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ackground & Aims: The epithelial zinc-finger transcrip-
ion factor Klf4 (formerly GKLF) regulates cellular prolif-
ration and differentiation in vitro. Klf4 null mice die by
ostnatal day 1 and show changes in epithelial differ-
ntiation of skin and colon. Methods: We used tissue-
pecific gene ablation to generate mice lacking Klf4 in
heir gastric epithelia. Klf4 mutant mice and controls
ere killed for histology, immunohistochemistry, quan-

itative real-time polymerase chain reaction (qPCR), and
erum gastrin levels. Klf4 messenger RNA (mRNA) lev-
ls were analyzed in Foxa3-Cdx2 transgenic mice and
ontrols. Human gastric cancers and matched normal
issue were used for qPCR and immunohistochemistry
or KLF4. Results: Klf4 mutant mice survive to adulthood
nd show increased proliferation and altered differenti-
tion of their gastric epithelia. Klf4 mutants also display
berrant expression of acidic mucins and TFF2/SP-pos-

tive cells, findings characteristic of premalignant condi-
ions, but no inflammation, intestinal metaplasia, dys-
lasia, or cancer up to 1 year of age. Expression of KLF4

s nearly absent in human gastric cancer, suggesting
hat failure to activate KLF4 during normal cellular dif-
erentiation may be a common feature of gastric can-
ers. p21WAF1/CIP1 is an in vivo target of Klf4, but Klf4 is
ot a mediator of Cdx2. Conclusions: Loss of a single
enetic factor, Klf4, leads to dramatic changes in the
astric epithelia of mice, and Klf4 is part of a regulatory
athway involving p21WAF1/CIP1 but not Cdx2. Thus, Klf4

s critical for normal gastric epithelial homeostasis.

n understanding of gastric epithelial biology is essen-
tial for the identification of factors involved in the

evelopment and progression of gastric diseases, both be-
ign and malignant. In the healthy adult, the rates of cell
roduction and loss balance exactly and the gastric epithe-
ial cell lineages differentiate in remarkably constant pro-
ortions.1 Perturbation of this delicate balance leads to the
evelopment of peptic ulcers and gastric cancer. Thus, the

bility of the gastric epithelium to maintain tight control of
roliferation and differentiation is critical for both normal
omeostasis and tumor prevention.

The basic unit of proliferation and differentiation in
he gastric epithelium is a tubular invagination of the
ucosa called the pit-gland unit, which consists of the

it, isthmus, neck, and base.2 Multipotent stem cells in
he isthmus give rise to daughter cells, which proliferate
nd differentiate while migrating either to the surface or
o the base of the gland. The adult gastric unit contains
t least 5 different mature cell types: the pit or surface
ucous cell, which produces mucins and other factors

nvolved in mucosal protection; the parietal or oxyntic
ell, which secretes acid; the zymogenic or chief cell,
hich secretes pepsin; the enteroendocrine cell, which

laborates a number of gastric hormones including gas-
rin; and the caveolated or brush cell.1 The role of a sixth
ell type, the mucus neck cell, remains controversial.3,4

Animal models have provided valuable insight into
he molecular mechanisms regulating gastric epithelial
omeostasis. Of the 3 principal cell lineages (pit, zymo-
enic, parietal), only the parietal cell completes terminal
ifferentiation in the stem cell zone, enabling parietal
ells to influence the differentiation of other cell types.2

onsistent with this, lineage ablation of parietal cells
eads to increased proliferation in the stem cell compart-
ent and altered differentiation of zymogenic and pit

ells.5 Transgenic expression of SV40 T antigen in pari-
tal cell progenitors leads to transdifferentiation to a
euroendocrine cell type and metastatic gastric cancer,
howing the plasticity of these cells.6 Other mouse mod-
ls highlight the ability of genetic alterations to change
ellular differentiation pathways: expression of the K-ras
ncogene in the gastric isthmus results in mucus neck

Abbreviations used in this paper: qPCR, quantitative real-time poly-
erase chain reaction; SPEM, SP-expressing metaplasia.

© 2005 by the American Gastroenterological Association
0016-5085/05/$30.00
doi:10.1053/j.gastro.2005.02.022
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ell hyperplasia and decreased parietal cell differentia-
ion7; transforming growth factor-� overexpression pro-
uces expansion of the surface mucus cell population and
epletion of parietal and chief cells, a condition resem-
ling Menetrier’s disease8; forced expression of Cdx2
eads to the development of intestinal metaplasia9; and
astrin-deficient mice show altered differentiation of pa-
ietal, zymogenic, and mucus neck cells.10

Inflammation or disruption of the mucosal barrier also
an alter gastric epithelial homeostasis profoundly. Mice
acking secretory phospholipase A2 infected with Helico-
acter felis develop inflammation, gastric hypertrophy,
nd perturbed differentiation of parietal, chief, and mu-
us neck cells.11 Combined with chronic hypergastrine-
ia, H felis–infected mice develop accelerated gastric

ancer.12 Targeted gene disruption of TFF2/SP leads to
ecreased cell proliferation and increased susceptibility
o nonsteroidal anti-inflammatory drug injury.13 TFF2,
hich normally is expressed in mucus neck cells,3 is also

n important marker for the development of gastric
ancer.14 Aberrant expression of an SP-expressing meta-
lasia (SPEM) cell lineage is seen in H felis–infected
ice, in response to carcinogen administration in rats,

nd in human gastric adenocarcinoma.15–17 SPEM is
ssociated strongly with early gastric cancers and is ob-
erved in gastric biopsy specimens before the develop-
ent of cancer.17 Despite these insights, the specific

enetic factors that govern gastric epithelial homeostasis
n vivo are not well understood.

The epithelial zinc-finger transcription factor Klf4
Krüppel-like factor 4, previously known as GKLF) is an
mportant regulator of cellular proliferation and differ-
ntiation in vitro.18 Klf4 is expressed highly in growth-
rrested cells, is nearly undetectable in dividing cells,
nd controls a number of critical targets including the
dk-inhibitor p21WAF1/CIP1.19,20 Klf4 also directly regu-
ates a number of key gastrointestinal differentiation
arkers, including keratin 4 and intestinal alkaline

hosphatase.21,22 Decreased Klf4 expression has been
oted in a number of tumors, including adenomas of
PCMin mice and human colorectal cancer,23 and KLF4
as been identified as a potential tumor-suppressor gene
n colorectal and bladder cancer.24,25 The functional anal-
ses of Klf4 have been limited, however, owing to the
arly lethality of mice homozygous for a null mutation in
lf4.26,27 These mice show abnormal skin and colonic
pithelial differentiation, no changes in proliferation, and
ie on postnatal day 1 from a defect in skin barrier
unction. As models such as the p53 null mouse have
hown,28 the effect of genetic loss in vivo cannot always

e predicted from in vitro data. t
By using tissue-specific gene ablation in mice, we
how that Klf4 controls gastric epithelial proliferation
nd differentiation of parietal, zymogenic, pit, and mu-
us neck cell lineages, showing a functional relationship
etween Klf4 and proliferation and differentiation in the
pithelia of adult animals. Klf4 mutant mice have pre-
ancerous changes in the gastric epithelia, and we find a
arked decrease in KLF4 expression in human gastric

ancers. Finally, we identify p21WAF1/CIP1 as the first in
ivo target of Klf4. Thus, Klf4 is a critical regulator of
oth proliferation and differentiation in vivo and is re-
uired for normal gastric epithelial homeostasis.

Materials and Methods

Derivation of Klf4 Mutant Mice

All animal studies were approved by the Institutional
nimal Care and Use Committee at the University of Pennsyl-
ania. The derivation of embryonic stem cells heterozygous for
he floxed Klf4 allele was described previously.27 A Foxa3
AC29 was used to direct expression of Cre recombinase to the
landular gastric mucosa. Cre activity was confirmed by mat-
ng to a reporter line.30 Mutant mice were homozygous for the
lf4 floxed allele and hemizygous for the Cre transgene, and
ice used for the experiments were of a mixed genetic back-

round.

Histology

Stomachs were removed and tissues were processed as
reviously described.27 Slides were stained with H&E, periodic
cid–Schiff, or Alcian blue with nuclear fast red.27 Stained
ections were reviewed by a gastrointestinal pathologist who
as blinded to genotype for evidence of inflammation, dyspla-

ia, and neoplasia. The following numbers of matched litter-
ate control and mutant mice were examined histologically:

ge 2 weeks, 2 pairs; age 6 months, 6 pairs; and age 1 year, 4
airs. Images were captured on a Nikon Eclipse E600
icroscope (Melville, NY) and Photometrics CoolSNAP
CD camera (Roper Scientific, Trenton, NJ).

Immunohistochemistry and Quantitation
of Cells

We injected 6-month-old mice with bromodeoxyuri-
ine Labeling Reagent (Zymed, South San Francisco, CA)
hour before death, removed the stomachs, and prepared them

s described earlier. Human tissue from 2 gastric cancers and
control stomachs was obtained from the National Cancer

nstitute Cooperative Human Tissue Network. We also used
issue from 59 human gastric cancers and matched controls on
he Histo-Array human stomach cancer tissue array (Imgenex,
an Diego, CA). Rabbit polyclonal anti-Klf4/KLF4 was gen-
rated against amino acids 91–105 of mouse KLF4 (Biosource
nternational/QCB, Hopkinton, MA).

We performed microwave antigen retrieval and processed

he tissues,27 followed by incubation with one of the following
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April 2005 Klf4 CONTROLS GASTRIC EPITHELIAL HOMEOSTASIS 937
rimary antibodies: sheep antibromodeoxyuridine (1:500, US
iological, Swampscott, MA), rabbit anti-caspase 3 (1:750,
&D Systems, Minneapolis, MN), rabbit anti–chromogranin

(1:3000; Diasorin, Stillwater, MN), mouse anti-H�/K�

denosine triphosphatase (1:2500, Medical & Biological Lab-
ratories, Nagoya, Japan), rabbit anti-human intrinsic factor
1:5000, a gift from Dr. David Alpers, St. Louis, MO), rabbit
nti-Klf4/KLF4 (1:10,000), rabbit anti-TFF1 (1:1000, a gift
rom Dr. Andrew Giraud, Melbourne, Australia), or rabbit
nti-TFF2/SP (undiluted, a gift from Dr. Nicholas Wright,
ondon, England). Species-specific secondary antibodies were
dded, and antibody binding was detected.27 Images were
aptured on a Nikon Eclipse E600 microscope and Photomet-
ics CoolSNAP CCD camera (Roper Scientific).

Gastric cell types, except enteroendocrine cells, were
ounted in 10 randomly selected gastric units from 2 mutant
nd 2 littermate control mice at 6 months of age.13 All cells
ere counted in the gastric body, except gastrin cells, which
ere measured in the antrum. Because of the low number of

ells per gland, total endocrine, somatostatin, gastrin, and
romodeoxyuridine- or caspase 3–labeled cells were counted in
5 gastric units. Results were expressed as the mean number of
ells per gastric unit � SEM.

Quantitative Real-Time Polymerase
Chain Reaction

We isolated RNA from whole mouse stomach, from
orestomach to pylorus, using the ToTALLY RNA kit (Ambion,
ustin, TX). Human RNA from 3 gastric cancers and 2 control

tomachs was obtained from the National Cancer Institute Coop-
rative Human Tissue Network. We reverse-transcribed RNA
sing random hexamers and SuperScript II Reverse Transcriptase
Invitrogen Life Technologies, Carlsbad, CA). We designed prim-
rs and performed quantitative real-time polymerase chain reac-
ion (qPCR) analysis in triplicate with complementary DNA from
Klf4 mutant mice and 3 littermate controls at 6 months of age

r 3 Foxa3-Cdx2 transgenic mice9 and 3 littermate controls at 5
onths of age. Analyses were performed on a Stratagene Mx4000
ultiplex Quantitative PCR System using Brilliant SYBR Green
PCR Reagents (Stratagene, La Jolla, CA). TATA-box binding
rotein was used as the internal control. Primer sequences are
vailable on request.

Measurement of Serum Gastrin Levels

We obtained serum from 2 Klf4 mutant mice and
littermate controls at 1 year of age by cardiac puncture at

eath. Before death, mice were fed ad libitum. Circulating
astrin concentrations were determined by radioimmunoassay
sing antibodies to the COOH terminus of gastrin as de-
cribed previously.31

Results

Tissue-Specific Ablation of Klf4

To investigate the role of Klf4 in epithelial pro-

iferation and differentiation in the adult, we used tissue- I
igure 1. Klf4 was ablated successfully in the gastric epithelia of Foxa3-
re/Klf4loxP/loxP mice. (A) Targeting strategy for generation of the Klf4loxP

llele. A targeting construct was designed to flank exons 2 and 3 of the
lf4 gene with intronic loxP sites. The Klf4 gene contains 4 exons, and
eletion of exons 2 and 3 produced a functional null allele. (B and C)
mmunohistochemistry for Klf4 in 2-week-old mice. (B) In control mice,
lf4 (arrows) was seen in nuclei of terminally differentiated cells in the
id- to upper part of the gastric unit. (C) Klf4 mutant mice showed loss
f Klf4 expression in the glandular gastric epithelia by 2 weeks of age. (C,
nset) As expected, Klf4 staining (arrow) still was seen in the squamous
astric mucosa of Klf4 mutant mice. (B and C) Magnification, 100�. (C)

nset shown at higher magnification.
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April 2005 Klf4 CONTROLS GASTRIC EPITHELIAL HOMEOSTASIS 939
pecific gene ablation of Klf4 using the Cre-loxP system.
he Klf4 gene contains 4 exons (Figure 1A), and deletion
f exons 2 and 3 produces a functional null allele.26,27

lf4loxP/loxP mice had no abnormalities of development,
istology, gene expression, or growth characteristics, in-
icating that the Klf4loxP allele functionally is wild-type.
o ablate the Klf4 gene in the gastric mucosa, we used a
oxa3-Cre YAC transgene, which directs expression to all
ells of the glandular stomach, as well as to cells of the
iver, pancreas, small intestine, colon, ovary, testis, heart,
nd adipose tissue, but not the squamous stomach or
kin.9,29 Developmentally, Foxa3 messenger RNA
mRNA) first is detected in endodermal cells of the
nvaginating hindgut at E8.5, with no expression in
mbryonic ectoderm or mesoderm.32

Mice that expressed Cre and were homozygous for the
oxed Klf4 allele (Foxa3-Cre/Klf4loxP/loxP mice) survived to
t least 1 year of age and appeared to grow normally. We
uccessfully deleted Klf4 from the gastric epithelium as
etermined by qPCR of whole gastric tissue, which
howed a 95% decrease in Klf4 expression (9.00 vs .46,
ormalized to TBP control; P � .05). Klf4 immuno-
taining of control mice (Figure 1B) revealed expression
n the mid- to upper portion of the gastric unit, a region
opulated by differentiating and terminally differenti-
ted epithelial cells. In Foxa3-Cre/Klf4loxP/loxP mice, this
lf4 expression was lost (Figure 1C). Deletion of Klf4

hroughout the glandular stomach, including the an-
rum, was complete by at least 2 weeks of age, and the
resence of any residual Klf4 message likely was caused
y the expected lack of Klf4 deletion in the squamous
tomach (Figure 1C, inset). In the small intestine and
olon, Klf4 deletion was mosaic (data not shown).

Gastric Epithelial Abnormalities in Klf4
Mutant Mice

Foxa3-Cre/Klf4loxP/loxPmice began to show changes
n their gastric epithelia, with gastric hypertrophy and
ucus cell hyperplasia, starting at 2 weeks of age (not

hown). By 6 months of age, compared with control mice

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
igure 2. Klf4 mutant mice had marked abnormalities of their gastri
B and D) Klf4 mutant mice. (A) Compared with controls, (B) Klf4 mut
arked epithelial hypertrophy, striking increases in the number of mu

ontrol mice showed normal gastric architecture (D) whereas mutant m
nset) Polypoid lesions also were seen in 1-year-old mutant mice, but
E and F) Periodic acid–Schiff staining of (E) control and (F) Klf4 mutan
f mutant mice. (G and H) Staining of (G) control and (H) Klf4 mutan
tomach. (I and J) Immunohistochemistry for bromodeoxyuridine indic
nit had, in general, 1 to 2 proliferating cells (arrow) located in the is
ncrease (P � 1 � 10�17) in the number of proliferating cells (arrows) a
roliferating cells throughout the remainder of the gastric unit. Magnifi

D) Inset shown at decreased magnification.
Figure 2A), Klf4 mutant mice (Figure 2B) had severe
istortion of gastric pit glands, with marked epithelial
ypertrophy, further expansion of mucus cells, and de-
reased numbers of parietal cells (Table 1). At 1 year of
ge, compared with controls (Figure 2C), Klf4 mutant
ice (Figure 2D) showed greater hypertrophy and glan-

ular distortion. Polypoid lesions of the mucosa (Figure
D, inset) were present at 1 year of age as well, but no
nflammation, dysplasia, or malignancies were seen in the
astric epithelia at any time point. Because Klf4 mutant
ice at stages from 6 months to 1 year of age had

enerally similar phenotypes, we chose to focus further
tudies on 6-month-old Klf4 mutant mice.

To characterize the expansion of mucus cells in the
lf4 mutant mice, we stained gastric mucosa with peri-
dic acid–Schiff and Alcian blue. PAS staining detects
oth neutral and acidic mucins, whereas Alcian blue
etects only acidic mucins, not seen normally in the
tomach. Compared with controls (Figure 2E), elabora-
ion of periodic acid–Schiff–positive mucins was more
xtensive in the Klf4 mutant mice (Figure 2F), especially
n the mucus cells of the neck. Although no Alcian blue
taining was seen in control mice (Figure 2G), the gastric

™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™
helia. (A–D) H&E-stained gastric mucosa from (A and C) control and
ice at 6 months of age had dramatic distortions of the gastric units,
cells, and decreased numbers of parietal cells. (C) At 1 year of age,
showed continued epithelial hypertrophy and glandular distortion. (D,
stric malignancies and no inflammation were seen at any time point.
e indicated aberrant expression of gastric mucins in the neck regions
e with Alcian blue detected acidic mucins not normally found in the
dividing cells in the gastric epithelia. (I) In control mice, each gastric
s or neck region of the gland. (J) Klf4 mutant mice showed a 4-fold

shift in the location of labeled cells toward the surface, with scattered
n was as follows: (E and F) 200�, (A, B, G–J) 100�, (C and D) 40�.

able 1. Effect of Klf4 Deficiency on the Gastric Mucosa

Control mice Klf4-deficient mice

otal cells per gland 40.4 � 1.1 72.4 � 2.1a

roliferative index 1.3 � .1 5.0 � .3a

poptotic rate 2.1 � .2 2.0 � .2
urface mucus cells per
gland

13.5 � .7 29.1 � 1.9a

ucous neck cells per
gland

11.3 � .7 42.1 � .8a

arietal cells per gland 11.0 � .9 5.4 � .4a

ymogenic cells per gland 15.8 � 1.0 6.9 � .4a

ndocrine cells per gland 1.4 � .1 1.2 � .1
omatostatin-positive cells .7 � .1 .5 � .0
astrin-positive cellsb 2.7 � .2 3.0 � .6
erum gastrin levels 30 � 10 pmol/L 21 � 10 pmol/L

OTE. n � 2.
P � .05 vs control.
Gastrin-positive cells measured from antrum.
™™™
c epit
ant m
cus
ice

no ga
t mic
t mic
ated
thmu
nd a
catio
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pithelia of Klf4 mutant mice (Figure 2H) contained
lcian blue–positive mucins in the neck region. Ectopic

xpression of acidic mucins is found in intestinal meta-
lasia,9 but we saw no goblet cells in the Klf4 mutant
ice and no gastric expression of the intestine-specific
arkers muc2, TFF3, and villin by qPCR (Table 2).
astric expression of acidic mucins also is seen in gastric

denocarcinomas, both mucinous and nonmucinous, in-
luding those of the diffuse and intestinal types.33 Be-
ause we found no evidence of gastric cancer in the mice
nalyzed, the presence of acidic mucins in the gastric
ucosa of Klf4 mutant mice represented a premalignant

ondition.
Given the marked hypertrophy of gastric epithelia in

oxa3-Cre/Klf4loxP/loxP mice, we investigated whether pro-
iferative and/or apoptotic pathways were altered in Klf4
utant mice. In control mice (Figure 2I), proliferation

ccurred in a narrow band localized to the isthmus of the
astric gland. Klf4 mutant mice (Figure 2J) had a shift of
roliferating cells toward the lumen, with scattered pro-
iferation throughout the gastric unit, and a 4-fold in-
rease in the number of proliferating cells (Table 1).
taining with an antibody to caspase-3 revealed no dif-
erence in the number of apoptotic cells in the gastric
pithelia of control and Klf4 mutant mice (Table 1).
hus, Klf4 impacted on cell proliferation but not apo-
tosis in the gastric epithelium.
We next focused on the differentiation pathways in

he gastric epithelium. In control mice (Figure 3A),
arietal cells were seen throughout the gastric unit. Klf4
utant mice (Figure 3B) had a more than 50% decrease

n the number of parietal cells (Table 1). Mature zymo-
enic cells also were decreased by more than 50% in Klf4
utant mice (Table 1). Control mice (Figure 3C) showed

rominent staining for mature zymogenic cells in the
ase of the gastric gland. In Klf4 mutant mice (Figure
D), staining for these cells was decreased and confined
o the most basal segment of the gland. Mucus neck cells
ay represent a distinct, functional cell lineage, secret-

ng a number of peptides with luminal protective fea-
ures or merely a transit cell population, intermediate
etween stem cells and differentiated zymogenic cells.3,4

able 2. Expression of Intestine-Specific Markers in the
Gastric Mucosa

Gene name Control Mutant

muc2 .11 � .05 .11 � .05
TFF3 .19 � .08 .20 � .12
villin 5.0 � 1.5 4.1 � .8

OTE. Expression relative to TBP control.
� 3.
ompared with control mice (Figure 3E), Klf4 mutant i
ice (Figure 3F) showed a 4-fold increase in the number
f TFF2/SP-positive mucus cells (Table 1). Such SPEM
ineages are seen in premalignant and malignant lesions
f the stomach.7,16,17

Surface mucus (pit) cells were confined to the gastric
its in both control (Figure 3G) and Klf4 mutant mice
Figure 3H), but the number of pit cells was increased
pproximately 2-fold in Klf4 mutants (Table 1). The
umber of total enteroendocrine, somatostatin, and gas-
rin cells were unchanged in Klf4 mutant mice (Table 1).
erum gastrin levels also were similar in control and
utant mice (Table 1), indicating that alterations in

astrin levels were not responsible for the gastric pheno-
ype in Klf4 mutant mice. Although a 2-fold increase in
it cells and loss of zymogenic cells were noted with
ineage ablation of parietal cells,5 a decrease and not an
ncrease in mucus neck cells was seen in this model.
hus, loss of parietal cells alone was not responsible for

he phenotype in Klf4 mutant mice.

KLF4 Expression Is Decreased Dramatically
in Human Gastric Cancers

Because Klf4-deficient mice develop premalig-
ant changes in their gastric epithelia, we hypothesized
hat loss of KLF4 expression might be seen in human
astric cancers. In fact, KLF4 expression was decreased
ramatically in both intestinal and diffuse-type human
astric cancer. As in the mouse (Figure 1B), nuclear
LF4 staining was seen in cells in the mid- to upper
ortion of the gastric unit in adjacent normal tissues
rom gastric cancer patients (Figure 4A, B). Interest-
ngly, KLF4 expression was not seen in all terminally
ifferentiated cells, including some pit and parietal cells.
n contrast, KLF4 expression was absent in nearly all cells of
ntestinal (Figure 4C) and diffuse-type (Figure 4D) gastric
ancers. By qPCR, human gastric cancers had a 96%
ecrease in KLF4 mRNA expression compared with
ormal controls (39.6 vs 1.6, normalized to TBP control;
� .05). Recently, KLF4 was identified as a potential

umor suppressor in colorectal cancer.25 Thus, the failure
o activate KLF4 during normal cellular differentiation
ay be a common feature of gastrointestinal carcinogen-

sis.

Klf4 Is Part of a Regulatory Pathway
Involving p21WAF1/CIP1 But Not Cdx2

To understand the mechanisms by which Klf4
egulates gastric epithelial proliferation and differentia-
ion, we examined putative upstream regulators and
ownstream targets of Klf4. Previously, ectopic expres-
ion of the caudal-related homeobox gene Cdx2 induced

ntestinal metaplasia in the gastric mucosa of transgenic
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ice.9 Because expression of Klf4 is dependent on Cdx2
n vitro,34 we considered the possibility that Klf4 was a
arget of Cdx2 in vivo. If this were the case, we would
xpect to see decreased expression of Klf4 in Foxa3-Cdx2
ransgenic mice,9 contributing to the abnormal gastric
pithelial differentiation and metaplasia in these mice.

igure 3. Klf4 mutant mice had al-
ered differentiation of parietal, zy-
ogenic, pit, and mucus neck

ells. (A and B) Staining for the
�/K� adenosine triphosphatase

ndicated the numbers of parietal
ells (arrows). (A) In control mice,
arietal cells (arrows) were located
hroughout the gastric gland. (B)
lf4 mutant mice had dramatically
ecreased numbers of parietal
ells throughout the gastric epithe-
ia. (C and D) Staining for intrinsic
actor showed (C) mature zymo-
enic cells (arrows) at the base of
he gastric glands in control mice,
D) with decreased numbers and a
ore basilar location of zymogenic

ells in Klf4 mutant mice. (E and F)
he trefoil protein TFF2/SP was
ound in (E) mucus neck cells (ar-
ows) of control mice, (F) but the
umber of TFF2/SP-positive cells
as increased markedly in Klf4 mu-

ant mice, encompassing most of
he lower two thirds of the gastric
nit. (G and H) Staining for the tre-
oil protein TFF1 showed increased
umbers of surface mucus cells
arrows) in (G) control and (H) Klf4
utant mice. (A–H) Magnification,
00�. (G and H) Insets shown at
igher magnification.
owever, expression of Klf4 was not altered significantly d
n the gastric epithelia of 5-month-old Cdx2 transgenic
ice (1.2-fold increase, P � .63; data not shown). By 5
onths of age, the alterations in the gastric mucosa of

he Foxa3-Cdx2 transgenic mice already are well-estab-
ished.9 Thus, the dramatic changes in gastric epithelial
ifferentiation in both Cdx2 transgenic mice and Klf4-

eficient mice must occur by independent mechanisms.
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his notion is reinforced by the lack of intestinal metaplasia
n the gastric mucosa of Klf4 mutant mice (Table 2).

Klf4 has been shown to regulate transcriptionally a
umber of genes in vitro, including the cdk inhibitor
21WAF1/CIP1, cyclinD1, and ornitine decarboxylase.19,35,36

y qPCR, we found a 45% decrease in p21WAF1/CIP1

RNA expression in Klf4-deficient mice (P � .05),
hereas mRNA levels of cyclinD1 and ornitine decarboxylase
ere unchanged (data not shown). In addition, mRNA

evels of the tumor-suppressor genes p53 and p63 were not
ltered in Klf4 mutant mice (data not shown). Notably, p53
as been shown to coordinately regulate the p21WAF1/CIPI1

romotor with Klf4.19 Thus, the decreased p21WAF1/CIP1

xpression was likely a direct consequence of Klf4 deletion
n the stomach.

We next examined the expression of other Krüppel-like
actor (KLF) family members. The tissue-restricted Klf5

igure 4. Klf4 expression was decreased dramatically in human gastr
atients with (A) intestinal and (B) diffuse-type gastric cancer, nuclea
astric unit. Staining for KLF4 was lost in (C) intestinal and (D) diffu
astric cancers analyzed. (A–D) Magnification, 200�.
nd the ubiquitously expressed Klf6 (Zf9) have been g
mplicated in cellular proliferation and differentiation
nd have been shown to interact with Klf4 in vitro.37–39

ll of these factors bind similar CACCC DNA ele-
ents. Although Klf4 has not been shown to regulate
lf5 or Klf6 directly, we speculated that up-regulation
f these genes, especially the pro-proliferative Klf5,
ould contribute to the gastric phenotype in the Klf4
utant mice. However, we found no changes in the
RNA expression of Klf5 and Klf6 in Klf4-deficient
ice (data not shown).
Finally, we investigated levels of the putative gastric

umor-suppressor Runx3 and transforming growth factor-�,
hich produces gastric hyperplasia and changes in cel-

ular differentiation when overexpressed.8,40 We hypoth-
sized that alterations in these factors could play a role in
he phenotype of Klf4 mutant mice. However, we found
o changes in the mRNA expression of transforming

cers compared with adjacent normal tissue. In normal stomach from
F4 expression (arrows) was seen in the mid- to upper portion of the
e gastric adenocarcinoma. Sections are representative of 6 human
ic can
r KL

se-typ
rowth factor-� or Runx3 in Klf4-deficient mice (data not
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hown). Thus, we have identified p21WAF1/CIP1 as a spe-
ific target of Klf4 in vivo and a possible contributor to
he gastric phenotype in the Klf4-deficient mice.

Discussion

Perturbations of the pathways that govern normal
astric epithelial homeostasis, whether through genetic
odifications or more general processes such as inflam-
ation or defective mucosal barrier function, lead to the

evelopment of gastritis, ulceration, metaplasia, and can-
er.41 In this study, we provide insight into the genetic
actors regulating gastric homeostasis by showing that
he epithelial zinc-finger protein Klf4 plays a critical role
n maintaining normal gastric epithelial homeostasis.
oss of Klf4 in the stomach leads to striking changes in
he gastric epithelia, in the absence of inflammation,
lceration, intestinal metaplasia, dysplasia, or neoplasia.
he lack of inflammation in Klf4 mutant mice indicates

hat these alterations are not the result of bacterial over-
rowth. In addition, serum gastrin levels are normal in
lf4 mutant mice, excluding the possibility that these
hanges are secondary effects of hypergastrinemia or hy-
ogastrinemia.

Klf4 mutant mice have a 4-fold increase in proliferation,
2-fold increase in the number of pit cells, a 4-fold increase

n the number of mucus neck cells, and half the number of
arietal and zymogenic cells. How does loss of Klf4 produce
uch a dramatic gastric phenotype? Our data suggest that
lf4 is required to direct the cell-fate decisions of the gastric
pithelial precursor cells. Normally, the multipotential gas-
ric stem cells divide asymmetrically to produce 1 stem cell
nd 1 partially committed precursor cell, which undergoes
urther division and eventual differentiation into the mature
ell lineages.2 The differentiation of these precursor cells can
e perturbed by a number of processes, including ablation
f a single cell type, deletion of a critical trophic factor,
ncogenic expression, and inflammation.5,7,10,16 Recent ex-
eriments have shown the plasticity of the gastric epithelial
ineage progenitors.6 In the stomach, Klf4 is expressed in
he nuclei of cells in the mid- to upper portion of the gastric
nit, including the neck region, placing this transcriptional
egulator in a critical position to affect the differentiation of
recursor cells. Moreover, Klf4 functions as both a tran-
criptional activator and a transcriptional repressor in gas-
rointestinal epithelia,21,22,42 consistent with a role in cell-
ate decisions in multiple lineages.

Because Klf4 mediates p53-dependent G1/S cell-cycle
rrest via synergistic induction of p21WAF1/CIP1,19,20 the
ecrease in p21WAF1/CIP1 expression in Klf4 mutant mice
ay contribute to the phenotype in the gastric epithe-
ium. Nonetheless, the lineage-specific Klf4 targets that
ediate the differentiation of the gastric epithelial pre-
ursor cells are not yet clear. Interestingly, homozygous
eletion of SP/TFF2 does not lead to the ablation of
ucus neck cells,13 indicating that this factor marks
ucus neck cells but does not control their differentia-

ion. Although Klf4 regulates goblet cell differentiation
n the colon,27 the role of Klf4 in the regulation of the
refoil proteins TFF1 and TFF2 and the gastric mucins,
uc5AC and Muc6,43 is not known. Overall, the mul-

itude of Klf4 targets in the gastric epithelia may best be
dentified by future functional genomic analyses.

The phenotype of Klf4 mutant mice resembles that of
felis–infected C57BL/6 mice, which have increased

roliferation, SPEM, and decreased numbers of parietal
nd zymogenic cells.11,16 In contrast to the H felis–
nfected mice, however, the changes in the Klf4 mutant
ice occur in the absence of an inflammatory response.
articularly intriguing is the presence of SPEM in the
lf4 mutant mice. Although SPEM in premalignant and
alignant lesions of the stomach is well-estab-

ished,7,16,17 its role in malignant transformation is not
nown. Moreover, expression of TFF2 has been impli-
ated in the maintenance of epithelial integrity and
ucosal healing in vivo.13 Given these ambiguities, Klf4
utant mice offer a unique opportunity to dissect the

omplex pathways regulating gastric homeostasis and to
nvestigate the changes in gastric carcinogenesis. Future
tudies will involve additional perturbations to the gas-
ric epithelia of the Klf4 mutant mice, including infect-
ng these animals with Helicobacter and mating these
nimals with p53 null mice, as well as investigation of
he molecular mechanisms governing the loss of KLF4
xpression in human gastric cancer.

Here, we have used tissue-specific gene ablation to show
hat Klf4 controls both proliferation and differentiation in
he gastric epithelium. We have identified Klf4 as part of a
egulatory pathway in the gastric epithelium involving
21WAF1/CIP1 but not Cdx2. Because human gastric cancers
ack KLF4 expression, failure to activate KLF4 during nor-
al cellular differentiation may be a common feature of

hese cancers. In summary, we show that loss of a single
enetic factor, Klf4, leads to dramatic changes in the gastric
pithelia of mice, indicating that Klf4 is required for normal
astric epithelial homeostasis in vivo.
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