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ular mechanism for maturation of gastrointestinal secretory
lineages.

The Ets protein family in humans and mice contains nearly
30 transcription factors. Loss of several family members in
knock-out mice reveals their critical requirement in embryogenesis, morphogenesis, and cell differentiation (1–3). Deregulated expression or activation of Ets factors is also linked to
various human cancers (4, 5), highlighting their importance in
disease. Ets proteins were first studied in detail in lymphocytes
and neurons (6, 7). Their role in epithelial cells gained attention
after we and others identified four additional Ets factors: Elf3
(Ese1), Elf5 (Ese2), Ehf (Ese3), and Spdef (Pdef) (8 –10). These
factors are virtually restricted to epithelial cells, but each shows
a distinct tissue distribution, with further restriction to distinct
cell subsets or differentiation stages (11), suggesting specialized
roles in different lineages.
Spdef is unique among Ets proteins for its distinct DNA binding specificity and restricted expression in hormone-regulated
prostate, mammary, endometrial and ovarian epithelia, salivary
gland, trachea, lungs, and digestive tract (9, 12). Spdef function
has been studied in cancer cell migration and prostate, ovarian,
and breast cancer (13–16); its role in normal tissues is starting
to emerge. Exposure to intratracheal allergens or IL-13 leads to
excess mucus production as a result of Spdef-dependent goblet
cell differentiation, whereas Spdef expression in transgenic
bronchial epithelium causes goblet cell hyperplasia and mucus
hypersecretion (17), defects related to human lung diseases.
Spdef⫺/⫺ mice show defective differentiation of pulmonary
goblet cells and intestinal Paneth and goblet cells, together with
deregulation of secretory cell-specific genes (18, 19).
After gastrointestinal mucosal progenitors commit to a particular cell fate, they undergo additional differentiation steps
before acquiring the unique ability to absorb nutrients or
secrete enzymes, mucus, acid, hormones, or antimicrobial peptides. Combinations of cell type-specific and broadly expressed
transcription factors regulate each step, as highlighted in recent
reports of the roles of transcription factors Foxq1 and Mist1 in
specific aspects of gastric foveolar (pit) and corpus mucous
neck cells, respectively (20, 21). In the intestine, Spdef⫺/⫺ mice
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Mucus-secreting cells of the stomach epithelium provide a
protective barrier against damage that might result from bacterial colonization or other stimuli. Impaired barrier function
contributes to chronic inflammation and cancer. Knock-out
mice for the epithelium-specific transcription factor Spdef (also
called Pdef) have defects in terminal differentiation of intestinal
and bronchial secretory cells. We sought to determine the physiologic function of Spdef in the stomach, another site of significant levels of Spdef expression. We used in situ hybridization
and immunohistochemistry to localize Spdef-expressing cells in
the mouse stomach; targeted gene disruption to generate mice
lacking Spdef; and histologic, immunologic, and transcriptional
profiling approaches to determine the requirements of Spdef in
stomach epithelial homeostasis. In wild-type mice, Spdef RNA
and protein are expressed predominantly in mucous gland cells
of the antrum and in mucous neck cells of the glandular corpus.
Within 1.5 years, nearly half of homozygous mutant mice developed profound mucosal hyperplasia of the gastric antrum. Submucosal infiltration of inflammatory cells preceded antral
hyperplasia by several weeks. The absence of Spdef impaired
terminal maturation of antral mucous gland cells, as reflected in
reduced expression of Muc6 and Tff2 and reduced numbers of
secretory granules. Antral gene expression abnormalities overlapped significantly with those in Spdefⴚ/ⴚ colon, including
genes implicated in secretory granule traffic and functions.
Spdef is required for terminal maturation of antral mucous
gland cells to protect animals from gastric inflammation and
resulting hyperplasia. These requirements parallel Spdef functions in secretory intestinal cells and suggest a common molec-
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EXPERIMENTAL PROCEDURES
Generation of Mutant Mice—Spdef clones were isolated from a 129/
SvJ mouse genomic library (Stratagene). The targeting construct
contained a 5-kb EcoRI/HindIII
fragment and 2.6-kb HindIII/BglII
fragment as the left and right
homology arms, respectively, flanking a neomycin-resistance (NeoR)
cassette (see Fig. 2A). For genotyping by Southern analysis, HindIIIdigested genomic DNA was hybridized to a 700-bp probe from the 5⬘
end of the Spdef locus (see Fig. 2B)
and SalI-digested DNA with a
500-bp 3⬘ probe (data not shown).
The targeting construct was electroporated into isogenic J1 embryonic stem (ES) cells, and two targeted euploid ES cell clones were
injected into C57BL/6 blastocysts.
Heterozygote offspring of chimeric
males were propagated in a continFIGURE 1. Expression of Spdef in the mouse stomach. A, quantitative real-time RT-PCR from triplicate experi- uous mating scheme on a hybrid
ments comparing Spdef expression in different mouse organs, including the stomach. Error bars in A and B indicate 129/SvJ strain background and
S.E. B, the distinct stomach compartments (represented schematically) show different Spdef expression levels by
quantitative real-time RT-PCR, with highest expression in the antrum. C and D, low and high power magnifications crossed to produce nullizygous
of Spdef immunohistochemistry in the gastric corpus shows nuclear staining of cells in the mid-gland compartment mutants. Mice were handled accord(C, arrow), where mucous neck cells reside, and at the base of antral foveolar crypts (D, arrow), where mucous gland
cells reside. Images to the right are higher magnifications of the middle panels. Schematic drawings of corpus and ing to institutional regulations. PCR
antral glands are given for orientation; scale bars, middle panels, 100 m; right panels, 25 m. E, co-localization of genotyping used a common reverse
nuclear Spdef staining (arrow) with Alcian blue staining in the gastric antrum; scale bar, 25 m. F, Spdef in situ primer and specific forward primers
hybridization confirms expression at the base of antral glands. Co-staining with Ki67 shows that Spdef is expressed
to amplify a 300-bp region in the wildbelow the proliferative compartment of antral glands; scale bar, 50 m.
type allele or a 720-bp region spanshow reduced mucus production and low granule numbers in ning Spdef and NeoR sequences in the targeted allele (see Fig. 2C,
goblet and Paneth cells, respectively, implicating Spdef in ter- supplemental Table 1). PCR conditions were 94.5 °C for 45 s,
minal differentiation of these secretory cells (19, 22). We gen- 56 °C for 45 s, and 72 °C for 1 min for 35 cycles.
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erated an independent null allele for
Spdef, and here we report on the
requirement for this epithelial Ets
factor in the mammalian stomach.
Antral mucosal hyperplasia develops in a significant fraction of
Spdef⫺/⫺ mice within 18 months in
response to antecedent inflammation. We attribute this disorder to
defects in maturation of mucous
gland cells, which normally express
high Spdef levels and in its absence
show reduced numbers of secretory
granules and reduced expression of
Muc6 and Tff2. Thus, in addition to
controlling maturation of intestinal
goblet and Paneth cells, Spdef also
regulates terminal differentiation of
antral mucous gland cells. This
activity is necessary for proper epithelial barrier function.
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stained with hematoxylin and eosin,
Alcian blue (Sigma-Aldrich), biotinylated Griffonia simplicifolia lectin
II (GS-II,4 Vector Laboratories, Burlingame, CA; 1:100 for 1 h at room
temperature), or Warthin-Starry
(Marketlab, Grand Rapids, MI). For
immunohistochemistry, antigens
were retrieved in 10 mM sodium citrate, pH 6, for 10 min in a pressure
cooker (Biocare Medical, Concord,
CA). Slides were blocked with 0.5%
hydrogen peroxide in methanol for
20 min followed by 5% fetal bovine
serum in PBS for 30 min and then
incubated with primary antibody
(Ab) overnight at 4 °C, washed with
PBS, and incubated with biotinylated species-specific secondary
Ab (Vector Laboratories; 1:300) for
1 h at room temperature. Abs are
listed in supplemental Table 2.
Staining was detected using the
VECTASTAIN Elite ABC kit (Vector Laboratories) and diaminobenzidine as the substrate. Slides were
counterstained with hematoxylin,
dehydrated, mounted, and examFIGURE 2. Targeted mutation of Spdef in ES cells and mice. A, the targeting vector carried a 5-kb EcoRI/HindIII ined under an Olympus BX41 comfragment as the left homology arm and a 2.6-kb HindIII/BglII fragment as the right arm, flanking a NeoR pound microscope. Testing for
cassette. In the targeted allele, 5.1 kb of Spdef sequence spanning exons 2–5 was replaced with the PGK-NeoR
cassette. tk, thymidine kinase. B, Southern blot analysis of ES cell DNA. Lanes 2, 3, 4, and 7 show Spdef⫹/⫺ (mut) Helicobacter species was done by
clones, with the expected band sizes of 8.2 and 10.4 kb with a 5⬘ probe. Lanes 1, 5, and 6 show Spdef⫹/⫹ (wt) PCR as described previously (24),
genotype with the expected band size of 8.2 kb. C, genotype analysis of mouse tail DNA by PCR, showing
using 150 ng of genomic DNA as
recovery of all three expected genotypes from heterozygote crosses.
template and the primers listed in
Gene Expression Analyses—Organs were excised after mouse supplemental Table 1. DNA was extracted from five wild-type
euthanasia by CO2 asphyxiation and stored at ⫺80 °C. RNA was and five Spdef⫺/⫺ stomachs and from stomach tissue known to
isolated using TRIzol reagent (Invitrogen) and treated with be infected with Helicobacter pylori, using the DNeasy tissue kit
DNase I, and first-strand cDNA were synthesized using (Qiagen, Hilden, Germany). DNA from cultured H. pylori
oligo(dT) primers. Quantitative real-time PCR was done using served as an additional positive control.
SYBR Green (Roche Applied Science) and a 7500 real-time PCR
Transmission Electron Microscopy—Mouse antra were isoinstrument (Applied Biosystems, Foster City, CA) with 40 lated immediately after euthanasia, rinsed in PBS, fixed overcycles of amplification at 95 °C (15 s) and 60 °C (1 min). Primers night (2.5% formaldehyde, 5% glutaraldehyde, 0.06% picric acid
used for real-time PCR are listed in supplemental Table 1. For 0.06% CaCl2, 0.1 M sodium cacodylate buffer, pH 7.4), posttranscriptional profiling, total RNA was hybridized to fixed in OsO4, and embedded in Epon 812 resin. Ultrathin secAffymetrix HT mouse genome 430A arrays (22,700 transcripts; tions were stained with uranyl acetate and lead citrate and
Affymetrix, Santa Clara, CA) using protocols described previ- examined on a JEOL 1200EX electron microscope at an accelously (23) and the automated labeling protocol from erating voltage of 80 kV.
Affymetrix. For in situ hybridization, tissues were rinsed in
Quantitation and Statistical Analysis—Real-time RT-PCR
phosphate-buffered saline (PBS) and frozen in Tissue-Tek results were first normalized to glyceradehyde-3-phosphate
O.C.T. compound (Sakura, Torrance, CA). 9-m sections were dehydrogenase (Gapdh) mRNA levels and subsequently to levfixed in 4% paraformaldehyde in PBS for 2h at 4 °C, washed in els of the corresponding transcript in wild-type littermates. At
PBS, and treated thereafter as described previously. A hybrid- least 100 antral glands per group were counted for Ki67 stainization probe complementary to mouse Spdef exons 3–5 was ing, expressed as stained nuclei per gland. Secretory granules in
transcribed using digoxigenin RNA labeling mix (Roche mucous gland cells were counted on electron photomicrographs. Groups were compared using Student’s t test with p ⬍
Applied Science).
Histology, Immunohistochemistry, and Helicobacter Testing— 0.05 regarded as statistically significant.
Tissues were fixed in 4% paraformaldehyde, dehydrated in ethanol and xylene, and embedded in paraffin. Sections were 4 The abbreviations used are: GS-II, Griffonia simplicifolia lectin II; Ab, antibody.
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from selected wild-type mouse
organs. Among these tissues, Spdef
expression was highest in the dorsal
prostate, as expected (9), followed
by the colon and stomach (Fig. 1A).
Among the three major stomach
compartments, Spdef expression is
highest in the antrum, followed by
the corpus, and absent in the forestomach (Fig. 1B). To corroborate
these findings and to identify Spdefexpressing cell types, we performed
immunohistochemistry with a well
characterized Ab (17). Nuclear
staining, as expected for a transcription factor, was undetectable in the
forestomach (supplemental Fig.
1A). In corpus glands, we observed
nuclear staining in cells with a clear
foamy cytoplasm located in the neck
region (Fig. 1C), the known site of
mucous neck cells (30). Specific and
consistently stronger nuclear staining appeared in similar clear foamy
cells at the base of antral glands
(Fig. 1D), where mucous gland cells
reside. Co-staining of Spdef-stained
sections with Alcian blue confirmed expression in antral mucous
gland cells (Fig. 1E). We also
observed high Spdef expression in
FIGURE 3. Polypoid antral hyperplasia in Spdefⴚ/ⴚ mice. A, macroscopic appearance of antral mucosal Brunner glands, a distinct compartthickening and frequency of antral hyperplasia in Spdef⫺/⫺ mice; scale bar 5 mm. Fo, forestomach; Co, corpus; ment in the intestinal submucosa at
An, antrum; Du, duodenum. B–E, as compared with normal wild-type antra (B), histology of the lesions reveals
elongated, tortuous foveolae (C) with expanded proliferative zones (D, Ki67 staining) and separation of glands the gastroduodenal junction (supby smooth muscle actin (Sma)-expressing connective tissue bands (E, arrow). Foveolar pit cell differentiation is plemental Fig. 1D). The morpholpreserved, as indicated by apical Muc5ac staining (E, arrows). Insets show higher magnifications of the boxed
ogy and properties of Brunner
areas. Scale bars, B, 100 m; C–E, 250 m.
glands are similar to those of gastric
mucous neck cells (31).
In situ hybridization with a specific Spdef probe confirmed
Expression microarray data quality was determined using the
Simpleaffy package of Bioconductor (25), and outliers were this expression pattern. Although low mRNA levels and backchecked using the dChip package (26). Arrays with ⬍5% outlier ground staining of chief (zymogenic) cells in the corpus conprobes were used to identify differential expression. Results founded these efforts (data not shown), we consistently
were normalized using the Robust Multichip Average algo- observed a specific signal at the base of antral glands with antirithm in Bioconductor, based on background correction, nor- sense but not with sense probes (Fig. 1F); riboprobe specificity
malization, and summarization of signal values (25, 27). Gene was verified by the absence of signal in Spdef⫺/⫺ antrum (data
expression values were converted from log2 to linear scale for not shown). Staining of hybridized sections with an Ab against
class comparison analysis, and transcripts that achieved a mean the proliferation marker Ki67 localized Spdef-expressing cells
change ⬎1.3-fold and minimum change ⬎1.2-fold between in a distinct compartment of the antral mucosa, below the level
two groups were considered differentially expressed. An of proliferating cells (Fig. 1F). These results together indicate
unweighted pair group method with arithmetic mean tree was that Spdef marks mucous cells of the neck and the basal region
constructed using a hierarchical clustering technique and Pear- in gastric corpus and antral glands, respectively, with most
son’s correlation as the metric of similarity (28, 29). The expres- prominent expression in the antrum.
Generation of Spdef⫺/⫺ Mice—We used homologous recomsion data matrix was row-normalized for each gene prior to
bination in embryonic stem cells to create Spdef-null mice. Our
application of average linkage clustering.
targeting strategy (Fig. 2A) replaces a 5.1-kb fragment encomRESULTS
passing exons 2–5 with a PGK-NeoR cassette. As the replaced
Spdef Expression in Mouse Stomach—We mapped Spdef exons encode the transactivation domain, the Pointed domain,
expression by quantitative real-time RT-PCR on RNA isolated and most of the Ets DNA-binding domain, the resulting mice
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throughout the antral epithelium
(supplemental Fig. 2C). The hyperplastic mucosa was separated by
myofibroblast bands containing
cells that express ␣-smooth muscle
actin (Fig. 3E). Some mutant antra
harbored scattered epithelial cysts
(supplemental Fig. 2A) or areas with
tubular or cribriform growth (supplemental Fig. 2B). No signs of
severe dysplasia, carcinoma in situ,
or invasive carcinoma were evident,
even at 18 months of age (n ⫽ 3).
Hyperplastic glands expressed the
foveolar pit cell marker Muc5ac
mainly near the luminal surface
(Fig. 3E) and did not stain for the
chief cell marker gastric intrinsic
factor (Gif), the parietal cell marker
Atp4b, or the intestine-specific protein Cdx2 (supplemental Fig. 2,
D–F), indicating the absence of tissue heterotopia or metaplasia. No
mice showed corpus mucosal
abnormalities, including glandular
FIGURE 4. Gastric antral inflammation in Spdef mutant mice. A and B, antral inflammation without mucosal atrophy. In summary, about half of
hyperplasia. A, band-like (arrows) inflammatory infiltrates at the foveolar crypt base of the gastric antrum and Spdef⫺/⫺ adult mice developed
frequency of inflammation (table). B, higher magnification of inflammatory cells (arrow) surrounding gland
bases (arrowhead). Immunostaining identified predominantly granulocytes (myeloperoxidase, MPO) but severe polypoid hyperplasia of the
few T (CD3, arrow) or B cells (B220, arrow). C, inflammation coincident with mucosal hyperplasia showed gastric antrum over a 1.5-year
mucosal infiltration by granulocytes (MPO, arrows), T (CD3, arrows) and B lymphocytes (left panel of B220 period of observation.
staining, arrow), and submucosal lymphoid aggregates (right panel of B220 staining). Scale bars, A, 100
Inflammation Precedes Antral
m; B and C, 50 m.
Hyperplasia in Spdef⫺/⫺ Mice—
are predicted to carry a functionally null Spdef allele. RT-PCR Because antral mucosal hyperplasia occurred in Spdef⫺/⫺ mice
analysis confirmed loss of sequences originating in exons 2–3 with incomplete penetrance and increased in frequency with
(supplemental Fig. 1B). We also verified the absence of Spdef by age, we considered it less likely that the changes were direct
immunostaining (supplemental Fig. 1, C–E) and by in situ effects of Spdef loss and more likely that they represented a
hybridization using a probe that corresponds to the deleted secondary response. Acute and chronic gastritis are common
exons (data not shown). Heterozygote crosses yielded all three causes of reactive and neoplastic stomach mucosal hyperplasia
expected genotypes (Fig. 2C). Most Spdef⫺/⫺ mice were viable in mice and humans (32, 33), prompting us to assess inflammaat birth, although they appeared in ratios slightly lower than tion in the Spdef⫺/⫺ stomach mucosa. Moderate to severe
expected from heterozygote matings (18% instead of 25%, n ⫽ inflammation was evident in nearly 90% of mutant mice after 4
162, p ⫽ 0.16, supplemental Table 3). As discussed below, intes- months in the form of dense leukocytic infiltrates in a band-like
tinal gene expression profiles in our Spdef⫺/⫺ mouse strain pattern among the bases of the antral glands (Fig. 4A). This
overlapped considerably with those reported with another, feature was present even in the absence of epithelial hyperplasia
and certainly earlier (Fig. 4A) but absent from wild-type litterindependent null allele (19).
Polypoid Antral Hyperplasia in the Spdef⫺/⫺ Stomach—Al- mates. The characteristic nuclear ring shape permitted recogthough the stomachs of Spdef⫺/⫺ mice did not differ overtly nition of large numbers of neutrophils, and immunostaining
from those of their wild-type littermates in the first 2 months of confirmed a predominance of myeloperoxidase-expressing
life, profound thickening of the antral stomach was evident on granulocytes, with few CD3⫹ T or B220⫹ B lymphocytes (Fig.
gross inspection of a significant fraction of homozygote mutant 4B), indicating acute inflammation. In cases with accompanyanimals (40.9% at ⱖ4 months age) at necropsy (Fig. 3A). By ing epithelial hyperplasia, typically in older animals, we
histology, mice with such antral thickening showed marked detected mixed inflammatory infiltrates in the lamina propria
polypoid hyperplasia, with impressive expansion of the epithe- with formation of submucosal lymphoid follicles (Fig. 4C).
lium and dilated, elongated, and tortuous foveolae (compare Inflammation was usually absent from the gastric corpus
Fig. 3, B and C). Ki67 staining revealed an expanded zone of (supplemental Fig. 3A) in the absence of antral hyperplasia but
proliferating antral epithelial cells, located predominantly in often evident at the corpus-antral junction when antral hyperthe mid-gland (Fig. 3D), although the spectrum of variation plasia was present (supplemental Fig. 3B); less dense leukocytic
included samples with proliferating cells present almost infiltrates were also apparent in the duodenal submucosa in
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these cases. Thus, inflammation centered on the gastric
antrum, with some rostral and caudal extension. Approximately half of Spdef⫺/⫺ mice euthanized for analysis
between 4 and 18 months showed antral inflammation without hyperplasia, but we never observed antral hyperplasia
without accompanying inflammation. We therefore reason
that inflammation precedes a reactive hyperplasia of the
antral mucosa in Spdef⫺/⫺ mice. Although Helicobacter
infection could have contributed in principle to the gastric
antral inflammation, neither histochemistry nor a PCRbased assay for Helicobacter DNA uncovered evidence of
Helicobacter infection (supplemental Fig. 3, C and D). Thus,
an underlying extrinsic stimulus for antral inflammation is
unclear.
Spdef Is Required for Proper Maturation of Mucous Gland
Cells—Unlike the gastric corpus, which houses parietal and
zymogenic cells, the antral epithelium carries a limited number
of cell types (Fig. 1D). We analyzed antra from Spdef⫺/⫺ and
littermate control mice between 1 and 2 months in age, before
onset of overt inflammation. Ki67 staining revealed equal proportions of proliferating cells in the mutant and control antra,
with normal location of replicating cells above the gland base.
Staining for Muc5ac and gastrin indicated normal maturation
of foveolar pit and gastrin-producing G cells, respectively (sup-
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plemental Fig. 4, A–C). Because Spdef expression is confined to
mucous gland cells, we hypothesized that defects in this population may be responsible for the inflammatory prodrome and
eventual mucosal hyperplasia in null mice. To test this hypothesis, we first used reverse transcription real-time PCR and
found that Muc6 and Tff2 mRNAs, two specific markers of
antral mucous gland cells (34, 35), were significantly reduced in
Spdef⫺/⫺ mouse stomach (Fig. 5A); Tff2 immunohistochemistry confirmed the result (Fig. 5B). N-Acetyl-D-glucosaminyl
moieties on glycoproteins are specifically found in antral
mucous gland cells (36), and staining for G. simplicifolia lectin
GS-II, which selectively binds this moiety, was also reduced in
Spdef⫺/⫺ antra (Fig. 5C). We characterized the apparent maturation defects further by transmission electron microscopy.
Wild-type antral mucous gland cells carried multiple mucus
granules in the apex, poised for secretion into the foveolar
lumen (Fig. 5D). Granule numbers were significantly reduced in
Spdef⫺/⫺ antra (Fig. 5, D and E) and appeared immature in their
frequent lack of the typical composite feature of compartments
with high and low electron density (Fig. 5F). Thus, antral
mucous gland cells are produced in the absence of Spdef but
have significant deficiencies in their secreted products. Ultrastructural analysis further reveals a paucity of secretory granules with a structural defect.
VOLUME 285 • NUMBER 45 • NOVEMBER 5, 2010
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FIGURE 5. Defects in mucous gland cell maturation in Spdefⴚ/ⴚ antra. A, significant (p ⬍ 0.001) decrease of Muc6 and Tff2 mRNAs in Spdef⫺/⫺ (KO) antra as
compared with the wild-type (WT), as determined by quantitative RT-PCR. B and C, strongly reduced staining for Tff2 (B) and GS-II lectin (C) in Spdef⫺/⫺ antral
mucous gland cells as compared with WT littermates. D and E, significantly reduced numbers of secretory granules in antral mucous gland cells of Spdef⫺/⫺ (KO)
mice as compared with WT littermates. Granule counts (E) show data from three independent mouse pairs. F, immature appearance of granules in Spdef⫺/⫺
antral mucous gland cells, with common absence of the WT feature of a composite of electron-dense and less dense compartments. Scale bars, B and C, 50 m;
D, 2 m; and F, 0.5 m. Error bars in A and E indicate S.E.

Gastric Antral Mucous Gland Cell Maturation

DISCUSSION
Distinct regions in the mammalian stomach are distinguished by
the presence of highly specialized
glandular epithelial cells such as
acid-secreting parietal and zymogenic chief cells in the corpus and
gastrin-producing endocrine and
mucous gland cells in the antrum. In
addition to secretory functions, the
gastric mucosa also forms a barrier
FIGURE 6. Gene expression analysis of gastric antrum and colon. A, heat map showing the top 50 down- and against damage from ingested food
up-regulated transcripts in Spdef⫺/⫺ (KO) gastric antrum relative to wild-type (WT) and Spdef⫹/⫺ (HET) mice. and microbes. All epithelial cell linColumns represent samples, and rows represent genes. Expression is represented in a pseudocolor scale (⫺2 to
2), with red denoting high and green denoting low relative expression. B, quantitative RT-PCR validation of eages derive from a common protranscripts affected by Spdef absence. Real-time PCR analysis of Pthlh, Dmbt1, Thrsp, Cfd, and Adipoq in antrum genitor, but few transcriptional regfrom 8-week-old mice of the three genotypes is shown. Each mRNA was normalized to Gapdh levels. C, Venn
diagrams highlighting the overlap in dysregulation of antral and colonic genes in Spdef⫺/⫺ and WT mice. The ulators of cell fate determination
numbers refer to transcripts showing significant differential expression. D, real-time RT-PCR results of Spdef, and terminal differentiation have
Creb3l4, and Mlph expression in antrum and colon. Error bars in B and D indicate S.E.
been identified. Significant expression of the epithelial Ets protein Spdef
Spdef Regulates a Distinct Set of Stomach Genes—To investi- in the distal stomach suggested the possibility of such a role.
Spdef is expressed in mucous neck and gland cells of the
gate the transcriptional consequences of Spdef loss, we profiled
gene expression in the gastric antrum at 6 weeks of age, when corpus and antrum, respectively. We show that Spdef gene delemorphologic or inflammatory changes are absent. Fig. 6A tion leads to reduced expression of known protective factors
shows the 50 genes most significantly deregulated in Spdef⫺/⫺ such as Muc6 and Tff2 and to significantly reduced numbers
antra. Real-time RT-PCR confirmed sample results (Fig. 6B), and defects in secretory granules in antral mucous gland cells.
such as for Thrsp, a gene that is also strongly down-regulated in These observations parallel recent findings in the intestine,
gastric antral hyperplasia-prone Tff2⫺/⫺ mice (37). Among 713 where Spdef specifically regulates maturation of goblet and
genes affected in the antrum, 122 were also dysregulated in the Paneth cells (19). Taken together with the observation that
colon, representing a notable overlap (p ⫽ 0.0001, Fig. 6C, sup- Spdef controls terminal differentiation of goblet cells in the
plemental Fig. 5). Intestinal expression analysis of a different lung (18) and of luminal epithelial cells in the prostate,5 this
Spdef⫺/⫺ strain had revealed reduced expression of genes that
may be necessary for Paneth and goblet cell maturation (19); 5 X. Gu, J. Li, M. Bhasin, Q. Yang, W. Chen, D. Lin, D. Horst, J. Howell, M. Sanda,
our antral and intestinal expression profiles overlapped with
Y.-P. Li, and T. Liberman, manuscript in preparation.
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the published list of 25 such genes.
Six of these transcripts (Creb3l4,
Ccl6, Ccl9, Hgfac, Rap1gap, and Es1)
are reduced in antrum and small
intestine, and five genes (Tpsg1,
Spink4, 1810030J14Rik, Mmp7, and
Foxa3) are reduced only in the
intestine in our Spdef⫺/⫺ strain
(supplemental Table 4), suggesting
that each mouse line reflects bona
fide consequences of Spdef loss.
mRNA profiling (Fig. 6A) and RTPCR analysis (Fig. 6D) of stomach
and colon from our Spdef⫺/⫺ mice
confirmed reduced levels of Creb3l4
and Mlph, two genes whose expression correlates most closely with
Spdef across multiple tissues (Fig.
6D). Thus, a subset of Spdef-dependent genes, exemplified by such factors, represents an apparently common program in functional
maturation of gastric and intestinal
secretory cells.
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D. Horst, X. Gu, M. Bhasin, Q. Yang, M. Verzi, D. Lin, M. Joseph, X. Zhang, W.
Chen, Y.-P. Li, R. A. Shivdasani, and T. A. Libermann, unpublished results.
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gastric glands; its levels increase in response to inflammation
and decrease in terminally differentiated epithelia (45). Thus,
increased Dmbt1 may contribute to incomplete mucous cell
differentiation in the Spdef⫺/⫺ antrum. Additional genes with
diminished expression in the intestine of an independent
Spdef⫺/⫺ strain, including Hgfac, Ccl6, Ccl9, Rap1gap, and Es1
(19), are also reduced in the antrum, and the colon and antrum
share 122 dysregulated genes, indicating that candidate Spdef
target genes are common to several types of secretory gut
epithelia.
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