sections show shortened microvilli in Cdx2

mutant cells (shown in J). In addition, the normal
bundled appearance of actin filaments at the
microvillar core is absent in Cdx2-deficient cells
(K), as compared with control cells (E,F). Red
dotted lines mark two bundled actin filaments
extending from the microvilli into the apical
cytoplasm. (G,H,L,M) Transverse TEM sections
show that actin microfilament bundles, indicated
by red broken circles in control cellular terminal
web in G and H, are missing in mutant cells
(shown in L, M). Mutant cells develop canaliculi
marked by red dotted lines in L. (I,N) Transverse
TEM section of microvilli reveals absence of
bundled actin filaments at the microvillar core
in Cdx2 mutant cells (shown in N). Red arrows
point to the core actin filaments. (O–R) Western
blots for protein components of the microvillar
core actin filaments (O), the cytoplasmic termi-

nal web (P), the bridging proteins between the actin filaments and the plasma membrane, and Rab8a, the small GTPase regulating apical
protein transport (Q,R). Arrow in R points to the smaller products, which were present only in control intestines, recognized by Ezrin
antibody. Bars: A,B,G,L, 50 mm; C,D, 5 mm; E,J, 500 nm; F,H,I,K,M,N, 100 nm.
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reduction was likely due to altered protein localization,
as total PRKCZ levels were equivalent between control
and CDX2 knockdown cells (Supplemental Fig. 9). Al-
though the altered PRKCZ localization in CDX2 knock-
down cysts was reminiscent of the CDC42 knockdown
Caco-2 cysts (Jaffe et al. 2008), total CDC42 and activated
CDC42 levels were unchanged in CDX2 knockdown
Caco-2 cells (Supplemental Fig. 9).

A recent study using early mouse blastomeres has
linked Cdx2 to aPKC (Jedrusik et al. 2008). To determine
whether the protein levels of the Par polarity complex
changed in Cdx2 mutant intestines, we performed West-

ern blot analysis using tissue lysates of E18.5 control and
Cdx2 mutant intestines. Surprisingly, most of these pro-
tein components, except for Cdc42, showed elevated
levels in mutant intestine, with Par-3, Par-6A, and Par-
6B demonstrating increases of more than twofold (Fig. 4A;
Supplemental Fig. 10). Next, we analyzed two additional
Par polarity proteins, Lkb1 (Par-4) and Mark2 (Par-1), and
found both proteins significantly increased in the mutant
intestine (Fig. 4A), while the levels of activated Cdc42
remained constant (Fig. 4B). These data suggest that the
effect of Cdx2 deficiency on the assembly of the apical Par
polarity complex may not be due to direct transcriptional
regulation by Cdx2.

Analysis of Prkcz localization in Cdx2 mutant intes-
tinal epithelia revealed an ectopic distribution of this
protein to the nonapical membrane domains (Fig. 4D,F),
where they colocalized with E-cadherin. In contrast,
Prkcz was detected predominantly at the apical mem-
brane domain in control intestinal cells (Fig. 4C,E). This
impaired Prkcz distribution is consistent with the mis-
localization of this molecule in CDX2 knockdown cysts
(Fig. 3M).

Figure 3. CDX2 is required for apical–basal polarity in human
Caco-2 cells. (A) Western blot for CDX2 demonstrates efficient
knockdown of CDX2 expression in lentiviral shCDX2 trans-
duced Caco-2 cells (Sh), compared with parental cells (Pr) and
nontargeting lentiviral particle-treated control cells (Ct), at first
passage after viral transduction. (B,C) Control Caco-2 cells form
cysts in 3D culture within 72 h, demonstrating a central lumen,
while CDX2 knockdown cells fail to form a primary lumen even
after 5-d culture. (D–G) Cysts were stained for F-actin (red),
E-cadherin (green), and DAPI (blue) at various time points. Note
that CDX2 knockdown cells elaborate multiple small lumens at
48 h (E), but fail to promote a central lumen (G). (H,I) Cysts were
stained for basolateral marker CTNNB1 (b-catenin) (red). (J,K)
Cysts were stained for a basal transporter, Na+/K+-ATPase
(green). (L,M) Control and CDX2-deficient Caco-2 cysts were
stained for PRKCZ in red. Nuclei were labeled by DAPI in blue.
(N) In vitro protein kinase C assay demonstrates a reduction
of PRKCZ kinase activity in CDX2-deficient cells by 25.6%.
Bars, 20 mm.

Figure 4. Cdx2 deficiency leads to elevated expression of Par
components, and mislocalization of Prkcz. (A) Intestine-specific
Cdx2 deficiency leads to increased levels of several of Par po-
larity proteins, but not Cdc42. (B) Total or activated Cdc42
levels are not changed in Cdx2 mutant intestines. (C–F) Immu-
nofluorescent staining of Prkcz (red) and E-cadherin (green)
demonstrates nonapical localization of Prkcz localization in
mutant cells. Nuclei were labeled by DAPI in C and D. Bars:
12.87 mm.
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Cdx2 controls a gene network involving
endo-lysosomal function

Based on the severity of the overall enterocyte phenotype
and the significant perturbation of molecular markers
presented above, we hypothesized that Cdx2 deficiency
likely affected a more fundamental cellular function,
which in turn would affect the assembly of the Par polarity
complex. In order to identify this function, we performed
microarray analysis using four pairs of E18.5 control and
Cdx2 mutant small intestinal mRNA samples. Analysis of
the expression profile using the NIH DAVID Functional
Annotation Tool (Dennis et al. 2003) revealed ’’vacuole
and lysosome,’’ as the top-ranked category with the high-
est enrichment score (P = 3.8E-27) (Fig. 5A). This category
contains 82 genes encompassing almost every aspect of
endo-lysosomal structure and function (Fig. 5B; Supple-
mental Table 1). Among these genes, the transcription
factor EB (Tfeb), a recently reported master regulator of
lysosomal biogenesis and function (Sardiello et al. 2009),
was significantly decreased in the Cdx2 mutant intestine.
Western blot analysis detected a significant reduction of
Tfeb even in E16.5 Cdx2 mutant intestine (Fig. 5C), when
initial Cdx2 deletion was evident. As Cdx2 deletion be-
came complete at E18.5 (Supplemental Fig. 1), Tfeb levels
were reduced further. These data suggest that reduced
Tfeb expression is an early event affecting the develop-
ment of Cdx2 mutant cells.

Notably, the majority of the Cdx2-dependent lyso-
somal membrane proteins and proton pumps are also
expressed in early or late endosomes. Indeed, 18.7% of the
down-regulated genes that are classified as being involved
in cellular organelle or protein transport contain major
components of the protein trafficking machinery (Fig. 5A;
Supplemental Table 2). These include key components of
apical protein transport (Rab8a, Rab11a, Kif3b, Rab17,
Rip11, Sec15A, Optn, Htt, Ehd1, etc.), and the retromer
endosomal complex (Vps26, Vps29, and Snxs), which plays
a role in apical transcytosis.

Next, we first performed Western blot analysis to
investigate to what extent the microarray findings corre-
late with protein levels. Although the transcript levels of
most lysosomal genes were decreased as described above,
protein levels of Lamp1 (lysosomal-associated membrane
protein 1) were elevated in the Cdx2 mutant intestine
(Fig. 5D; Supplemental Fig. 11). In addition, glycosylated
Lamp2 levels were increased in mutant cells (Fig. 5D),
indicating its slower rate of Golgi transit in the mutant
cells (Nabi and Dennis 1998). Furthermore, in mutant
tissues, we detected the inactive 52-kDa proenzyme form
of Cathepsin D (Ctsd), a ubiquitous lysosomal protease
that was completely activated and processed into its 34-
kDa and 14-kDa subunits in control intestines (Fig. 5D).
These data demonstrate that Cdx2 deficieny affects
lysosomal protein transport, processing, assembly, and
degradation. Since lysosomal defects—e.g., a deficiency
of lysosomal enzymes and/or altered lysosomal pH—
can result in the accumulation of undegraded proteins
and other macromolecules, the failure of lysosomal deg-
radation activity likely explains the formation of the

large vacuoles we observed in Cdx2-deficient enterocytes
(Fig. 1E).

Next, we investigated the onset of the lysosomal defect
in Cdx2 mutant mice. Immunofluoresence staining for
Lamp1 in E15.5 mutant intestine, when Cdx2 ablation
first becomes apparent, showed partially normal and
partially aggregated Lamp1 protein localization (Supple-
mental Fig. 12). A few days later, the aberrant localization
of Lamp1 became more pronounced (Fig. 5F), while ly-
sosomes in control mice were orderly situated near the

Figure 5. Cdx2 deficiency impairs endo-lysosomal maturation
and function in enterocytes. (A) Using high-stringency gene
classification, functional annotation of the expression profile of
normal and mutant E18.5 intestines reveals that the gene
category of ‘‘vacuole and lysosome’’ has the highest enrichment
score among the down-regulated genes, followed by ‘‘transport
function,’’ ‘‘microbody and peroxisome,’’ ‘‘protein trafficking,’’
and ‘‘organelle membrane.’’ The statistical significance of the
enrichment of each category is indicated as the P-value on the
side of the corresponding bar. (B) Eighty-two endo-lysosomal
genes involving various aspects of endosomal and lysosomal
biology are reduced in mutant intestines. (C) Tfeb, a transcrip-
tion factor identified by microarray analysis, is initially reduced
in the E16.5, and is decreased further in E18.5 Cdx2 mutant
intestines. (D) Western blots for lysosomal markers (Lamp1,
Lamp2, and Ctsd) using control and Cdx2 mutant intestinal
lysates. (E,F) Lamp1 staining (red) in control and Cdx2 mutant
enterocytes. (G,H) Immunofluerescent staining for the early
endosome marker EEA1 (red). (I,J) Immunofluorescent staining
for the autophagosome marker LC3 (red). Basolateral plasma
membranes were labeled with E-cadherin (green). Nuclei were
labeled by DAPI. Bars: E–J, 12 mm.
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apical plasma membrane (Fig. 5E). However, this locali-
zation defect was not specific to lysosomes, since the
cellular distribution of endosomes (Fig. 5G,H) and auto-
phagosomes (Fig. 5I,J), both organelles that communicate
with lysosomes, was perturbed as well. These data pro-
vide additional evidence for defective endo-lysosomal
trafficking and function in Cdx2-deficient enterocytes.

Inhibition of endo-lysosomal maturation perturbs
cell polarity

Next, we addressed the question whether inhibition of
endo-lysosomal maturation or function is sufficient to
alter apical–basal cell polarity. To this end, we employed
various inhibitors of endo-lysosomal function in our 3D
epithelial cyst assay. Both bafilomycin A1 (Baf.A1) (Fig.
6B), a highly specific inhibitor of the vacuolar type H+-
ATPase located at the endosomal/lysosomal membrane,
and chloroquine (CHL) (Fig. 6C), a weak base that inhibits
lysosomal hydrolases by reducing the acidification of the
endosomal/lysosomal compartments, caused severe api-
cal–basal polarity defects after a 3-d incubation. Treat-
ment of wild-type Caco-2 cells with these inhibitors
elicited a dose-dependent accumulation of Lamp1 protein
levels, suggesting a response to the blockage of lysosomal
maturation (Fig. 6H). This is consistent with the obser-
vation of increased Lamp1 and Lamp2 protein expression
in the Cdx2 mutant intestine described above (Fig. 5D). In
contrast, levels of Prkcz and Par-3 were only slightly
affected by the endo-lysosomal inhibitors (Fig. 6H), again
suggesting that the effect on the Par complex is second-
ary. Only few cysts survived after prolonged CHL treat-
ment; therefore, we employed 50 nM Baf.A1 for sub-
sequent experiments. Not surprisingly, Baf.A1 treatment
resulted in the malformation of the apical lumen in
a large majority of cysts, as indicated by Prkcz staining
(Fig. 6D,E), and in perturbation of endosome distribution,
as illustrated by the endosomal marker EEA1 (Fig. 6F,G).
Intriguingly, before the apical lumen appears in control
cysts, early endosomes are already clustered to the apical
domain where the central lumen will emerge (Fig. 6I). In
contrast, this early clustering of endosomes was impaired
in Cdx2 knockdown cysts (Fig. 6J); however, accumula-
tion of these endosomes around ectopic lumens was
found in older knockdown cysts (Fig. 6K). These data
suggest that the impaired apical–basal polarity of Cdx2-
deficient cells is attributable to defective endo-lysosomal
function; however, they cannot differentiate apical trans-
port from lysosomal functions due to the nonspecificity
of these inhibitors.

Inhibition of apical transport partially recapitulates
Cdx2-deficient polarity defect

Having established that inhibition of endo-lysosomal
function elicits cell polarity defects resembling those
seen after Cdx2 suppression, we wanted to evaluate
which of the Cdx2 targets in the endo-lysomomal traf-
ficking system might mediate the observed cell polarity
defects. As multiple factors of the apical transport ma-
chinery were affected in the Cdx2 mutant intestine

(Supplemental Table 2), we chose to examine the effects
of suppressing two factors not directly associated with
lysosomal function: Rab11a, a recycling endosomal Rab
GTPase (Weisz and Rodriguez-Boulan 2009), and Kif3b,
a microtubule-dependent motor protein that complexes
with Rip11 and Rab11a (Schonteich et al. 2008). The tran-
scriptional levels of Rab11a and Kif3b were decreased by
2.2-fold and 1.7-fold, respectively, in the Cdx2-deficient
intestine compared with control tissue. We performed 3D
cyst formation assays using Caco-2 cells infected with
validated lentiviral shRNA particles specifically targeting
these genes (Supplemental Fig. 13). As depicted by Prkcz
staining, 65% of the Rab11a knockdown cysts (Fig. 7A,E)

Figure 6. Blockage of endo-lysosomal maturation perturbs
apical–basal cell polarity. (A–C) Caco-2 3D cyst formation
assays were performed with 3-d incubation with normal growth
medium (control), or medium containing 50 nM Baf.A1 or 25 mM
CHL. F-actin and E-cadherin were stained in red and green,
respectively. (D,E) Control and Baf.A1-treated cysts were stained
for Prkcz (red) and E-cadherin (green). (F,G) Control and Baf.A1-
treated cysts were stained for EEA1 (red) and E-cadherin (green).
(H) Western blots for Lamp1, Prkcz, and Par3 using lysates from
Caco-2 cells treated with inhibitors overnight at indicated con-
centrations. Leupeptin serves as a nonspecific protease inhibitor.
b-Actin serves as a loading control. (I,J) Early cysts from control
and CDX2 knockdown cells were stained for EEA1 (red) and
E-cadherin (green). Note that control endosomes are clustered
apically into the center where the prospective lumen will emerge.
(K) Three-day-old CDX2 knockdown cysts were stained with
EEA1 (red) and E-cadherin (green). Note that the knockdown cells
are able to accumulate endosomes around several ectopic lumens
(asterisks). Bars: A–G,K, 20 mm; I,J, 9 mm.
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and 89% of the Kif3b knockdown cysts (Fig. 7B,E) demon-
strated multiple small lumens, resembling the phenotype
resulting from Cdx2 suppression (Fig. 7E). However,
suppression of Rab27a, a Rab GTPase involved in exo-
cytosis of lysosome-related organelles and secretory gran-
ules (Izumi 2007), had little effect on lumen formation in
the cyst assay (Fig. 7C). Taken together, these data sug-
gest that the role of Cdx2 in apical protein transport is
mediated, at least in part, through its targets in endo-
lysosomal maturation and function.

Discussion

Cdx2 and endo-lysosomal function

Abnormal endosomal/lysosomal trafficking and unusual
ultrastructural endo-lysosomal features have been reported
in both mouse (Sato et al. 2007) and human microvillus
inclusion diseases (Morroni et al. 2006). The transcrip-
tional control of various components of the intestinal
lysosomal and ubiquitin-dependent degradative path-
ways have been only partially explored in several in vitro
culture models (Zhang et al. 1995). Lysosomal delivery
of the brush border hydrolases sucrase–isomaltase and
dipeptidylpeptidase IV has been described in cultured

intestinal epithelial cells (Matter et al. 1990). Agents that
block the transport of brush border enzymes trap them in
Lamp1-positive lysosomal bodies (Baricault et al. 1993).
Interestingly, a recent study established that lysosomal
genes always exhibit a coordinated transcriptional behav-
ior and are regulated by the transcription factor Tfeb
(Sardiello et al. 2009), a gene that was deactivated in the
Cdx2 mutant intestine. These results are consistent with
our finding of comprehensive down-regulation of endo-
lysosomal gene expression in Cdx2 mutant intestines.

Recent studies suggested that newly synthesized apical
polypeptides, such as sucrose–isomaltase and lactase–
phlorizin hydrolase, sequentially traverse through Rab4-,
Rab8-, and Rab11-positive endosomes to the apical surface
in polarized Madin-Darby canine kidney cells (Cramm-
Behrens et al. 2008). The expression of a number of api-
cal transport components—including Rab8a, Rab11a, and
Kif3b—is reduced in Cdx2-deficient intestines. Suppres-
sion of either RAB11A or KIF3B in epithelial cysts par-
tially reproduced the defects of Cdx2 knockdown cysts,
suggesting that these proteins are responsible, at least in
part, for the trafficking defect in Cdx-2-deficient epithe-
lial cells. Although the expression of individual Cdx2
targets is not reduced to zero in the Cdx2-deficient in-
testine, we propose that a comprehensive reduction of
multiple components of this network impairs its func-
tion. In support of this notion, patients with microvillus
inclusion disease caused by a RAB8A mutation exhibited
only partial reduction in RAB8A protein levels (Sato et al.
2007). Our study provides in vivo evidence of transcrip-
tional regulation of key apical transport components by
Cdx2 during enterocyte development.

Although our in vitro Caco-2 cyst experiments suggest
that apical transport, not lysosomal, deficiency is the
primary cause of defective lumen formation and apical–
basal polarization, abnormal post-translational process-
ing of several lysosomal proteins was evident in Cdx2
mutant intestines, and was likely secondary to organelle
failure. Remarkably, 41 genes encoding lysosomal en-
zymes were significantly affected at the transcriptional
level, providing a molecular explanation for the defective
lysosomal degradation machinery, as well as the appear-
ance of unusual inclusion vacuoles in Cdx2-deficient
enterocytes. This inefficient degradation of cellular ma-
terials thus explains the increase in protein levels of a
number of membrane proteins in Cdx2 mutant cells.

Cdx2, cell polarity, and microvillus morphogenesis

Cell polarity and microvillus morphogenesis in enter-
ocytes are two closely related morphological events, both
requiring correct apical–basolateral protein sorting and
vesicle trafficking. However, establishment of apical
basolateral polarity in the intestinal epithelium seems
to be a prerequisite step for the elaboration of the apical
microvillus brush border. Rab8a-deficient intestinal cells
fail to deliver essential proteins to the apical membrane
domain, causing microvillus inclusion in mutant entero-
cytes (Sato et al. 2007). In contrast, cell polarity is
maintained in the intestinal epithelia of Myo1a (Tyska

Figure 7. Suppression of apical transport proteins recapitulates
CDX2 knockdown polarity defects. (A–D) Caco-2 cysts derived
from RAB11A, KIF3B, and RAB27A knockdown cells, as well as
control cells infected with nontargeting shRNA viral particles,
were stained for PRKCZ (red) and E-cadherin (green). Bar, 20 mm.
(E) Percentage of cysts with single central lumen, no lumen, or
multiple lumens were quantified. Data represent multiple in-
dependent experiments.
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et al. 2005) or Ezrin (Saotome et al. 2004) knockout mice,
which show limited defects at the level of microvilli or
the terminal web. Both Rab8a and Myo1a expression
is reduced in the Cdx2-deficient intestine at both the
mRNA and protein levels, and Cdx2-deficient enter-
ocytes share a number of features with these previously
established models. For instance, apical peptidases and
transporters are abnormally trapped in multiple enlarged
lysosomes in the small intestine of Rab8-deficient mice,
resulting in defective localization and degradation of
these proteins (Sato et al. 2007). In Cdx2-deficient enter-
ocytes, we found spreading of Prkcz expression into
nonapical plasma membrane domains. The shortening
of microvilli is also a common phenotype between Rab8a
and Cdx2 mutant enterocytes. These in vivo data further
supported the idea that Cdx2 is upstream of the apical
transport machinery that encompasses Rab8a.

Interestingly, some of the ultrastructural features, in-
cluding the abnormal microvillus brush border organiza-
tion, in Cdx2-deficient enterocytes are very similar to
those observed in Myo1a mutant enterocytes (Tyska et al.
2005). However, instead of finding loss of multiple cyto-
skeletal and membrane components from the brush bor-
der, as demonstrated by Myo1a mutant enterocytes (Tyska
et al. 2005), the expression of the majority of brush bor-
der components—including the core actin cytoskeletal,
terminal web, actin-bundling, and actin–plasma-bridging
components—was maintained in Cdx2-deficient enter-
ocytes. Thus, the remaining Myo1a in Cdx2-deficient
enterocytes is sufficient for partial maintenance of mi-
crovillar structures.

Although the number of microvillar actin filaments
appears not to be reduced in Cdx2-deficent enterocytes,
as indicated by F-actin levels, their bundling and attach-
ment to the apical terminal web are clearly affected. Ezrin
is a linker protein connecting actin cytoskeleton and
membrane protein, and plays a critical role in organizing
the terminal web region (Saotome et al. 2004). We spec-
ulate that the loss of a putative smaller form of Ezrin may
partially contribute to the affected actin organization
at this region, an issue that warrants future functional
studies.

Cdx2 and the Par polarity complex

Using mouse intestinal epithelia and human colonic
epithelial Caco-2 cells, we performed a systemic analysis
to explore the mechanistic connection between Cdx2 and
the key apical polarity complex Par3–Par6–aPKC–Cdc42.
In both models, Cdx2 does not contribute directly to the
transcriptional activation of these component proteins.
Due to the apparent alteration of Prkcz localization in
Cdx2-deficient cells, we propose that the modestly re-
duced Prkcz kinase activity is the result of its changed
subcellular localization. One interesting observation in
CDX2 knockdown Caco-2 cells is the localization of
PRKCZ to multiple small lumens that are formed ectop-
ically between cells. CDX2-deficient cells are still able to
accumulate actin filaments, as well as early endosomes,
to these mispositioned membrane domains, suggesting

an attempt to elaborate a lumen. We propose that the
effect of CDX2 defiency on the PAR complex is an indi-
rect consequence of defective endo-lysosomal trafficking
and/or function, and that, despite its abnormal localiza-
tion, the Par polarity machinery maintains part of its
activity to promote multiple ectopic lumen formation in
CDX2-deficient cells. In summary, we established CDX2
as an essential upstream genetic regulator that controls
endosomal transport and lysosomal maturation to facil-
itate apical–basal polarity formation and microvillus
morphogenesis in intestinal enterocytes.

Materials and methods

Mice

The Cdx2loxP mice and VillinCre mice have been described
previously (Madison et al. 2002; Gao et al. 2009). Control and
mutant embryos used for experiments were derived from
plug matings between Cdx2loxP/+ VillinCre+ male mice and
Cdx2loxP/loxP female mice.

Antibodies and inhibitors

Antibodies used for immunohistochemistry and Western blots
include Cdx2 (Biogenex), Prkci (BD Transduction Laboratories),
Par-3 (07-330, Millipore; 36-2301, Invitrogen), Prkcz (C-20, Santa
Cruz Biotechnology), ZO-1 (Invitrogen), Laminin (abcam),
Mark2 (Cell Signaling), Cdc42 (Cell Signaling), Par6A (G-9, Santa
Cruz Biotechnology), Par6B (M-64, Santa Cruz Biotechnology),
Lkb1 (Abcam), E-cadherin and Ctnnb1 (BD Transduction Labo-
ratories), Tubulin (Sigma), Myo5b (Abcam), Myo1a (C-12, Santa
Cruz Biotechnology), Myo1e (N-13, Santa Cruz Biotechnology),
Myo6 (H-215, Santa Cruz Biotechnology), CaM (FL-149, Santa
Cruz Biotechnology), Plastin (H-300, Santa Cruz Biotechnology),
Spectrin (C-11, Santa Cruz Biotechnology), Ezrin (Cell Signaling),
Rab8A (N-20, Santa Cruz Biotechnology), Rab27a (17817-1-AP,
Proteintech Group), Rab11a (R0009, US Biological), EEA1
(Abcam), Lamp1 (Abcam, and 1D4B, Developmental Studies
Hybridoma Bank), Lamp2 (Abcam), LC3A/B (Abcam), Catalase
(Abcam), Cathepsin D (Abcam), Na+/K+-ATPase (a5, Develop-
mental Studies Hybridoma Bank, The University of Iowa), and
b-actin (Cell Signaling). For F-actin staining, fluorescent phallo-
toxins (Invitrogen) were used at a dilution of 1:40. Baf.A1, CHL,
and leupeptin were purchased from Sigma.

Caco-2 cells and 3D cyst formation

Caco-2 cells were grown in American Type Culture Collection-
formulated Eagle’s minimum essential medium containing 20%
fetal bovine serum at 37°C in 5% CO2. To form cysts, 1 3 104

cells in 1 mL of medium with 2% Matrigel (BD Transduction
Laboratories) were plated in each well of the four-well chamber
slides precoated with 150-mL Matrigel. Medium was changed
every 2 d for cysts to develop in periods of 1–9 d. To quantify
lumen formation, cysts with a single central lumen were counted
manually using an inverted microscope. More than 100 cysts
from either control or knockdown cells were examined.

Lentiviral shRNA-mediated CDX2 knockdown

Caco-2 cells at 50% confluency in 10-cm dish were transduced
by MISSION Lentiviral Transduction Particles against human
CDX2 (Sigma, clone ID: TRCN0000013687), RAB27A (clone ID:
TRCN000005296), RAB11A (Clone ID: TRCN0000073022),
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KIF3B (clone ID: TRCN0000116457) or Non-Target ShRNA
Control Transduction Particles (Sigma, SHC002V), at 1–5 mul-
tiplicity of infection with 8 mg/mL Polybrene. After overnight
transduction, viral particle-containing medium was replaced
with fresh medium. Selection medium with 10 mg/mL puromy-
cin was used in subsequent culture and experiments. Efficient
CDX2 knockdown was confirmed by Western blot in cells
within three passages. Only early-passage cells were used for
cyst formation experiments.

Confocoal immunofluorescence

The confocoal immunofluorescent procedure for mouse tissue
sections has been described in detail previously (Gao et al. 2009).
Fluorescent staining for 3D Caco-2 cysts was performed as
described previously for MCF-10A cells (Debnath et al. 2003).
Movies were produced from Z-stack images using the Zeiss LSM
Image Browser (version 4.0.0.241).

EM analysis

Samples for SEM were fixed in 2.5% glutaraldehyde and 2.0%
paraformaldehyde in 0.1 M cacodylate buffer, (pH 7.4) overnight
at 4°C. After several buffer washes, the samples were post-fixed
in 2.0% osmium tetroxide for 1 h, washed again in buffer, and
dehydrated in a graded ethanol series. Samples were treated with
several changes of hexamethyldisilazane (HMDS) and then
allowed to air dry prior to mounting and sputter-coating with
gold. SEM examinations were made, and images were taken in
a Philips XL20 SEM. TEM has been described in detail previously
(Gao et al. 2009).

Western blot analysis

Fresh tissue lysates from total small intestines or separated
epithelia were prepared in lysis buffer containing 50 mM Tris
(pH 7.5), 150 mM NaCl, 10 mM EDTA, 0.02% NaN3, 50 mM
NaF, 1 mM Na3VO4, 1% NP40, 1 mM PMSF, and protease inhib-
itors (Sigma), from E18.5 mouse intestines. Fifteen micrograms
of total lysates was heated for 10 min at 70°C in 43 LDS buffer
(Invitrogen) and loaded on 4%–12% SDS-PAGE (Invitrogen).
Proteins were transferred to PVDF membranes (Invitrogen) and
were detected by antibodies. The procedure of intestinal epithe-
lial separation has been described (Madison et al. 2009).

CDC42 activation assay

Embryonic intestinal tissues or Caco2 cells were quickly and
thoroughly sonicated on ice. Seven-hundred microliters of tissue
or cell lysates containing 1 mg of total protein was mixed with
20 mg of GST-Pak1-PBD (Thermo Scientific) and 50 mL of glu-
tathione resin. The reaction mixtures were rotated for 1 h at 4°C.
The resins were washed three times with lysis/binding/wash
buffer (25mM Tris-HCl at pH 7.5, 150 mM NaCl, 5 mM MgCl2,
1% NP-40, and 5% glycerol), heated in 20 mL of 43 LDS
(Invitrogen) for 10 min at 70°C, and subjected to Western blot
analysis using rabbit anti-CDC42 antibody (Cell Signaling).

In vitro protein kinase C assay

Caco-2 cells were rapidly sonicated in 1 mL of lysis buffer,
50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 2 mM PMSF, 0.5%
Triton X-100, and 5 mM EDTA, plus protease inhibitor and
phosphatase inhibitor (Sigma). One milligram of lysates was
incubated with 10 mg of anti-Prkcz antibody (C-20, Santa Cruz
Biotechnology) overnight at 4°C with rotation. Immunoprecip-

itates were collected by 30 mL of protein G Sepharose beads after
1 h of incubation. Beads were washed once in lysis buffer, three
times in lysis buffer without EDTA, and once in kinase buffer
(20 mM Tris-HCl at pH 7.4, 50 mM NaCl, 1 mM PMSF, plus
protease inhibitor, phosphatase inhibitor). For kinase assay,
beads were resuspended in 25 mL of kinase buffer plus 5 mg of
phosphatidylserine (Sigma), 2 mg of myelin basic protein (Sigma),
and 10 mCi of [g-32P] ATP (EHRS, University of Pennsylvania).
For positive control, 0–1 mg of purified GST-Pkczt fusion pro-
teins (#7608, Cell Signaling) was directly resuspended in a 30-mL
total kinase reaction mixture. Kinase reactions were performed
for 10 min at 37°C, and were stopped by adding 10 mL of
43 LDS. Samples were denatured at 70°C, and separated by
SDS-PAGE. Proteins were transferred to PVDF membrane for
autoradiograph.

Microarray analysis

One-centimeter small intestinal tissues of matched positions
were dissected out from four pairs of E18.5 mutant and control
embryos. Two-hundred-fifty nanograms of total RNA was am-
plified and labeled with Cy3 using the Low Linear Amplification
Kit (Agilent Technologies). The details of microarray hybridiza-
tion and data analysis have been described previously (Gao et al.
2009). Microarray data have been deposited into ArrayExpress
under accession number E-MTAB-218.

Gene functional annotation

Gene functional classification was performed on differentially
expressed genes with fold change >1.5-fold and false discovery
rate <10% between control and Cdx2-deficient small intestines.
The Refseq_mRNA IDs of these genes were used for analysis by
DAVID Bioinformatics Resources, NIH (Dennis et al. 2003). The
classification stringency was set as ‘‘high’’ in all the analysis.

Morphometric and densitomitry quantifications

All quantifications of images and Western results were per-
formed using Image J (version 1.38, NIH). Student t-test was
used for the statistical analysis. Standard error of the mean was
used for error bars in all the bar graphs.
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