










these cases. Thus, inflammation centered on the gastric
antrum, with some rostral and caudal extension. Approxi-
mately half of Spdef�/� mice euthanized for analysis
between 4 and 18 months showed antral inflammation with-
out 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 PCR-
based 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 pro-
portions 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-

plemental Fig. 4,A–C). Because Spdef expression is confined to
mucous gland cells, we hypothesized that defects in this popu-
lation may be responsible for the inflammatory prodrome and
eventual mucosal hyperplasia in null mice. To test this hypoth-
esis, 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 immunohistochemis-
try 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 mat-
uration 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 numberswere significantly reduced in
Spdef�/� antra (Fig. 5,D andE) 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. Ultra-
structural analysis further reveals a paucity of secretory gran-
ules with a structural defect.

FIGURE 5. Defects in mucous gland cell maturation in Spdef�/� 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.
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Spdef Regulates a Distinct Set of Stomach Genes—To investi-
gate the transcriptional consequences of Spdef loss, we profiled
gene expression in the gastric antrum at 6 weeks of age, when
morphologic or inflammatory changes are absent. Fig. 6A
shows the 50 genes most significantly deregulated in Spdef�/�

antra. Real-time RT-PCR confirmed sample results (Fig. 6B),
such as forThrsp, a gene that is also strongly down-regulated in
gastric antral hyperplasia-proneTff2�/� mice (37). Among 713
genes affected in the antrum, 122 were also dysregulated in the
colon, representing a notable overlap (p � 0.0001, Fig. 6C, sup-
plemental Fig. 5). Intestinal expression analysis of a different
Spdef�/� strain had revealed reduced expression of genes that
may be necessary for Paneth and goblet cell maturation (19);
our antral and intestinal expression profiles overlapped with

the published list of 25 such genes.
Six of these transcripts (Creb3l4,
Ccl6,Ccl9,Hgfac,Rap1gap, andEs1)
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 RT-
PCR analysis (Fig. 6D) of stomach
and colon from our Spdef�/� mice
confirmed reduced levels ofCreb3l4
andMlph, two genes whose expres-
sion correlates most closely with
Spdef across multiple tissues (Fig.
6D). Thus, a subset of Spdef-depen-
dent genes, exemplified by such fac-
tors, represents an apparently com-
mon program in functional
maturation of gastric and intestinal
secretory cells.

DISCUSSION

Distinct regions in the mamma-
lian stomach are distinguished by
the presence of highly specialized
glandular epithelial cells such as
acid-secreting parietal and zymo-
genic 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
against damage from ingested food
and microbes. All epithelial cell lin-
eages derive from a common pro-
genitor, but few transcriptional reg-
ulators of cell fate determination
and terminal differentiation have
been identified. Significant expres-
sion of the epithelial Ets protein Spdef

in the distal stomach suggested the possibility of such a role.
Spdef is expressed in mucous neck and gland cells of the

corpus and antrum, respectively.We show that Spdef gene dele-
tion leads to reduced expression of known protective factors
such as Muc6 and Tff2 and to significantly reduced numbers
and defects in secretory granules in antral mucous gland cells.
These observations parallel recent findings in the intestine,
where Spdef specifically regulates maturation of goblet and
Paneth cells (19). Taken together with the observation that
Spdef controls terminal differentiation of goblet cells in the
lung (18) and of luminal epithelial cells in the prostate,5 this

5 X. Gu, J. Li, M. Bhasin, Q. Yang, W. Chen, D. Lin, D. Horst, J. Howell, M. Sanda,
Y.-P. Li, and T. Liberman, manuscript in preparation.

FIGURE 6. Gene expression analysis of gastric antrum and colon. A, heat map showing the top 50 down- and
up-regulated transcripts in Spdef�/� (KO) gastric antrum relative to wild-type (WT) and Spdef�/� (HET) mice.
Columns 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
transcripts affected by Spdef absence. Real-time PCR analysis of Pthlh, Dmbt1, Thrsp, Cfd, and Adipoq in antrum
from 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
numbers refer to transcripts showing significant differential expression. D, real-time RT-PCR results of Spdef,
Creb3l4, and Mlph expression in antrum and colon. Error bars in B and D indicate S.E.
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transcription factor appears to enablematuration of specialized
secretory cells in several organs. Of particular interest in this
light are the phenotypic similarities between intestinal goblet
and gastric antral mucous gland cells, each of which matures
incompletely in the absence of Spdef. These two cell types rep-
resent a subset of the highly specialized mucin-producing cells
that populate the digestive mucosa and produce acidic mucins
necessary to protect the epithelium (38, 39). Needs for particu-
lar mucins vary along the gastrointestinal tract, and mucin-
producing cells have evolved to meet those needs. Goblet cell
numbers increase steadily from the duodenum, where they are
sparse, to the colon, where they constitute the majority, and
differmaterially from the dominantmucinous cells in the stom-
ach, pit cells, which produce neutral mucins. Spdef-dependent
mucous cells in the gastric antrum are distinctive but poorly
characterized. Their morphology, location, and staining prop-
erties place them closest to the network of submucosal secre-
tory cells in duodenal Brunner glands (31), another poorly char-
acterized population that also shows Spdef expression. The
shared dependence on Spdef suggests that although antral
mucous and intestinal goblet cells serve different, region-spe-
cific functions, they may have evolved from a common cellular
ancestor that first used Spdef for coordinate regulation of secre-
tory granule products.
The secretory cell defects did not affect epithelial prolifer-

ation or other neighboring cell types in young animals. Over
time, however, compromised mucous cell maturation led to
antral gastritis in most Spdef�/� mice, with polypoid antral
hyperplasia, likely reactive, ensuing in about half the cases.
These findings imply that Spdef-mediated mucous gland cell
maturation is required for protective barrier function.
Spdef�/� mucous gland cells showed reduced expression of
Tff2, a protease-resistant peptide that is co-secreted with
mucus and thought to help in oligomerization of mucin
polysaccharides to form a protective viscous coat (35, 40).
Tff2-null mice are prone to epithelial hyperplasia and dys-
plasia upon H. pylori infection, whereas supplementary
administration of Tff2 accelerates healing of gastric mucosal
ulcers (41). Thus, Spdef may exert protection in part through
control of Tff2 expression. We also observed reduced
expression ofMuc6 and reduced staining with GS-II lectin in
antral mucous gland cells, suggesting a broad role for Spdef
in completing the maturation necessary to produce an effec-
tive epithelial barrier.
Gene expression analysis provided additional clues. Both

Spdef�/� antrum and Spdef�/� intestine have reduced levels of
Creb3l4, an endoplasmic reticulum-associated transcription
factor of unknown function (42).Creb3l4 is the transcript most
closely correlated to Spdef across numerous expression data-
sets,6 followed by Mlph. Mlph is expressed highest in Spdef�
epithelia and belongs to a family that regulates secretory gran-
ules (43, 44), suggesting a potential role in the Spdef�/� antral
secretory defects. Dmbt1, one of the genes most increased in
Spdef�/� antrum, is highly expressed in lung, intestinal, sali-
vary, and mammary gland epithelia and in the neck region of

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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