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Expression of pancreatic and duodenal homeobox1 (PDX1) protein 
in the interior and exterior regions of the intestine, revealed by 

development and analysis of Pdx1 knockout mice
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We developed pancreatic and duodenal homeobox1 (Pdx1) knockout mice to improve a compensatory
hyperinsulinemia, which was induced by hyperplasia in the β cells or Langerhans' islands, as the diabetic
model mice. For targeting of Pdx1 gene by homologous recombination, ES cells derived from a 129+Ter/
SvJcl×C57BL/6JJcl hybrid mouse were electroporated and subjected to positive-negative selection with
hygromycin B and ganciclovir. As these results, one of the three chimeric mice succeeded to produce the
next or F1 generation. Then, the mouse fetuses were extracted from the mother's uterus and analyzed
immunohistologically for the existence of a pancreas. The fetuses were analyzed at embryonic day 14.5
(E14.5) because Pdx1 knockout could not alive after birth in this study. Immunohistochemical staining
revealed that 10 fetuses out of 26 did not have any PDX1 positive primordium of the pancreas and that
the PDX1 expresses in both the interior and exterior regions of intestine. In particular, one the exterior of
the intestine PDX1 was expressed in glands that would be expected to form the pancreas. The result of
PCR genotyping with extracted DNA from the paraffin sections showed existence of 10 Pdx1-knockout
mice and corresponded to results of immunostaining. Thus, we succeeded to establish a Pdx1-knockout
(Pdx1−/−) mice.
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The Xenopus homeobox gene XlHbox8 plays an

important role in regionalization of the posterior foregut,

specifically in pancreatic and duodenal development [1].

Mammalian homologs of XlHbox8 were cloned as

putative regulators of insulin and somatostatin gene

transcription. In mouse, the protein product was called

insulin promoter factor-1 (IPF-1) [2], and in rat,

somatostatin transcription factor-1 (STF-1) [3] or islet

duodenum homeobox gene-1 (IDX-1) [4]. The gene has

since been renamed “Pdx1” by the International Committee

on Standardized Genetic Nomenclature for mice. PDX1

expression is maintained in the duodenal epithelium

[4,5] and in the insulin-secreting islet β-cells, where it

transactivates the insulin gene [2,6]. The key characteristic

of type 2 diabetes in the Japanese and Asians generally

is insufficient insulin secretion from β-cells. We previously

established insulin receptor substrate-2 (Irs2) knockout

mice with a C57BL/6JJcl genetic background with

hyperinsulinemia [7,8,9] similar to the report by

Terauchi et al. [10]. However, the type 2 diabetes

indicated by these Irs2 knockout mice was different

from that of human, especially Japanese [11], because

the atrophy of the Langearhans’ islands and β-cells was

not induced by insulin-oversecretions in mice [9,12]. On

the other hands, the expression of Pdx1 gene in

heterozygous Pdx1 gene knockout (Pdx1+/−) mice was
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reduced to 68% compared with wild type (Pdx1+/+) mice

[13]. Therefore, we expect that Irs2-knockout mice with

introduction of the heterozygous Pdx1 gene mutant

allele could suppress the hyperplasia of β-cells or

Langerhans’ islands, similar to type 2 diabetes in the

Japanese and Asians. Some research institutes have

developed Pdx1-knockout mice [14,15], but use of these

mice is restricted and several unnecessary genes are also

introduced into these mice in addition to Pdx1 gene.

Therefore, the authors developed Pdx1−/− mice at the

CIEA.

Mouse Pdx1 genomic clones were isolated from

C57BL/6JJcl strain mouse genomic clone library. Gene

targeting constructs were produced in the pSINTK

vector (accession No. AB242435), which contains the

SV40 promoter-hygromycin-SV40 poly(A) tail and

HSV promoter-thymidine kinase (Figure 1A). For

targeting of Pdx1 gene by homologous recombination,

5×106 ES cells derived from a 129+Ter/SvJcl×C57BL/

6JJcl hybrid mouse were electroporated with 15 µg of

linearized targeting construct in 100-µL solution V

(Nucleofector Kit, Lonza, Japan) with one pulse of 800

V/3 µF with an Amaxa Nucleofector I (Lonza Japan,

Tokyo, Japan Co. Ltd.). ES cells were then subjected to

positive-negative selection with 100 µg/mL hygromycin

B (Wako Pure Chemical Industries, Ltd., Osaka, Japan)

and 2 µM ganciclovir (Mitsubishi Tanabe Pharma

Corporation, Osaka, Japan). After 7-10 days, 216 clones

were isolated and screened for the presence of the

targeted allele.

Genomic DNA was extracted from doubly resistant

ES cell clones using phenol and chloroform. As a first

screening, the presence of the targeted allele was analyzed

by PCR using oligonucleotide primers (5'-CCAGCCA

GGCTACAAAATTA-3' and GTATACCTCTAGAATAA

GCTT-3') under PCR conditions of 35 cycles consisting

of 94oC for 30 s, 54oC for 30 s, and 72oC for 40 s in a

reaction mixture containing Taq polymerase (Takara Bio

Inc. Shiga, Japan). As a secondary screening, correct

homologous recombination was confirmed by Southern

blotting using a 5' external probe and a hygromycin inner

probe (Figure 1A). Chromosome banding of the targeted

ES cell clones were investigated according to the protocol

of Sugawara et al. (2006) [16]. Chromosome number

was counted in 50 cells for each ES clone. ES cell

clones, which have 40 chromosomes in over 70% of the

cells, were established as normal ES cell clone. C57BL/

6JJcl blastocysts that were injected into ES cells were

transferred into pseudo-pregnant ICR females. Male

chimeras were bred with IQI females (CLEA Japan, Inc.,

Tokyo, Japan) and agouti offspring (F1) were genotyped

by PCR. Pdx1+/− offspring were intercrossed to produce

Pdx1−/− mice. This study was performed with the animal

experiment guideline defined by the Animal Committee

of the Central Institute for Experimental Animals. E14.5

embryos were removed and fixed in 10% buffered formalin

and embedded in paraffin wax. Paraffin sections (3-

4 µm) were treated with 0.03% H
2
O

2 
in methanol to

block endogenous peroxidase activity. The sections were

incubated at 4oC overnight with goat-anti-mouse PDX-1/

IPF1 (1:100; Cat. No. AF2517, R&D systems Inc.,

Minneapolis, MN, USA) and incubated for 60 min with

simple stain mouse MAX-PO(G) (Cat. No. 414351,

Nichirei Bioscience Inc., Tokyo, Japan, diluted twofold).

3.3'-Diamino benzidine (DAB) was used as the chromogen.

All slides were counterstained with hematoxylin. Genomic

DNAs were extracted from paraffin wax sections (10 µm)

of murine fetuses using TaKaRa DEXPAT (Code No.

9091, Takara Bio Inc., Shiga, Japan).

The 216 ES cells were cultured for genetic analysis

and subjected to primary screening with PCR. Results

indicated that 17 ES cells were positive for homologous

recombination. These 17 ES cells were analyzed using

Southern blot analysis. The results indicated a band of

7,604 bp in size for numbers. 1, 9, 53 and 87 with probe

1 (Figure 1B). The results revealed a similar band for

numbers 1, 9, 53, and 87 with probe 2 (Figure 1C), but

the band for No. 87 was larger than 7,604 bp. The reason

for the difference in the size of the band could not be

determined, so No. 87 was excluded from the cells used

to generate animals. ES cells numbers 1, 9, and 53 were

considered to be homologous recombinants.

ES cells numbers 1, 9, and 53 were confirmed to be

homologous recombinants based on Southern blot

analysis. The number of chromosomes was determined

in 50 cells from each of these original ES cells. Results

indicated that 90% of the No. 1 cells had the normal

number of chromosomes, 82% of the No. 9 cells had that

number, and 86% of the No. 53 cells had that number

(Figure 1D). The passing criterion for generating

animals at the CIEA is 80% or higher, so these ES cells

were considered to be normal and were used to generate

chimeras.

Chimeric mice were generated from ES cells numbers

1, 9, and 53 via artificial reproduction. However, pups

from No. 9 cells were cannibalized soon after fostering.
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Figure 1. Targeting of Pdx1 gene. (A) The Pdx1 gene and targeting starategy. The gray bold bars indicate the position of the probe
for genomic Southern blot analysis using ClaI- and EcoRV-digested samples (mutated allele, 7,604 bp; wild-type allele, uncut
(Probe 1) or none (Probe 2)). Genomic DNA from ES cells was digested with Cla I and Eco RV, and subjected to hybridization with
the probe-1 (B) and probe-2 (C). Lane 1: DIG size marker, lane 2: ES-No.1, lane 3: ES-No. 9, lane 4: ES-No.17, lane 5: ES-No.53,
lane 6: ES-No.59, lane 7: ES-No.87, lane 8: ES-No.88, lane 9: ES-No.2, lane 10: ES-No.4, lane 11: ES-No.159. Each number
indicates ES clone No. M: size marker. (D) Chromosome banding of ES-No. 53. (E) Chimeric mice generated from ES-No. 53. (F)
Genomic DNA from F1 mice was digested with Cla I and Eco RV, and subjected to hybridization with the probe-1. Lane 1: DIG size
marker, lane 2: female Pdx1+/+ mouse , lane 3: female Pdx1

+/
− mouse, lane 4: male Pdx1+/+ mouse, lane 5: male Pdx1

+/
− mouse. 
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Thus, rearing and generation of F1 mice were limited to

chimeric mice derived from ES cells numbers 1 and 53.

An attempt was made to obtain F1 chimeric mice derived

from No. 1 and No. 53 cells via natural mating, but only

chimeric mice derived from No. 53 cells (Figure 1E)

yielded F1 mice. F1 mice derived from No. 53 cells were

found to have a region in which homologous recombination

had occurred, according to Southern blot analysis using

probe 1. Both male and female heterozygous Pdx1-

knockout mice were found to have a band of 7,604 bp,

similar in size to that in the ES cells (Figure 1F).

Based on these results, an attempt was made to breed

male F1 mice derived from No. 53 cells and female

C57BL/6JJcl mice. An attempt was also made to generate

Pdx1−/− mice, B6-Pdx1tm1Jic/Jic homozygote (Pdx1−/−) mice.

PDX1 protein is normally detected at E13.5 [16].

Figure 2. Analysis of Pdx1 gene and PDX1 protein expression at E14.5 embryos.(A) Genotyping of E14.5 embryos by PCR. DNA
was extracted from paraffin-embedded tissues. (B-O) Immunohistochemical and HE staining of pancreatic primordium region at
E14.5 embryos. Paraffin-embedded sections of Pdx1

+/
−, Pdx1+/+, and Pdx1−/− embryos were stained with anti-PDX1. D, E and N, O

were expanded from B and L, respectively. Black bars represent 100 µm (B, C, L and M), 200 µm (D, E, N and O), and 400 µm(F,
G, H, I, J, and K).
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Additionally, Pdx1−/− mice could not alive after birth in

this study although Pdx1−/− mice generated by Offield et.

al. (1996) lived until 7days after birth [17]. So Pdx1−/−

mice were analyzed at E14.5 in this study. Out of 35

embryos analyzed by PCR, there were 10 Pdx1−/−, 16

Pdx1+/−, and 9 Pdx1+/+ embryos (Figure 2A). The expression

of PDX1 protein was detected primordium of the

pancreas in part of the foregut in 25 embryos including

Pdx1+/− and Pdx1+/+. As shown in Figure 2B, C, D, and

E, the PDX1 expressions of Pdx1+/− were shown in region

in the interior and exterior regions of the intestine. The

exterior of the intestine PDX1 (Figure 2F) showed the

structures like exocrine glands (Figure 2G). Additionally,

PDX1 expression observed in the interior region of the

intestinal was weak or absent (Figure 2H, I). The PDX1

expression region (Figure 2J) observed in Pdx1+/+

developed to pancreatic formation with the structures

like exocrine glands (Figure 2K) as compared with

Pdx1+/−. In contrast, expression of PDX1 was not observed

in the Pdx1−/− embryos (Figure 2L, M, N, O).

In the present study, we successfully developed Pdx1−/−

mouse. Consistent with previous reports [14,15,18], the

phenotype of Pdx1−/− embryos was deficit of a pancreas.

The PDX1 protein is detected in the dorsal and ventral

pancreatic buds at E9.5 embryos [17,19]. We showed

that the PDX1 expresses in both the interior and exterior

regions of intestine. One the exterior of the intestine

PDX1 was expressed in glands that would be expected

to form the pancreas. Additionally, the regions in which

PDX1 expression was weak or absent were observed in

the intestinal interior. These results suggest that PDX1 is

expressed in the stomodeum from which the intestine

originates during early development, and may promote

the development of the pancreas from intestinal tissue,

being absent, however, during later developmental

stages. Various transgenic mice have been developed for

research on diabetic therapy. However, the mice do not

become diabetic as readily as do humans [20], because

mice have a generally stronger compensatory hyper-

insulinemia, induced by hyperplasia in the Langerhans’

islands, than humans [12]. The difference in type 2

diabetes between humans and mice might be caused by

differences in the insulin released from granules via

glucokinase, mitochondrial processes, the mass-action

ratio of ATP, and voltage-dependent Ca2+ influx into

β-cells [21]. By the way, Pdx1 gene expression is

essential for the maintenance of β-cells and is related to

the hyperplasia in Langerhans’ islands [22,23]. We also

established Irs2-knockout mice with a C57BL/6J genetic

background [7,8] and expected that Irs2-knockout mice

with an introduced Pdx1 deficient allele would show

suppressed hyperplasia in Langerhans’ islands, and so

resemble the human diabetic process.
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