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The homeodomain transcription factor Pdx1 is essential for pancreas formation and functions in pancreatic
islets cells to regulate genes involved in maintenance of glucose homeostasis. In order to investigate a role
for Pdx1 in intestinal cells, we analyzed the functions and networks associated with genes differentially
expressed by Pdx1 overexpression in human Caco-2 cells. In agreement with previous results for intestine
isolated from mice with Pdx1 inactivation, functional analysis of genes differentially expressed with Pdx1
overexpression revealed functions significantly associated with nutrient metabolism. Similarly, network
analysis examining the interactions among the differentially expressed genes revealed gene networks
involved in lipid metabolism. Consistent with defects in maternal nutrient metabolism, mouse pups born
to dams with intestine-specific Pdx1 inactivation are underweight and fail to thrive in the neonatal period
compared to pups born to control dams. We conclude that Pdx1 mediates lipid metabolism gene networks
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in intestinal cells and that maternal expression is essential for perinatal growth in mice.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The homeodomain-containing transcription factor Pdx1 is
essential for pancreas formation during embryogenesis and subse-
quent maintenance of islet function for normal glucose homeosta-
sis. Pdx1 regulates expression of genes in the pancreas necessary
for maintaining pancreatic identity and function including insulin,
glucose transporter 2, glucokinase, islet amyloid polypeptide and
somatostatin [1-8]. Mutations in the human Pdx1 gene are linked
to maturity-onset diabetes of the young, type 4 (MODY4) and type
2 diabetes mellitus [9-12]. With respect to nutritional and hor-
monal regulation controlling pancreatic Pdx1 expression, glucose,
GLP-1, insulin, T3, HB-EGF, and TNF-a all positively regulate the
Pdx1 gene promoter in pancreatic B- cells [13]. The role of Pdx1 ex-
pressed in the intestine, however, is not well defined.Pdx1 is ex-
pressed in the anterior duodenal region of the small intestine
and decreases in expression distally [14]. Mice homozygous for a
Pdx1 null mutation (Pdx1~/~) fail to form a pancreas and die in
the neonatal period within a week of birth [15,16]. Therefore, in or-
der to investigate roles for Pdx1 expressed in the intestine, mice
with Pdx1 inactivation restricted to the intestinal epithelium
(Pdx1°X/flox-v/iiCre) have been generated [17]. Pdx17°/°%:VilCre mice
survive through adulthood and have pancreata and small intes-
tines with gross morphologies that are indistinguishable from
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those of controls. Expression profiling identified genes differen-
tially expressed in duodenal segments isolated from mature
Pdx1"¥fo%-y/ilCre and control mice [18]. Pathway analysis of the dif-
ferentially expressed genes revealed functions that are signifi-
cantly associated with metabolism of nutrients such as lipids,
carbohydrates, amino acids, vitamins and minerals. In addition,
network analysis examining the interactions among the differen-
tially expressed genes revealed gene networks involved in metab-
olism of lipids and minerals [18].

In order to identify additional novel Pdx1-regulated genes, hu-
man intestinal epithelial Caco-2 cells have been engineered to over-
express Pdx1 and gene expression profiles relative to control cells
were assessed [19]. Fatty acid binding protein 1, liver, FABP1, a gene
with known intestinal cell expression, was identified as a candidate
Pdx1 target through such analysis. In the present study, we sought
to analyze the functions and networks associated with genes differ-
entially expressed by Pdx1 overexpression in human intestinal
Caco-2 cells. Upon identifying associations between Pdx1 overex-
pression and gene networks associated with nutrient and lipid
metabolism, we proceeded to investigate the role of intestinal
Pdx1 expression in supporting maternal-fetal nutrition in mice.

2. Materials and methods
2.1. Animals

Mice with intestinal epithelium-specific Pdx1 inactivation
(Pdx1o¥flox-vjilCre) were generated by intercross mating between
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VilCre and Pdx1°*/'°* mouse strains as previously described [17]. To
investigate the extent of defects in nutrient metabolism in mothers
with Pdx1 inactivation, a Pdx1"*%°*:ilCre virgin female was mated
with a Pdx1°¥/fox-vjilCre stud male. A littermate control Pdx1/7¥/1°x
virgin female was mated with the same Pdx1¥/°%:ViiCre stud in
the same cage. Identical normal diet feed was accessible to all
mice. The protocol for animal use was reviewed and approved by
the Stanford University Institutional Animal Care and Use Commit-
tee (IACUC).

2.2. Functional analysis of genes differentially expressed in Caco-2 cells
with Pdx1 overexpression

Microarray data, previously generated for human intestinal epi-
thelial Caco-2 cells stably transfected with a vector driving mouse
Pdx1 cDNA expression or with empty vector alone [19], was
analyzed with the web-based software and database, Ingenuity
Pathways Analysis (IPA version 8.8, Ingenuity Systems, www.inge-
nuity.com). Specifically, functions and interactions of genes exhib-
iting significant differential expression >4-fold were analyzed.

IPA Functional analysis was performed to find significant asso-
ciations of the differentially expressed genes to molecular and cel-
lular functions. Under the primary categories, subcategories were
classified, consisting of specific, basic level functions populated
with a group of genes or chemicals, based on the findings stored
in the Ingenuity Knowledge Base. Statistically significant, non-ran-
dom associations of the differentially expressed genes with the
specific functions and subcategories were indicated by a p value
less than 0.05 following right-tailed Fisher’'s exact test.

2.3. Network analysis of differentially expressed genes

IPA Network analysis was performed to examine and visualize
interactions among genes exhibiting significant changes in expres-
sion with Pdx1 overexpression in Caco-2 cells by generating statis-
tically significant, non random networks. The differentially
expressed genes served as “seeds” and connected to other genes
or chemicals in the Ingenuity Knowledge Base via direct or indirect
interactions. Networks were limited to 35 genes or chemicals to
maximize specificity of the connections. Network analysis comple-
ments functional analysis, because functional analysis considers
the differentially expressed genes alone. The statistical signifi-
cance, or scores, of generated networks were calculated with
right-tailed Fisher’s Exact Test. The higher the score, the lower
the probability of finding the observed number of differentially ex-
pressed genes in a given network by random chance.

3. Results

3.1. Pdx1 overexpression differentially regulates genes with functions
associated with nutrient metabolism

In order to identify functions for genes differentially expressed
in intestinal cells with Pdx1 overexpression, microarray data was
analyzed for human intestinal epithelial Caco-2 cells engineered
to overexpress Pdx1 relative to control cells. The microarray data
was previously generated from experiments using RNA isolated
from Caco-2 cells stably transfected with a Pdx1 cDNA expression
or with empty vector alone at 9 days post confluency [19].

Microarray data was analyzed by a computer software, Ingenu-
ity Pathway Analysis (IPA), for significant association (p < 0.05)
with biological functions represented by the genes differentially
expressed >4-fold by Pdx1 overexpression in post-confluent Caco-
2 cells. The association was examined by analysis for molecular
and cellular functional annotations (Table 1). In post-confluent

Table 1
Pdx1 over expression in Caco-2 cells alters expression of genes with functions
significantly associated with metabolism of nutrients and drugs (p < 0.05).

Category P value

1.30E-04 to 1.31E-02
3.98E-04 to 1.10E-02
1.59E-03 to 5.22E-03
1.90E-03 to 6.65E-03
6.65E-03 to 6.65E-03
1.90E-03 to 1.28E-02

Lipid metabolism

Carbohydrate metabolism
Metabolism nucleic acid
Metabolism drug metabolism
Vitamin and mineral metabolism
Amino acid metabolism

Caco-2 cells, metabolism of drugs and nutrients such as lipids, car-
bohydrates, amino acids, nucleic acids, vitamins and minerals was
likely affected by Pdx1 overexpression (Table 1).

The findings are in agreement with the previous gene profiling
study using mice with intestinal epithelium-specific Pdx1 inactiva-
tion, showing that functions of the genes differentially expressed in
mature duodenum are also significantly associated with nutrient
and drug metabolism [18]. In post-confluent Caco-2 cells over-
expressing Pdx1, products of the differentially expressed genes in-
volved in lipid metabolism include biosynthetic enzymes,
transport proteins, kinases, ligand-dependent nuclear receptors
and cytokines (Table 2).

3.2. Network analysis of differentially expressed genes indicates that
Pdx1 overexpression may impact lipid metabolism

To complement the functional analysis described above, net-
works were generated to analyze the relational interactions among
differentially expressed genes. Gene networks visualize the rela-
tionships among genes differentially expressed >4-fold in response
to Pdx1 overexpression in post-confluent Caco-2 cells. The relation-
ships examined include direct and indirect interactions between
the genes of interest. Direct interactions refer to physical binding
relationships such as protein-DNA binding, while examples for
indirect interactions include activation, transcription, phosphory-
lation, or localization. The differentially expressed genes were used
as “seeds” and connected as many of them into a network. Other
molecules (genes or chemicals) in the Ingenuity Knowledge Base
were also included to connect multiple smaller gene networks into
a larger network, thus providing insights into possible functional
roles for Pdx1 in the intestinal cell culture.

The representative network shown in Fig. 1 has a high signifi-
cance score of 30 and contains a high number (16) of genes differ-
entially expressed >4-fold in response to Pdx1 overexpression in
post-confluent Caco-2 cells. The score of 30 indicates that the
chance is 1 in 103 to form a network of 35 molecules by randomly
selecting from the Ingenuity database and including at least 16 dif-
ferentially expressed genes by Pdx1 overexpression. Network anal-
ysis examining the interactions among the differentially expressed
genes revealed genes involved in lipid metabolism, including acyl-
CoA synthetase long-chain family member 1 (ACSL1), fatty acid
binding protein 1, liver (FABP1) and UDP glucuronosyltransferase
2 family, polypeptide B15 (UGT2B15). This network suggests a
functional role of Pdx1 in modulating lipid metabolism.

3.3. Offspring of Pdx1°X/f°X-ViilCre dam were underweight and failed to
thrive postnatally

To investigate the extent of defects in nutrient metabolism in
mice with Pdx1 inactivation, a Pdx 1% VilCre virgin female was
mated with a Pdx1"¥*:vilCre stud male, along with a littermate
control Pdx1%M°* yirgin female. Identical normal diet feed was
accessible to all mice. The weight and condition of the offspring
from both dams were tracked upon birth through weaning and
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Table 2

Genes with functions in lipid metabolism increased or decreased in expression >4-fold by Pdx1 overexpression in Caco-2 cells (p < 0.05).
Genes with functions in lipid metabolism Gene symbol Fold change
Acyl-CoA synthetase long-chain family member 1 ACSL1 4.04
Angiotensinogen (serpin peptidase inhibitor, clade A, member 8) AGT —6.24
Apolipoprotein M APOM —4.32
Cytochrome P450, family 27, subfamily A, polypeptide 1 CYP27A1 -4.95
Estrogen receptor 1 ESR1 —4.18
Fatty acid binding protein 1, liver FABP1 —4.07
Fibronectin 1 FN1 11.17
Kininogen 1 KNGT1 (includes EG:3827) —14.58
Mitogen-activated protein kinase 8 MAPK8 —5.62
Sema domain, immunoglobulin domain (Ig), short basic domain, secreted, (semaphorin) 3A SEMA3A 4.20
Tumor necrosis factor (ligand) superfamily, member 10 TNFSF10 -5.17
UDP glucuronosyltransferase 2 family, polypeptide B4 UGT2B4 -10.54
UDP glucuronosyltransferase 2 family, polypeptide B7 UGT2B7 -7.69
UDP glucuronosyltransferase 2 family, polypeptide B15 UGT2B15 -11.06
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Fig. 1. Network analysis suggesting a role for Pdx1 in modulating lipid metabolism in Caco-2 cells. Genes significantly upregulated in expression by >4-fold are in red and
genes significantly downregulated are in green. This network scored high statistical significance with right-tailed Fisher’s Exact Test and contained a high fraction of
differentially expressed genes. Genes or chemicals in white were not included in the 129 genes with >4-fold changes in expression [19] or on the microarray chips screened.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

compared (Fig. 2). The offspring from both dams were born on the
same day and the size of the litters was similar (seven pups to
Pdx1/"¥f1o%.yjilCre dam and 10 to the littermate control dam). How-
ever, the size of the litter to Pdx1"°¥°%:VilCre dam continued to de-
crease; with five pups remaining 3 days after birth, three pups
10 days after birth, and one surviving until weaning at 23 days that
died shortly thereafter, compared with 10 pups born to the control
dam that thrived throughout the postnatal period.

At postnatal day 3, the offspring of Pdx1*/°%:VilCre dam ap-
peared smaller in size, pale and lethargic compared to those of
the control dam (Fig. 2A). Although milk was present in the stom-
ach of pups from Pdx1"*%°*-VilCre dam, indicating that they were

fed, the average weight of the pups (1.1 g) was less than that of
control pups (1.6 g) (Fig. 2D). Weight gain was delayed at postnatal
day 10 for pups from the Pdx1°¥°%ilCre dam, with an average
weight of 3.4¢g in contrast to that of 5g for control pups
(Fig. 2D). In comparison to control pups at postnatal day 10, the
pups born to the Pdx1¥°%:VilCre dam remained smaller overall
in size, appeared pale in extremities, and lacked fur coat coverage
from the ear down (Fig. 2B). At postnatal day 23, pups were
weaned. The remaining pup from the Pdx1"¥°%VilCre dam
showed further growth retardation, weighing less than half (4 g)
of the average weight (9.2 g) of the control pups (Fig. 2D). The
appearance of the remaining pup was also consistent with growth
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Fig. 2. Maternal Pdx1 inactivation effects perinatal growth. Pups born to Pdx1°¥°X:VilCre dams are underweight (A) and fail to thrive (B and C) compared to those born to
littermate control Pdx1"/"* dams. (D). Weights of of pups born to a Pdx1"*¥°%:vilCre dam (blue line) compared to pups born to a littermate control Pdx1°/1°% dam (red line).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

retardation showing small physique, fur coat abnormality, pale
limbs, ears and tail (Fig. 2C). Pups born to the littermate control
dam had no apparent developmental abnormalities.

4. Discussion

In order to investigate a role for Pdx1 in intestinal cells, the
functions and networks associated with genes differentially ex-
pressed by Pdx1 overexpression in human intestinal Caco-2 cells
were analyzed. The functions of genes differentially expressed by
Pdx1 overexpression are significantly associated with nutrient
and lipid metabolism. Analysis of the relationships among the
genes also supports a role for Pdx1 in mediating networks associ-
ated with lipid metabolism. These findings are in agreement with
our previous gene profiling study of mice with intestinal epithe-
lium-specific Pdx1 inactivation, which showed that functions of
the genes differentially expressed in mature duodenum are also
significantly associated with nutrient and lipid metabolism [18].

Having identified associations between both Pdx1 overexpres-
sion and Pdx1 inactivation and gene networks associated with
nutrient and lipid metabolism, we investigated the role of intesti-
nal Pdx1 expression in supporting maternal-fetal nutrition in mice.

Consistent with defects in maternal nutrient metabolism, Pdx 1%/
flox-y/ilCre mice born to dams with intestine-specific Pdx1 inactiva-
tion are underweight and fail to thrive in the neonatal period com-
pared to pups born to control dams. These findings are also
consistent with our previous report demonstrating that mature
Pdx1°XfoX-vjilCre mice with intestinal epithelium-specific Pdx1
inactivation have altered metabolism for nutrients such as lipid
and iron, even when a normal diet was fed [18]. Failure to gain
weight and the growth abnormalities observed in the offspring
from Pdx1"¥M°%.VilCre dam are most likely due to malnutrition
resulting from the defects in maternal nutrient metabolism follow-
ing Pdx1 inactivation in the dam’s intestinal epithelium, regardless
of the offspring’s own genotypes, because the pups born to the lit-
termate control dam show no developmental abnormalities. We
conclude that Pdx1 mediates nutrient metabolism gene networks
in intestinal cells and that maternal expression is essential for peri-
natal growth in mice.
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