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Abstract

Background: Studies in many model systems have shown that canonical signaling through
the pathway downstream of ligands of the Wnt family can regulate multiple steps in
organogenesis, including cell proliferation, differentiation, and lineage specification. In addition,
misexpression of the Wnt-family member Wingless in Drosophila imaginal disc cells can lead to
transdetermination of progenitors from one lineage to another. Conditional deletion of the
B-catenin component of the Whnt signaling pathway has indicated a role for Wnt signaling in
mouse lung endoderm development. The full range of effects of this pathway, which includes
the transcription factor Lefl, has not been explored, however.

Results: To explore this issue, we expressed a constitutively active (3-catenin-Lefl fusion
protein in transgenic embryos using a lung-endoderm-specific promoter from the surfactant
protein C gene. Transgenic lungs appeared grossly normal, but internally they contained highly
proliferative, cuboidal epithelium lacking fully differentiated lung cell types. Unexpectedly,
microarray analysis and in situ hybridization revealed a mosaic of cells expressing marker
genes characteristic of intestinal Paneth and goblet cells and other non-lung secretory cell
types. In addition, there was strong ectopic expression of genes such as Cdx/ and Atoh! that
normally regulate gut development and early allocation of cells to intestinal secretory lineages.

Conclusions: Our results show that hyperactive Wnt signaling in lung progenitors
expressing a lung-specific gene can induce a dramatic switch in lineage commitment and the
generation of intestinal cell types. We discuss the relevance of our findings to the poorly
understood pathological condition of intestinal metaplasia in humans.

Background by sets of conserved intercellular signaling pathways. Ini-
The development of organs such as the lung, pancreas, and tially, an organ primordium is established within a larger
intestine proceeds through distinct stages, each coordinated embryonic field. This is followed by the proliferation of
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progenitor cells, their diversification into different lineages,
cell differentiation, and the sequestration of organ-specific
stem cells in distinct niches. In the adult, these stem cells
give rise to new progenitors that normally differentiate
along the same tissue-specific lineage pathways. Occasion-
ally, however, a process known as metaplasia can occur,
usually in response to local inflammation or injury. Under
these conditions, cell types specific for a different organ
arise in situ. A well-known example in humans is Barrett’s
esophagus, in which epithelial cell types characteristic of
the small intestine differentiate ectopically in the lower
esophagus [1,2]. Despite the medical relevance of this and
other metaplastic conditions, little is known about the
underlying mechanisms and whether they involve changes
in the lineage specification of progenitors and/or stem
cells, a process known as transdetermination. Insight is
likely to come from greater knowledge of the pathways reg-
ulating normal lineage commitment and differentiation in
embryonic epithelia, including the esophagus, intestine,
pancreas, and lung, all of which are derived from foregut
endoderm [3,4].

One intercellular signaling pathway that is involved at mul-
tiple stages in organ development in both vertebrates and
invertebrates is the canonical Wnt signaling pathway. Initi-
ated by the interaction between extracellular Wnt ligands
and their receptors, this pathway culminates in the stabiliza-
tion of B-catenin, which then interacts with nuclear T-cell
factor/lymphoid enhancer factor (TCF/LEF) transcription
factors to modulate the activity of target genes [5]. In
Drosophila development, depending on the cellular context,
the Wnt homolog Wingless (Wg) can regulate cell prolifera-
tion, embryonic patterning, and/or differentiation. Of par-
ticular relevance to the findings of this article, Wg can drive
transdetermination of third instar larval imaginal disc cells
(reviewed in [6]). For example, ectopic expression of Wg in
leg imaginal discs induces, in a subset of proliferating cells
that co-express other signaling pathway components and
competency factors, the expression of selector genes specific
for wing imaginal disc progenitors. The descendants of
these cells subsequently differentiate into wing cell types.

Studies in the vertebrate embryo have identified multiple
roles for components of the canonical Wnt pathway in
organ development. For example, in the small intestine,
Tcf4 is required for the rapid proliferation of the embryonic
intervillus epithelium that gives rise to the crypts [7]. These
contain the stem cells of the adult intestine, which generate
the progenitors of the major epithelial cell types. Lineage
choice among these progenitors is thought to involve sig-
naling via the Notch/Delta pathway and the expression of
so-called neurogenic basic helix-loop-helix (bHLH) genes.
Cells transcribing high levels of Notch and Hes1 give rise to
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enterocytes, while descendants of cells that express high
levels of Delta and the bHLH gene Atohl (Mathl) keep their
options open and undergo further rounds of lineage restric-
tion to generate secretory cell lineages (Paneth, goblet, and
neuroendocrine cells) [8]. Blocking Wnt signaling in the
intestine inhibits both cell proliferation and the generation
of secretory cells [7,9]. This abnormal phenotype is accom-
panied by the down-regulation of Atoh1 (Math1), consistent
with the phenotype of Atohl-null mice, which also lack all
secretory cell lineages in the intestine [8].

Much less is known about either Wnt signaling or lineage
diversification in the embryonic lung. This organ arises in
the ventral wall of the foregut tube between the thymus and
the stomach. The trachea and primary bronchi develop by
separation from the future esophagus, while the remaining
respiratory tree develops from two small ventrolateral buds
(for reviews see [10,11]). These buds proliferate rapidly and
undergo reiterative branching to generate an arborization of
epithelial tubes of decreasing diameter. The epithelium in
the larger, more proximal tubes differentiates into several
specialized cell types (ciliated cells, the various subsets of
secretory Clara cells, and the pulmonary neuroendocrine
cells). The epithelium of the smaller, peripheral tubes that
appear towards the end of gestation gives rise to the distal
alveolar cell types - the type I and type II cells. Genetic
studies have shed some light on mechanisms underlying
lung lineage diversification. For example, as in the intestine,
the bHLH gene Ascll (Mashl) is required for the develop-
ment of lung neuroendocrine cells, while Hes1 apparently
promotes non-neuroendocrine lineages [12,13]. However,
Atohl (Mathl) is not expressed during lung development
([8] and our unpublished observations) and it is not known
what regulates the generation of ciliated, Clara and mucus-
producing cells.

With respect to the Wnt signaling system, a number of Wnt
ligands and receptors are expressed dynamically during lung
development [14]. For example, Wnt7b is transcribed in the
distal endoderm during branching morphogenesis, while
Wnt2 is expressed in the adjacent mesoderm ([15] and our
unpublished observations). Transcription factors of the
TCF/LEF family are also expressed in the developing lung,
both in the endoderm and mesoderm [14]. Although the
submucosal glands that arise from epithelial cells in the
trachea and main bronchi are absent from Lef17/- mice, the
respiratory portion of the lung develops normally, suggest-
ing that other factors can compensate for the absence of
Lefl [16]. Recently, an inducible transgenic system was used
to delete B-catenin in the epithelium at different times
during lung development [17]. Although the B-catenin
protein persisted for some time, its eventual depletion
resulted in a dramatic down-regulation of the number of
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differentiated distal alveolar epithelial cells in the lung
before birth, and an increase in the relative proportion of
proximal ciliated and Clara cells.

The experiments described here were initially designed to
explore Wnt function in lung development using the com-
plementary approach of pathway overexpression. We used
the same lung epithelial cell-specific promoter as Mucenski
et al. [17]; it is active from the time the primary buds first
appear. We employed an activated P-catenin-Lefl fusion
protein that had previously been used to rescue embryonic
expression in Wnt3a-null mouse mutants [18]. We found
that transgenic lungs looked grossly normal but contained
rapidly proliferating epithelium and a relative paucity of
fully differentiated pulmonary cell types. Unexpectedly, use
of Affymetrix array analysis to study gene expression
revealed very high levels of expression of multiple genes
normally characteristic of intestinal epithelial secretory cell
types (small intestine, duodenum, and stomach). This
finding was confirmed by in situ hybridization. In addition,
transgenic epithelium ectopically expressed genes such as
Cdx1, which regulates gut development, and Atoh1, which is
required for the determination of the secretory lineage in
the intestine. These results provide strong evidence that the
developmental fate of early lung progenitor cells can be
switched in vivo to that of gut/intestine by elevated and/or
prolonged Wnt signaling. We discuss this finding in the
light of previous examples of transdetermination in
response to abnormal Wnt signaling and its relevance to the
pathological condition of intestinal metaplasia in humans.

Results

Evidence for active Wnt signaling in the epithelium
of the developing lung and gut

As there was no information available about the localiza-
tion of Wnt signaling in the developing lung, we first ana-
lyzed embryos of the TOPGAL reporter mouse line, in
which LacZ activity is regulated by multiple TCF/LEF
binding sites linked to the minimal c-fos promoter (TCF/LEF
optimal promoter) [19] (Figure 1). At embryonic day 9.5
(E9.5), positive cells are detected in the ventral foregut
endoderm, in the region of the future trachea, and in
nascent lung buds. At E11.5-E12.5, the highest expression in
the lung is in the distal endoderm, with stronger LacZ stain-
ing in some cells than in others (Figure 1). This pattern of
activity is associated with localization of nuclear -catenin
(Figure 1f). LacZ staining is also detected at this time in the
dorsal epithelium of the trachea, and in the esophagus and
stomach (Figure 1 and data not shown). By E15.5, TOPGAL
activity declines in the peripheral lung tubules but remains
elevated in the more proximal endoderm. Expression con-
tinues in this population at E18.5, but by postnatal day 15
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it is confined to small clusters of epithelial cells in the
bronchi and bronchioles.

Previous studies had shown that several TCF/LEF proteins are
expressed in lung endoderm early in development [14]. To
confirm these findings, we carried out reverse-transcription-
coupled (RT)-PCR using RNA extracted from E11.5 distal
and proximal endoderm, dissected free of mesoderm. As
shown in Figure 2a, B-catenin is expressed in both cell pop-
ulations, while Tcfl, Tcf4, and Lefl transcripts are all
detected at higher levels distally than proximally, although
their precise levels of expression cannot be quantitated
using this technique. Immunohistochemistry with an anti-
body to Lefl confirmed localization of the protein in the
distal epithelium of the lung at E14.5 (Figure 2b-d).

Hyperactive Whnt signaling in the distal endoderm of
transgenic lungs leads to a severely abnormal
phenotype

To explore the role of Wnt signaling in lung endoderm we
expressed a constitutively active amino-terminal-deleted-f3-
catenin-Lefl fusion protein (CatCLefl) [20] in the epithe-
lium, using the 3.7 kilobase human surfactant protein C
(SftpC) gene promoter [21]. The CatCLefl fusion protein
functions in vitro as a transcriptional activator, and cleanly
rescues the abnormal tail phenotype of Wnt3a-null mouse
embryos [18]. The SftpC promoter drives transgene expres-
sion specifically in the lung endoderm, first in progenitor
cells of the primary lung buds, but not the trachea, and
later at higher levels in the type II alveolar cells and their
progenitors. The early expression of the promoter in distal
lung buds was confirmed in our hands using an SftpC-Cre
transgenic line crossed with the Rosa26R reporter line (see
Additional data file 1, Figure S1, with the online version of
this article).

A total of seven SftpC-CatCLefl transgenic E18.5 lungs
showed both an abnormal phenotype and expression of the
transgene (Figure 3). Externally, transgenic lungs appeared
relatively normal, if somewhat smaller, with well-formed
tracheae, two main stem bronchi and the correct number of
lobes. Internally, however, a few wide-bore bronchial tubes
opened directly into large sacs lined with simple cuboidal or
columnar epithelium. No morphologically differentiated
type II alveolar cells, normally marked by the presence of
lamellar bodies, or attenuated type I cells closely apposed to
capillary vessels, were seen by transmission electron
microscopy (not shown); rather, the transgenic epithelial
cells were cuboidal or columnar and the majority examined
had large cytoplasmic accumulations of glycogen
(Figure 3m). This grossly abnormal phenotype was consid-
ered to be incompatible with postnatal survival, so no pups
were taken to term. In vivo labeling of E18.5 lungs with
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Expression of 3-galactosidase in TOPGAL embryos shows dynamic changes in Wht signaling during lung development. (a) Intact embryo at embryonic day
9.5 (E9.5). (b) High magnification of the region boxed in (a); the arrow marks a primordial lung bud. (c) A section of E9.5 embryo showing expression in
the primordial lung bud and undivided trachea/esophagus (arrows). (d) At El 1.5 expression is seen in the anterior trachea, distal lung buds and anterior
stomach (arrows). (e) EI12.5 whole lung, with a white line showing the level of section of the trachea in (f); the inset shows expression in the dorsal
tracheal endoderm (D) and ventral mesoderm (V). (f) Section of E12.5 lung, at the position shown by the white line in (e). Note the heterogeneity of
staining intensity in the endoderm. The inset shows immunolocalization of 3-catenin in the nuclei of distal epithelial cells. (g) EI5.5 whole lung. (h) Section
of EI5.5 lung, showing decreased expression in distal tubules. (i) Section of EI8.5 lung, showing expression confined to the bronchi and bronchioles.

(j) Section of postnatal (2 weeks) lung; the inset shows a higher magnification of the positive cells near the bronchiolar/alveolar junction. At all stages
described here, non-transgenic tissue was negative for endogenous 3-galactosidase activity. Scale bar, 100 wm (j) also applies to (c,f,h,i).

5-bromo-2-deoxyuridine (BrdU) for one hour revealed proliferation was measured in the bronchial epithelium of
many proliferating cells throughout the transgenic epithe-  transgenic lungs than in control bronchi of about the same
lium (Figure 3h,i). In addition, more than 10-fold higher = diameter (Figure 3h,i, and quantitative data in Additional
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Expression of TCF/LEF-family genes in El 1.5 lung endoderm.

(a) RT-PCR analysis of TCF/LEF family genes in distal and proximal
endoderm. EI 1.5 lungs were collected, dissected into trachea and
primary bronchi (proximal region), and the remainder (distal region)
and endoderm was separated from mesoderm using enzymatic
treatment. Total RNA isolated from whole lungs (W) and proximal (P)
and distal (D) endoderm was used for RT-PCR. The absence of Wnt2
RNA from the endoderm fractions confirms the removal of the
mesoderm. (b-d) Lefl protein is localized in the nuclei of lung epithelial
cells at E14.5 (b), and nuclei are also stained with DAPI (c). The images
are merged in (d); the bar is 50 um.

data file 1, Figure S2, with the online version of this article).
No obvious signs of abnormal cell death were seen.

We next assayed for the localized expression of genes char-
acteristic of the major differentiated lung epithelial cell
types. The presence in wild-type lungs of numerous differ-
entiated type II cells with a typical rounded morphology
was confirmed by in situ hybridization with a probe for
StpfC RNA, and immunohistochemistry for Pro-SftpC
protein (Figure 4 and see below, Figure 7). Transgenic lungs
also showed high levels of SfipC expression, both in the
peripheral epithelium and in patches of cells internally. The
cells that reacted positively to staining with Pro-SftpC anti-
body were cuboidal rather than rounded, however, suggest-
ing that they were immature type II cells (Figure 4 and see
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below, Figure 7). When bronchi of about the same diameter
were compared for the expression of secretoglobin (Scgblal
or Cc10), a marker for Clara cells, and Foxj1, a marker for
ciliated cells, there were clearly fewer Clara cells in the
epithelium of the transgenic than in wild-type. Staining sec-
tions with an antibody to a-calcitonin/calcitonin-related
polypeptide (Calca or Cgrp) showed a few clusters of differ-
entiated pulmonary neuroendocrine cells in both wild-type
and transgenic bronchial epithelium, but the numbers were
too small for any meaningful comparisons at this level of
analysis (data not shown).

Taken together, these initial studies demonstrated that mis-
expressing CatCLefl in the embryonic lung epithelium
leads to the accumulation of proliferating epithelial cells
that do not express morphological or molecular features of
differentiated lung epithelial lineages. Fully differentiated
type II and type I alveolar cells are absent, and the relative
number of cells expressing markers of bronchial lineages
(ciliated cells and Clara cells) is reduced.

Microarray analysis of gene expression in wild-type
and transgenic lungs

To learn more about the phenotype of SftpC-CatCLef1 lungs,
we analyzed gene expression using the mouse MOE430
Affymetrix microarray set. RNA was isolated from the caudal
lobe (endoderm and mesoderm) of three different trans-
genic and wild-type lungs, and probes were prepared
according to standard protocols (see Materials and
methods). A total of 1,089 genes were detected that gave
more than a two-fold difference in expression between
transgenics and controls, with a p value of less than 0.05
(up-regulated, 513; down-regulated, 576). They were cate-
gorized into different functional groups, and some are
shown in Table 1. (The full data set can be accessed at our
website [22] or in Additional data files 2-4, with the com-
plete version of this article online).

Consistent with the morphological findings, the microarray
data showed that genes characteristic of differentiated pul-
monary cells were markedly down-regulated (Table 1). For
example, aquaporin 5, a marker of type I alveolar cells, was
reduced 96-fold, and genes encoding surfactant proteins
(SftrA, SftpD and SftpB) and lysozyme, characteristically
expressed at high levels in type II cells, were reduced
between 10- and 30-fold. Transcripts for Scgblal and Foxj1
were down-regulated 5-fold and 2.3-fold, respectively, con-
firming the in situ hybridization data (Figure 4).

By contrast, genes associated with high rates of cell prolifer-
ation and metabolism were up-regulated: for example
cyclinD2, cyclinD1, Brcal and Rbl1, cdk4, 3-phosphoglycerate
dehydrogenase (Phgdh), Myc genes (c-Myc, N-Myc and L-Myc),
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insulin-like growth factor binding protein 2 (Igfbp2), and
eukaryotic translation initiation factor 2 (Eif2s3y). No signifi-
cant change was seen in the level of RNA for SftpC, which is
expressed not only in mature type II cells but also in lung
progenitor cells.

A number of the most highly up- and down-regulated genes
were analyzed by RT-PCR, using RNA from two transgenic
and two wild-type E18.5 lungs. As shown in Figure 5, this
technique confirmed the differential expression seen by
microarray.

Increased expression in transgenic lungs of genes
associated with other endodermal cell lineages

A striking feature of the microarray data was the high expres-
sion in transgenic lungs of genes normally associated with the
specification and differentiation of gut/intestinal secretory
cell lineages. In particular, there were very high absolute
levels of transcripts characteristic of Paneth cells, normally
located in the base of crypts of the small intestine and absent
from the lung [23,24]. Paneth-cell-associated genes include
a-defensin-related cryptdin genes (up-regulated between 3.4-
and 844-fold, depending on the particular gene), guanylate
cyclase activator 2 (Guca2; 322-fold), Spink4 (100-fold), matrix
metalloproteinase 7 (MMP7; 9-fold) and Pla2g2e (8-fold; see
Table 1). In addition, the gene encoding trefoil factor 3 (Tff3),
which is initially expressed at E14.5 in stomach and intestine
and at high levels postnatally in intestinal goblet cells
(Figure 6), was increased 12-fold. Two other genes are nor-
mally excluded from the lung but transcribed in other tissues:
ectodermal-neural cortex 1 (Encl; 4-fold) in the intestinal
aypts; and Sprr2a (34-fold) in stomach, duodenum, and
intestine [25] (Figure 5). Also up-regulated was a subset of

Figure 3

The morphology and phenotype of transgenic lungs. (a) Control EI8.5
lung and (b) transgenic lung, with normal-appearing tracheae and
lobulation pattern. Sections of (c) wild-type lung, and (d,e) two
transgenic lungs, after staining with hematoxylin and eosin. Expression of
the transgene is detected by in situ hybridization with a probe for rabbit
B-globin intron in (f) wild-type and (g) transgenic lung. Cell proliferation
was assayed by immunostaining for incorporated 5-bromo-2-
deoxyuridine (BrdU) in (h) control and (i) transgenic lung. The insets
show typical bronchiolar epithelium. Quantitation showed a 10-fold
higher ratio of labeled to unlabeled nuclei in the transgenic embryos (see
Additional data file I, Figure S2, with the online version of this article).
Thin sections (500 nm) of (j) control and (k) transgenic lung, after
staining with ethylene blue, reveal a uniform, cuboidal/columnar
epithelium in the transgenic sample. Electron microscopy shows the
ultrastructural morphology of (I) wild-type lung shows typical alveolar
type |l cells, secreted surfactant protein (SP) and a red blood cell in a
capillary (RBC). (m) Transgenic lung shows cuboidal cells with
microvilli (M) and stored glycogen (G). Scale bar, 200 pum (c,d,e);

50 wm (f-i). 20 pm (j,k); magnification in the original films is 3,200x.
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Down-regulation of lung epithelial differentiation markers. Sections of
E18.5 (a,c,e,g) wild-type and (b,d,f,h) transgenic lungs after (a,b,e-h)
in situ hybridization or (c,d) immunohistochemistry. (a,b) Expression of
SftpC (type Il cell marker gene). (c,d) Pro-SftpC is strongly expressed
in (c) normal, rounded type Il cells but in (d) transgenic lungs it is only
expressed at low levels in some cuboidal cells (arrow). Expression of
Secretoglobin (Scgblal or Ccl0; Clara-cell marker gene) is normal in
(e) wild-type bronchioles but is reduced in (f) the transgenic lung. The
expression of Foxj/ (ciliated-cell marker gene) is slightly diminished in
(h) the transgenic lung relative to (g) the wild-type bronchiole. Scale
bars, 50 pm.

the genes normally expressed in neuroendocrine cells: neu-
ropeptide Y (Npy; 7.2-fold) and calcitonin-related polypeptide o
(Calca; also known as Cgrp; 5-fold).

Up-regulation was not confined to genes characteristic of the
intestinal endoderm. For example, the gene Dcpp, encoding
demilune cell and parotid protein, was very active in transgenic
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lungs (285-fold change). As its name suggests, Dcpp is
known to be active in sublingual and salivary glands, which
are not of endodermal origin. We show here (Figures 5,6)
that the RNA is also localized in the submucosal glands
arising from the proximal mouse tracheal epithelium.

In addition to markers of differentiated cells, the microarray
data also revealed the up-regulation of genes encoding neu-
rogenic (bHLH) and other transcription factors that play
critical roles in the earlier process of lineage specification in
the gut (Table 1). Of these, Atohl, which is normally active
in the progenitor cells of the intestine, is required for the
generation of secretory cell lineages, and is negatively regu-
lated by Hes1 and Notch [8,26]. Previous studies had failed
to detect significant Atohl expression in the normal adult
lung [8] and this was confirmed by RT-PCR at different
stages of lung development and by in situ hybridization
(Figures 5,7). Gfil encodes a zinc-finger transcription factor
that functions downstream of Atohl in the inner ear and is
expressed in precursors of neuroendocrine cells in both the
gut and the lung [27]. With respect to the Delta/Notch sig-
naling pathway, the microarray data recorded higher levels
of activity of Ascll and NeuroD4 in transgenic lungs than in
controls (6.1- and 5.2-fold, respectively), and increased
(16.7-fold) levels of expression of Delta-like 3 (DII3). No
change was seen in the expression of Notch genes or the
bHLH genes Hesl-Hes6 (hairy and enhancer of split),
however, which lie downstream of Notch, although a related
gene, Heyl (hairy and enhancer of split related with YRPW
motif 1) is up-regulated about two-fold.

The levels of Lefl RNA were about 58-fold higher in trans-
genic than in control lungs (Table 1). Given that B-catenin-
Lef1 transcripts from the transgene (shown by RT-PCR in
Figure 5) would be expected to cross-hybridize with the Lef1
probe, this gives us a rough estimate of the level of up-regu-
lation of the Wnt signaling pathway in transgenic lungs.

Finally, we examined the expression of Cdx1, a caudal-type
homeodomain gene. Cdx1 is normally expressed in the duo-
denum and intestine, is a direct target of Wnt signaling in
the proliferative compartment of the intestine, and is absent
from Tcf4-mutant embryos [28]. The increase in expression
of this gene seen by Affymetrix array was not statistically sig-
nificant. As shown in Figure 5 (and data not shown),
however, RT-PCR gave clear evidence for up-regulation of
Cdx1 in three independent transgenic lungs.

Spatial expression of genes characteristic of
intestinal epithelial lineages

We next explored the distribution of the up-regulated RNAs
by in situ hybridization. As shown in Figure 6, defensin-
related cryptdin 6 (Defcr6, also known as cryptdinG) is highly
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Table |

Selected genes up- or down-regulated in transgenic lungs

Affymetrix Allele Gene name GenBank accession numbers Fold change  p value
probe ID (transgenic/
wild-type)

Genes down-regulated in transgenic lungs
Specialized cell markers

1418818_at Agp5 aquaporin 5 Mm.45580 NM_009701 96.1 0.009
1449015_at Retnla resistin like alpha Mm.33772 NM_020509 375 0.004
1436996_x_at Lyzs lysozyme Mm.45436 AV066625 36.5 6.82E-04
1451537 _at Chi3ll chitinase 3-like | Mm.4376 BC00561 | 30.5 0.002
1429626 _at Sftpa surfactant associated protein A Mm.46062 AV024301 30.1 0.004
1420504 _at Slc6al4  solute carrier family 6 (neurotransmitter transporter)[4 ~ Mm.25770 AF320226 21.4 0.023
1419020_at Gif gastric intrinsic factor Mm.456 NM_008118 19.7 0.003
1416456_a_at Chia chitinase, acidic Mm.46418 BCOI1134 16.0 0.012
1423547 _at Lyzs lysozyme Mm.45436 AW208566 14.8 0.004
1419764 _at Chi3l3 chitinase 3-like 3 Mm.4571 NM_009892 13.6 0.013
1420378_at Sftpd surfactant associated protein D Mm. 1321 BC003705 12.0 2.10E-04
1448553_at Myh7 myosin, heavy polypeptide 7, cardiac muscle, beta Mm.155714 NM_080728 1.7 0.011
1455431 _at Slc5al solute carrier family 5 (sodium/glucose cotransporter) | Mm.25237 AV371434 10.4 0.025
1437028_at Sftpb surfactant associated protein B Mm.46033 AV025094 9.8 5.41E-04
1438696_at Edn3 endothelin 3 Mm.9478 BB368452 7.0 0.016
1452543_a_at Scgblal  secretoglobin, family 1A, member | (uteroglobin) Mm.2258 X67702 5.2 0.014
1425291 _at Foxjl forkhead box |1 Mm.4985 L13204 2.3 0.006

Genes up-regulated in transgenic lungs
Cell proliferation markers

1451417 _at Brcal breast cancer | Mm.1889 U31625 9.5 0.004
1416969_at Gtsel G two S phase expressed protein | Mm.20858 NM_013882 5.9 7.58E-04
1416122_at Ccend2 cyclin D2 Mm.3141 NM_009829 3.5 1.27E-04
1422460_at Mad2I| MAD2 (mitotic arrest deficient, homolog)-like | (yeast) Mm.43444 NM_019499 3.2 0.014
1425166_at Rbl1 retinoblastoma-like | (p107) Mm.2994 U27178 3.1 0.007
1417420_at Cendl cyclin DI Mm.22288 BB538325 2.2 0.002
Transcription factors and Notch/Delta signaling
1421299 _a_at Lefl lymphoid enhancer binding factor | Mm.200634 NM_010703 58.7 |1.29E-04
1426552 _a_at Bcll la B-cell CLL/lymphoma I IA (zinc finger protein) Mm.24020 BB772866 19.5 0.001
1417679_at Gfil growth factor independent | Mm.2078 NM_010278 18.0 0.038
1449236 _at Dli3 delta-like 3 (Drosophila) Mm. 12896 ABO 13440 16.7 0.001
1424903 _at Smcy selected mouse cDNA on the Y Mm.1064 AF127244 10.8 0.006
1451835_at Sox2| SRY-box containing gene 21 Mm.70950 AY069926 8.9 0.001
1449822 _at Atohl atonal homolog | (Drosophila) Mm.57229 BC010820 7.4 0.001
1422914 _at Sp5 trans-acting transcription factor 5 Mm. 155690 NM_022435 7.1 0.043
1448595_a_at Rex3 reduced expression 3 Mm. 14768 NM_009052 6.5 2.55E-04
1450164 _at Ascll achaete-scute complex homolog-like | (Drosophila) Mm. 10663 NM_008553 6.1 0.007
1460336_at Ppargcl  peroxisome proliferative activated receptor, Mm.10707 BB745167 5.7 0.039
gamma, coactivator |
1418055_at Neurod4 neurogenic differentiation 4 Mm. 10695 NM_007501 5.2 0.017
1424950_at Sox9 SRY-box containing gene 9 Mm.46607 BI077717 5.1 0.019
1450339_a_at Bell b B-cell lymphomalleukaemia | 1B Mm.116831 NM_021399 5.0 0.042
1460214 _at Pcp4 Purkinje cell protein 4 Mm.5023 NM_008791 4.5 0.012
1415811 _at Np95 nuclear protein 95 Mm.42196 BB702754 4.0 0.037
1419437 _at Sim2 single-minded 2 Mm.4775 NM_011377 3.9 0.03
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Table | (continued)

Affymetrix Allele Gene name GenBank accession numbers Fold change  p value
probe ID (transgenic/

wild-type)
1415810_at Np95 nuclear protein 95 Mm.42196 NM_010931 3.9 0.017
1451255_at Lisch7 liver-specific bHLH-Zip transcription factor Mm.4067 BC004672 3.7 8.53E-04
1421951 _at Lhx| LIM homeobox protein | Mm.4965 NM_008498 3.3 0.014
1417302_at Rcor RE [-silencing transcription factor (REST) co-repressor Mm.22980 NM_054048 3.3 0.047
1422088_at Lmycl Mus musculus, clone IMAGE: 1528432, mRNA Mm. 198846 Bl687857 3.0 0.001
1424942 _a_at Myc myelocytomatosis oncogene Mm.2444 BC006728 2.6 7.85E-04
1417155_at Nmycl neuroblastoma myc-related oncogene | Mm. 16469 BC005453 2.3 0.01

Specialized cell markers
Paneth cells

1450709_at Defer5 defensin related cryptdin 5 Mm.140173 NM_007851 844.0 0.003
1416905_at Guca2 guanylate cyclase activator 2 (guanylin 2, intestinal, Mm.26 14 NM_008190 322.2 0.001
heatstable)
1450631 _x_at Defcré defensin related cryptdin 6 Mm.246485 NM_007852 187.6 0.002
1427119_at Spink4 serine protease inhibitor, Kazal type 4 Mm.25246 AV066321 99.5 1.18E-04
1418550_x_at Defer-rs| defensin related sequence cryptdin peptide (paneth cells) Mm.14269 NM_007844 22.8 0.007
1449478 _at Mmp7 matrix metalloproteinase 7 Mm.4825 NM_010810 9.0 0.002
1434852_at Pla2g2e  phospholipase A2, group IIE Mm.89936 AV228827 8.0 0.049
1427873 _at Deferl5  defensin related cryptdin 15 Mm. 195047 U03065 3.4 0.019
1419254 _at Mthfd2  methylenetetrahydrofolate dehydrogenase Mm.443 BG076333 2.6 0.004
(NAD+ dependent)
Other cells
1417459_at Dcpp demilune cell and parotid protein Mm. 193062 NM_019910 285.6 8.59E-05
1450618_a_at Sprr2a small proline-rich protein 2A Mm.6853 NM_011468 34.2 2.39E-04
1449279_at Gpx2 glutathione peroxidase 2 Mm.57225 NM_030677 18.6 1.83E-04
1418931 _at Reg4 regenerating islet-derived family member 4 Mm.46306 NM_026328 15.4 0.001
1417370_at TH3 trefoil factor 3, intestinal Mm.4641 NM_011575 12.0 0.001
1419127 _at Npy neuropeptide Y Mm. 154796 NM_023456 7.2 0.033
1427355_at Calca calcitonin/calcitonin-related polypeptide, alpha Mm.4361 X97991 5.0 0.019
1420965_a_at Encl ectodermal-neural cortex | Mm.241073 BM120053 4.1 6.25E-04
1448290_at Pap pancreatitis-associated protein Mm.2553 NM_011036 2.6 0.022
1417281 _a_at Mmp23  matrix metalloproteinase 23 Mm.29373 NM_011985 2.4 0.045
1422597 _at Mmpl5  matrix metalloproteinase 15 Mm.7283 NM_008609 2.4 0.003
1421195_at Cckar cholecystokinin A receptor Mm.3521 BC020534 2.1 0.004
Extracellular signaling factors
1416211 _a_at Ptn pleiotrophin Mm.3063 BF 178348 25.5 7.50E-05
1454159_a_at Igfbp2 insulin-like growth factor binding protein 2 Mm.141936 AKOI11784 24.9 0.007
1422324 _a_at Pthlh parathyroid hormone-like peptide Mm.28440 NM_008970 22.8 0.001
1422300_at Nog noggin Mm.39094 NM_00871 | 12.8 9.64E-04
1423635_at Bmp2 Bmp2 Mm.29877 AV239587 9.3 0.019
1448254 _at Ptn pleiotrophin Mm.3063 BC002064 7.9 7.62E-04
1418910_at Bmp7 bone morphogenetic protein 7 Mm.595 NM_007557 6.2 0.004
1450922_a_at  Tgfb2 transforming growth factor, beta 2 Mm.18213 AW049938 4.5 1.06E-04
1420518_a_at Igsf9 immunoglobulin superfamily, member 9 Mm.214530 AF317839 4.4 0.007
1450923 _at Tgfb2 transforming growth factor, beta 2 Mm.18213 BF 144658 4.3 7.04E-04
1416006_at Mdk midkine Mm.906 M34328 4.1 4.19E-04

For details of the Affymetrix GeneChip mouse 430A array analysis, which used RNA from three transgenic and three wild-type E18.5 lungs, see
Materials and methods. Only selected genes taken from categories discussed in the text are shown. For the complete set of genes up- or down-
regulated more than two-fold, and for the raw data, see Additional data files 2, 3 and 4 (available with the complete version of this article online).
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Figure 5

Comparative expression of selected genes in transgenic and wild-type
lungs and different endodermal organs. (a,b) Comparison of gene
expression between wild-type and transgenic lungs by RT-PCR.

(a) CatCLefl (transgenic fusion gene), aquaporin 5 (type | cell marker),
SftpA and SftpB (both type-ll-cell markers), while SftpC is also expressed
in lung progenitor cells; B-actin is the control. (b) Sox9 is normally
expressed in distal lung endoderm; Cdx/ is a Hox gene expressed in
duodenum and intestine; Atoh |, Delta-like 3 (DII3) and and growth factor
independent | (Gfil) are expressed in intestine; defensin-related cryptdin 6
(Defcré, also known as cryptdiné) and matrix metalloproteinase 7 (MMP7)
are Paneth cell markers; trefoil factor 3 (Tff3) is a goblet cell marker;
demilune cell and parotid protein (Dcpp) is a tracheal submucosal gland
marker; Reg4 is an intestinal epithelial marker; small proline rich protein
(Sprr2A) is expressed in the stomach, duodenum, and intestine.

(c) Expression of selected genes in adult organs.

expressed in individual or small groups of cells scattered
throughout the epithelium. This pattern is reminiscent of the
distribution of Paneth cells in transgenic intestines, in which
the spatial segregation of the crypt from the villus has been
disrupted by the absence of EphB and EphrinB [29]. Tran-
scripts of Tff3 (trefoil factor 3), Dcpp (demilune cell and parotid
protein) and DII3 (Delta-like 3) genes showed similar patchy
distributions, with fewer positive cells than were observed
for cryptdin6. From analysis of adjacent 7 pm sections
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(Figure 6 and also Additional data file 1, Figure S3) it
appears that cells expressing high levels of SftpC (and there-
fore presumably high levels of the transgene) do not co-
localize with cells expressing Dcpp or cryptdinG. By contrast,
Atohl1 has a broader expression pattern and transcripts were
widely distributed in the transgenic epithelium (Figure 7).
To test the hypothesis that Atoh1 is up-regulated in cells that
express the transgene, we carried out double fluorescence in
situ hybridization using probes for Atohl and SfipC. As
shown in Figure 7, some of the cells that express SftpC also
express Atohl, but Atohl was also transcribed in cells that
are negative for SftpC RNA. A similar conclusion was
reached by analysis of adjacent 5 pm sections using radioac-
tive in situ hybridization (Additional data file 1, Figure S4).

Discussion

Whnt signaling and cell proliferation and
differentiation in the embryonic lung

The results presented here provide strong evidence that Wnt
signaling positively regulates epithelial proliferation in the
lung, as it does in the intestine. This is evident from the
high rate of BrdU incorporation in transgenic lungs at
E18.5, a time when cell division has normally declined, and
from the up-regulation of genes associated with cell-cycle
progression (Table 1). Some of these genes, for example
cyclinD1 and c-Myc, are direct targets of Wnt signaling [5].
We cannot rule out the possibility that part of the
increased proliferation of transgenic epithelium seen at
E18.5 is due to the action of peptide growth factors - such
as parathyroid-hormone-like peptide, transforming growth
factor-a (TGF-a), bone morphogenetic protein 2 (BMP2),
insulin-like growth factor 1 (IGF1) or fibroblast growth
factor 2 (FGF2) - and/or various chemokine receptor
ligands, which were found by microarray analysis also to be
expressed at elevated levels in transgenic lungs. This proviso
raises the possibility that the hyperproliferation of meta-
plastic epithelia in human lesions is driven in part by prolif-
erative signals that are secondary to the localized
misexpression of a single signaling pathway.

Our results show that high levels of Wnt signaling in lung
epithelium inhibit the terminal differentiation of pulmonary-
specific epithelial cell types, as judged by cell morphology
and gene expression. In addition, the pattern of TOPGAL
expression that we have observed supports a model in
which Wnt signaling normally promotes the proliferation
and/or maintenance of multipotent lung progenitor cells, a
conclusion compatible with recent studies in which Wnt
signaling was inhibited in lung epithelial cells by condi-
tional deletion of the B-catenin gene [17]. During most of
the pseudoglandular stage, TOPGAL activity is highest in the
undifferentiated, multipotent, and rapidly proliferating
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Figure 6

Localization by in situ hybridization of cells expressing non-lung-specific marker genes. Sections from EI18.5 (a,d,g,j,) wild-type and (b,e,h,k,m)
transgenic lungs and from (c,f,i) adult organs were hybridized with the probes indicated. (b,e) Adjacent 7 um thick sections (for a third adjacent
section hybridized with SftpC riboprobe see Additional data file |, Figure S3, with the online version of this article). Cryptdiné is transcribed at high
levels (b) by small groups of cells scattered throughout the transgenic epithelium and (c) in Paneth cells at the base of adult intestinal crypts. No
expression is seen in (a) normal lung. Dcpp is expressed in (e) transgenic lungs, and by (f) most cells of the submucosal glands of the adult upper trachea
but not in (d) wild-type lung. Tff3 RNA is also detected within (h) the transgenic epithelium (arrows) and in (i) the endoderm of intestinal villi. Deltalike3
(DII3) is ectopically expressed at lower levels in (k) transgenic lung (arrows). Silver grains in the lumen are due to the scatter of 3 particles from the 35S
isotope. Scale bars, 50 um.
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distal epithelial cell population. By E15.5, activity declines
in the distal tubules that will generate only alveolar pre-
cursors but remains high in the bronchiolar/bronchial
epithelial cell populations that are still diversifying into
multiple cell types (ciliated cells, neuroendocrine cells,
and Clara cells). Further work is required to characterize
the TOPGAL-positive bronchiolar cells in the postnatal
lung and to see whether TOPGAL activity is up-regulated
in progenitor cells generated from putative adult airway
stem cells under normal or pathological conditions
(reviewed in [30-32]).

(i) Cax1
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' / progenitor genes

~, 1

AV’

Atoh1

In lung progenitors
SftpC — Lef1/Bcatenin
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Transgenic lungs contain multiple intestinal and
non-lung secretory cell types

The most unexpected finding of this study is the presence,
scattered throughout the epithelium of SftpC-CatCLef1
transgenic lungs, of cells expressing genes characteristic of
secretory cells of the gut. The evidence for this conclusion is
robust, and is derived not only from gene microarray data
but also from RT-PCR analysis and in situ hybridization of
sections of several independent transgenic lungs. Moreover,
identification of Paneth cells was achieved using several
independent markers, not just a-defensin-related cryptdins.
Although transcript levels were relatively high (see the
microarray data in Additional data files 2-4), antibodies to
cryptdins did not reveal these proteins to be localized in
typical secretory granules in the E18.5 transgenic lung (data
not shown). This is perhaps not surprising, however,
because Paneth cells in the gut do not normally become
fully differentiated until after birth, and antibody staining
of E18.5 intestine failed to detect cryptdin-containing gran-
ules in cells in the base of the crypt (data not shown; note
that no transgenic pups were available postnatally). The fact
that the presumptive Paneth cells are scattered throughout
the epithelium is consistent with observations that Paneth
cells can differentiate within the villus, rather than the base
of the crypts, if the organization of the crypt/villus axis is
artificially disrupted by changes in Eph/Ephrin expression
[29]. The epithelium of transgenic lungs also contained scat-
tered cells expressing trefoil factor 3, characteristic of goblet
cells of the intestine. There was no apparent up-regulation
of genes typical of enterocytes, however. One explanation

Figure 7

Co-localization of transcripts for Atoh| and SftpC in epithelial cells of
transgenic lungs. Sections of EI8.5 (a,b) wild-type or (c-h) transgenic
lungs were viewed by either differential interference (DIC; a,c,g) or
fluorescence (b,d-f,h) microscopy after hybridization with probes for
SftpC (revealed by FITC in green) or Atoh| (revealed by Cy3 in red).

(b) Merged fluorescence images showing that in the wild-type lung SftpC
is expressed in well-differentiated, rounded, type Il cells. In contrast, no
Atoh | expression can be detected. (d) In the transgenic lung, SfipC, and
by inference the transgene, is expressed in cuboidal epithelial cells.

(e) Atoh| is expressed in cuboidal epithelial cells. No expression is seen
in mesothelial cells bordering the outer surface of the lung; the
extrapulmonary region is marked by asterisks in (c-e). (f) Merged
images showing co-expression of SftpC and Atoh! in some cells. Some
cells (arrows) show only Atoh| expression. (h) Merged images of
another region of the same transgenic lung show more extensive
regions of the epithelium (arrows) in which only Atoh/ is expressed.
Scale bar, 50 um. (i) A model for the transdetermination of lung
progenitor cells to intestinal lineages by hyperactive Wnt signaling. High
levels of the Lefl/B-catenin fusion gene in lung progenitors directly
induce expression of transcription factors such as Cdx| and possibly
Atoh|. These factors may also up-regulate each other. Cdx| and/or
Atoh| promotes the respecification of the cells to intestinal secretory
lineages; this would result in the down-regulation of the transgene.
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for this lies in the observation that transgenic epithelium
expressed high levels of Atohl, which positively regulates
differentiation of secretory cell lineages in the gut but does
not promote specification of absorptive enterocytes.

Previous studies have shown that Lefl is required in the
mouse for the development of submucosal glands from the
tracheal epithelium [16]. It might therefore have been
expected that driving ectopic CatCLef1 in the primary lung
buds would result in the ectopic differentiation of submu-
cosal glands. We cannot rule out some differentiation in
this direction, since Dcpp, encoding demilune cell and
parotid protein, is transcribed in adult tracheal submucosal
glands and is up-regulated in transgenic lungs. Neither
a-defensin-related cryptdins, Tff3, nor Sprr2a were expressed
in adult submucosal glands, however, leading to the conclu-
sion that multiple gut-specific lineages are being generated
in the transgenic lungs.

Evidence for transdetermination of lung progenitors
Our results provide strong evidence that high levels of Wnt
pathway activity in embryonic lung progenitor cells
expressing a lung-specific gene (Sftpc) lead to the genera-
tion of intestinal progenitors that subsequently give rise to
multiple intestinal and gut cell types. The distal lung
epithelial cells in which SftpC is expressed are already com-
petent to respond to elevated Wnt signaling, since they
express the TOPGAL reporter. They are also transducing
other intercellular signals, including those of the FGF and
BMP pathways [10,33]. We argue that in this particular cel-
lular context, higher than normal B-catenin-Lef1 levels acti-
vate new downstream targets, including Cdx1, which
encodes a homeodomain protein that is normally
expressed in the duodenum and intestine and is a key regu-
lator of midgut endoderm development. Cdx1 alone, or in
combination with TCF/LEF factors, may then activate the
intestinal proneural bHLH gene Atohl. These changes lead
to the transdetermination of lung progenitor cells into
those committed to intestinal secretory lineages. In the
inner ear, Atohl regulates the expression of the zinc-finger
gene Gfil that is required for the specification of certain
epithelial cell lineages [27]. There is evidence that in the
gut a similar relationship may hold (Huda Zhogbi and
Hugo Bellen, personal communication), which may
account for the up-regulation of Gfil seen in our trans-
genic lungs. Some variation in the level of transgene
expression within the lung progenitor population may
lead to different levels of CatCLefl expression, in turn
causing transdetermination to other lineages besides
intestinal, for example, submucosal gland. Concomitant
with transdetermination to other lineages, there is down-
regulation of lung-specific genes, including SftpC and the
transgene driving CatCLef1 expression.
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Several lines of evidence support this model, which is
schematized in Figure 7i. First, there are multiple Cdx1-
and TCF/LEF-consensus binding sites in the 3" untranslated
region (UTR) of Atohl (|34] and data not shown). Second,
Atoh1 is expressed ectopically in cells expressing high levels
of SftpC (and therefore presumably the transgene) and in
adjacent cells that do not. The latter are presumed to be
daughter cells that have undergone transdetermination and
have down-regulated the transgene. This will be tested in
the future using cell-autonomous lineage labeling to follow
cell fate. In addition, experiments will be designed to study
the effect of transiently up-regulating the normal Wnt sig-
naling pathway in adult lung cells, including presumptive
airway stem cells and progenitor cells generated after tissue
turnover or injury. One drawback of our current experi-
mental strategy is that it involved the high-level expression
of a constitutively active B-catenin transgene. But it is
important to note that the transgene is likely to be down-
regulated after transdetermination. Human lung tumors
known as fetal adenocarcinomas and pulmonary blas-
tomas have been associated with activating mutations in
B-catenin [35], but global gene expression in these tumors
has not been reported.

Finally, our model (Figure 7i) is compatible with a number
of recent reports of an association between perturbations of
Wnt signaling and changes in cell lineage in the epidermis
and hair follicle [36-38]. In addition, expression of consti-
tutively activated B-catenin in secretory epithelial cells of
the transgenic mammary gland or prostate [39,40] leads to
hyperproliferation and differentiation of keratinocytes
(squamous metaplasia). This suggests that increased Wnt
levels can promote switches to cell fates other than the
intestine, depending on cellular context. Our model there-
fore raises the possibility that elevated Wnt signaling in
adult stem cells or progenitor cells is at least one factor pro-
moting intestinal metaplasia in humans, for example in
premalignant stomach cancer or Barrett's esophagus [1,2].
In these cases the process of transdetermination may have
two components. First, stem cells are induced to proliferate
in response to repeated injury or inflammation. Second, the
fate of the cells may be altered in response to substantially
increased expression of Wnt ligands or down-regulation of
Wnt antagonists in the mesenchymal cells making up the
stem-cell niche, again in response to inflammation or
tissue damage.

Materials and methods

Embryos and mouse strains

Wild-type embryos were from ICR outbred mice (Harlan-
Sprague-Dawley, Indianapolis, USA). The TOPGAL mouse
line was kindly provided by Elaine Fuchs [19].
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Production of transgenic mice

The expression vector pPCGBCLAFHA including mouse full-
length Lefl fused to amino-terminally truncated B-catenin
was kindly provided by Rudolph Grosschedl. The CatCLef1
fusion gene was excised with Xbal and Kpnl and inserted
downstream of the human surfactant protein C promoter
(3.7 kb) in a vector incorporating a rabbit B-globin intron
(572 bp) and 3~ B-globin polyA addition signal. The 6.8 kb
construct was linearized, purified, and injected into the
pronucleus of one-cell (B6D2) F2 embryos at a concentra-
tion of 2 ng/ml. A total of 14 transgenic embryos were
obtained at E18.5. Of these, 7 expressed the transgene as
confirmed by in situ hybridization for B-globin intron
sequence, and had an abnormal phenotype. This propor-
tion was as expected from previous work with the same pro-
moter and was presumably due to chromosome-position
effects. Because of the gross abnormalities of the E18.5
lungs, which were considered to be incompatible with post-
natal survival, no pregnant foster mothers were allowed to
go to term.

In situ hybridization

For analysis of endogenous gene expression, wild-type and
transgenic lungs at E18.5 were fixed in 4% paraformalde-
hyde/phosphate-buffered saline, dehydrated and embedded
in paraffin, and 7 pm sections cut. The following cDNAs
were used to make antisense 3°S-labeled riboprobes: SfipC,
Ccsp, Foxj1, Atohl, and DII3. Full-length genes for cryptdinG,
Tff3 and Dcpp were amplified from adult intestine and
trachea cDNA pools, using the following primers with Xhol,
EcoRI or Notl linkers:

cryptdin6: 5°-ccgctcgagcgg GAAGACACTAATCCTCCTC-3” and
57-ccggaattccgg TCAGCGACAGCAGAGCATG-37; Tff3: 57-ccg-
ctcgagcggATGGAGACCAGAGCCCTCTG-3” and 5°-ccggaat-
tccggCAAAATGTGCATTCTGTCTCC-3%; Dcpp: 5°-atccgctcga-
gcggAGATGTTCCAGCTGGAGGCC-3" and 57-aaggaaaaaa-
gcggecgcaaaaggaaaaITATGCCACCTGCCCTCCAAG-3”.

PCR products were cloned into the pBS-KS vector and
sequences confirmed. The resulting constructs, pBS-cryptding,
pBS-Tff3, and pBS-Dcpp, were used to transcribe antisense
probes using the T7 promoter. For double in situ hybridiza-
tion, digoxygenin-labeled (DIG) Atoh1 cRNA and fluorescein-
labeled SftpC cRNA were synthesized using DIG-dUTP and
fluorescein-dUTP (Roche Applied Science, Indianapolis,
USA), respectively. The TSA™ biotin system and the TSA™
Plus fluorescence system (Perkin Elmer, Boston, USA) were
used for amplifying the signal.

Electron microscopy
Small pieces of lung tissue were fixed in 2% glutaraldehyde
in phosphate buffer, post-fixed in osmium tetroxide, stained
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en bloc with uranylacetate and embedded in Spur’s embed-
ding medium (EM science, Fort Washington, USA). Thin
sections were stained with uranylacetate/lead citrate before
viewing with a Philips electron microscope.

Immunohistochemistry

Sections of paraffin-embedded lungs were stained with
mouse anti-B-catenin (Transduction Laboratories, Lexing-
ton, USA), rabbit anti-pro-SftpC (Chemicon International,
Temecula, USA), and sheep anti-procryptdin [41] antibod-
ies and mouse monoclonal anti-LEF antibody (Upstate Cell
Signaling Solutions, Lake Placid, USA). We used Cy3-
labeled secondary antibody for mouse IgG (Jackson
Immunoresearch, West Grove, USA) and biotinylated sec-
ondary antibody for rabbit IgG and sheep IgG (obtained
from Vector Laboratories, Burlingame, USA), with the signal
detected using a DAB staining kit (Vector Laboratories).

BrdU incorporation

For studies of cell proliferation, BrdU (Amersham Bio-
sciences, Piscataway, USA) was injected intraperitoneally
into pregnant females at a dose of 10 wl per gram body
weight. After 1 h, embryos were collected and lungs fixed in
4% paraformaldehyde. For immunohistochemistry, anti-
BrdU antibody (Sigma-Aldrich, St Louis, USA) was used,
and non-specific binding was prevented by incubation with
the blocking reagent included in the Mouse on Mouse Kit
(M.O.M., Vector Laboratories). The M.O.M. biotinylated
anti-mouse IgG was then added to sections, followed by
avidin-biotinylated peroxidase complex. Staining was per-
formed with DAB (Vector Laboratories) according to the
manufacturer’s protocol.

RT-PCR analysis

Total RNA was extracted from a small piece of transgenic
lung by RNeasy (QIAGEN Inc., Valencia, USA). The cDNA
was synthesized from 1 pg total RNA by following the pro-
tocol of the SuperScript™ First-Strand Synthesis Kit (Invit-
rogen, Carlsbad, USA). Primer sets for following genes
were used:

B-actin: 5"-GTCGTACCACAGGCATTGTGATGG-3" and 5°-GC-
AATGCCTGGGTACATGGTGG-3"; B-catenin: 5"-CTTGGATA-
TCGCCAGGATGATC-3" and 5-TATCAAACCAGGCCAGCT-
GATT-3"; Lefl: 5-ATGCCCCAACITICCGGAGGAG-3”~ and
5-ATTTCAGGAGCTGGAGGGTGTC-3"; Tcfl: 5-AGGAGG-
CTAAGAAGCCAGTC-3" and 5-TAGAGCACTGTCATCGG-
AAG-37 Tcf4: 5-GGCCCITGCAGATGCAAATAC-3” and
5-CITGGTCACCAGAGACAGAG-3"; Wnt2: 5-AGAGGAAAG-
GCAAGGATGCC-3" and 5"-TTGCATGTGTGCACGTCCAG-37;
Sox9: 5" TGAAGAAGGAGAGCGAGGAAGATAA-3" and 5™-GG-
TGGCAAGTATTGGTCAAACTCA-3"; Atoh1: 5"-TTGCCGGACT-
CGCITCICAG-3" and 5-CTAACTGGCCICATCAGAGTC-37
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Delta-like 3: 5"-GGCTACATGGGCGTGAGATG-3" and 5°-GG-
CCTCTCGTGCATAAATGG-3"; MMP7: 5-ATGCAGCTC-
ACCCIGTTCTG-3" and 5-CACAGCGTGTITCCICTITCC-3%;
cryptdinG: 5-GGCCITCCAGGTCCAGGCIGAT-3" and 5°-TCA-
GCGACAGCAGAGCATG-3’; trefoil factor 3: 5-ATGGAGACC-
AGAGCCCTICIG-3" and 5-CAAAATGTGCATTCIGTICTICC-3%;
Reg4: 5"-ATGGCITACAAAGGCGTGCG-3" and 5°-CTATGT-
CTTATACTTGCACAG-3"; Dcpp:  5-AGATGTTCCAGCT-
GGAGGCC-3" and 5°-TATGCCACCTGCCCTCCAAG-3;
aquaporin 5: 5-AATCCGGCCATTACTCTGGC-3" and 5°-TC-
AGCTCGATGGTCITCITC-3";  SftpA:  5-ACCTGGATGAG-
GAGCITCAG-3" and 5°-ATTCACAAATGGCCAGCCGG-37;
SftpB: 5°-CTGCTGGCITTGCAGAACTC-3" and 5°-GGTTT-
GGAAGCACTGCAGAG-3";  SftipC:  5-GGACATGAGTAG-
CAAAGAGG-3" and 5°-GTAGAGTGGTAGCTCTCCAC-37;
Cdx1: 5-GGACGCCCTACGAATGGATG-3" and 5°-AACTC-
CTCCITGACGGGCAC-37;  Sprr2A: 5"-CGATGTCITAC-
TACCAGCAG-3" and 5-TCACTTCTGCTGGCATGGTG-3".

Affymetrix array analysis

Total RNA (10 pg) was extracted from the caudal lobe of
three different wild-type and three different transgenic lungs
using RNeasy and assessed for quality with an Agilent Lab-
on-a-Chip 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, USA). Hybridization targets (probes for hybridization)
were prepared from total RNA according to standard
Affymetrix protocols. Briefly, first strand cDNA was synthe-
sized using a T7-linked oligo-dT primer, followed by second
strand synthesis. An in vitro transcription reaction was per-
formed to generate the cRNA containing biotinylated UTP
and CTP, which was subsequently fragmented chemically at
95°C for 35 min. The fragmented, biotinylated cRNA was
hybridized in MES buffer (2-[N-morpholino]ethanesulfonic
acid) containing 0.5 mg/ml acetylated bovine serum albumin
to Affymetrix GeneChip Mouse 430A arrays at 45°C for 16 h,
according to the Affymetrix protocol [42,43]. Arrays were
washed and stained with streptavidin-phycoerythrin (SAPE;
Molecular Probes Inc, Eugene, USA). Signal amplification
was performed using a biotinylated anti-streptavidin anti-
body (Vector Laboratories) at 3 pwg/ml. This was followed by
a second staining with SAPE. Normal goat IgG (2 mg/ml)
was used as a blocking agent.

Measurement data and specifications

Scans were performed with an Affymetrix GeneChip
scanner and the expression value for each gene was calcu-
lated using the Affymetrix Microarray Analysis Suite (v5.0),
computing the expression intensities in ‘signal’ units
defined by the software. Scaling factors were determined
for each hybridization based on an arbitrary target intensity
of 500. Files containing the computed single intensity
value for each probe cell on the arrays (CEL files), files con-
taining experimental and sample information, and files
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providing the signal intensity values for each probe set, as
derived from the Affymetrix Microarray Analysis Suite
(v5.0) software (pivot files), can be found on our project
web site [22].

Statistical analysis

The analysis of the microarray data obtained from lung
tissue of three transgenic and three wild-type embryos from
the same litters utilized the signal intensity values gener-
ated in the Affymetrix MAS 5.0 software. Analysis was per-
formed in GeneSpring 6.0 [44]. The data were normalized
by dividing each measurement by the 50th percentile of all
measurements in that sample, and each gene was divided
by the median of its measurements in all samples. If the
median of the raw value was below ten then each measure-
ment for that gene was divided by ten. The statistically sig-
nificant differences were determined with an ANOVA
analysis. A parametric test, variances not assumed equal
(Welch t-test) was performed to identify genes that exhib-
ited significant differences between the wild-type and trans-
genic samples (p < 0.05).

Note added in proof

We have recently used mice carrying a floxed allele of
endogenous B-catenin to generate a stabilized form of
B-catenin protein specifically in embryonic lung epithelial
cells. This was achieved by crossing Catnb'ox(¢3)/+ mice [45]
with a transgenic line in which Cre recombinase is
expressed under the control of the Sftpc promoter. After
excision of exon 3 (amino acids 5-80), the single recom-
bined endogenous allele encodes a stabilized protein that
can function in conjunction with endogenous TCF/LEF tran-
scription factors. All embryos with a single recombined
allele died soon after birth with highly abnormal lungs. Pre-
liminary RT-PCR analysis shows that all lungs express
intestinal genes, including Atohl, Cdx1, Ttf3 and defensin-
related cryptdin 4 and defensin-related cryptdin 6, and down-
regulation of lung-specific genes. This result suggests that
induction of a program of intestinal genes occurs in the
developing lung even when the level of activated B3-catenin
is presumably much lower than in the experiments
described in this paper.

Additional data files

The following are provided as additional files with the
online version of this article: Additional data file 1, contain-
ing Figure S1, showing the early expression of the SftpC pro-
moter in distal lung buds, using an SftpC-Cre transgenic line
crossed with the Rosa26R reporter line; Figure S2, showing
quantitation of BrdU incorporation in wild-type and trans-
genic lungs; Figure S3, showing in situ hybridization for
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SftpC, cryptdin6, and Dcpp in transgenic lungs; and
Figure S4, showing in situ hybridization for SftpC and Atoh1.
Additional data file 2 contains all raw data from the
Affymetrix array experiments; Additional data file 3 lists
down-regulated genes; and Additional data file 4 the up-
regulated genes. Additional data files 2-4 are also available
from the Hogan lab website [22].

Acknowledgements

We thank Elaine Fuchs for providing the TOPGAL mice, Rudolph
Grosschedl for the CatCLefl construct, Andre Ouellette for the anti-
body to procryptdin and for helpful discussion, Mildred Stahlman for
electron microscopy, Holly Dressman and members of the Duke
Center for Genome Technology DNA Microarray Core for technical
assistance and advice, and Jane Johnson, Amy Bejsovec, and Huda
Zoghbi for insightful comments. We thank Kevin Tompkins for teaching
T.O. transgenic techniques. Finally, we thank Molly Weaver for very
generously donating RNA and for her patient advice and encourage-
ment. This work was supported by HL71303-11.

References

I. Wild CP, Hardie LJ: Reflux, Barrett’s oesophagus and adeno-
carcinoma: burning questions. Nat Rev Cancer 2003, 3:676-684.

2. Yuasa Y: Control of gut differentiation and intestinal-type
gastric carcinogenesis. Nat Rev Cancer 2003, 3:592-600.

3.  Tosh D, Slack JM: How cells change their phenotype. Nat Rev
Mol Cell Biol 2002, 3:187-194.

4. Slack JM, Tosh D: Transdifferentiation and metaplasia -
switching cell types. Curr Opin Genet Dev 2001, 11:581-586.

5.  The Wnt gene homepage
[http://www.stanford.edu/~rnusse/wntwindow.html].

6. Maves L, Schubiger G: Transdetermination in Drosophila
imaginal discs: a model for understanding pluripotency
and selector gene maintenance. Curr Opin Genet Dev 2003,
13:472-479.

7.  Korinek V, Barker N, Moerer P, van Donselaar E, Huls G, Peters
PJ, Clevers H: Depletion of epithelial stem-cell compart-
ments in the small intestine of mice lacking Tcf-4. Nat
Genet 1998, 19:379-383.

8.  Yang Q, Bermingham NA, Finegold M|, Zoghbi HY: Requirement
of Mathl for secretory cell lineage commitment in the
mouse intestine. Science 2001, 294:2155-2158.

9. Pinto D, Gregorieff A, Begthel H, Clevers H: Canonical Wnt
signals are essential for homeostasis of the intestinal
epithelium. Genes Dev 2003, 17:1709-1713.

10. Cardoso WV: Lung morphogenesis revisited: old facts,
current ideas. Dev Dyn 2000, 219:121-130.

I'1. Warburton D, Schwarz M, Tefft D, Flores-Delgado G, Anderson KD,
Cardoso WV: The molecular basis of lung morphogenesis.
Mech Dev 2000, 92:55-81.

12. Borges M, Linnoila RIl, van de Velde H], Chen H, Nelkin BD,
Mabry M, Baylin SB, Ball DW: An achaete-scute homologue
essential for neuroendocrine differentiation in the lung.
Nature 1997, 386:852-855.

13. lto T, Udaka N, Yazawa T, Okudela K, Hayashi H, Sudo T, Guille-
mot F, Kageyama R, Kitamura H: Basic helix-loop-helix tran-
scription  factors regulate the neuroendocrine
differentiation of fetal mouse pulmonary epithelium.
Development 2000, 127:3913-3921.

14. Tebar M, Destree O, de Vree W], Ten Have-Opbroek AA: Expres-
sion of Tcf/Lef and sFrp and localization of B-catenin in the
developing mouse lung. Mech Dev 2001, 109:437-440.

I5. Weidenfeld J, Shu W, Zhang L, Millar SE, Morrisey EE: The
WNT7b promoter is regulated by TTF-1, GATAé6, and
Foxa2 in lung epithelium. J Biol Chem 2002, 277:21061-21070.

16. Duan D, Yue Y, Zhou W, Labed B, Ritchie TC, Grosschedl R,
Engelhardt JF: Submucosal gland development in the airway

Okubo and Hogan

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

http://jbiol.com/content/3/3/1 |

is controlled by lymphoid enhancer binding factor | (LEFI).
Development 1999, 126:4441-4453.

Mucenski ML, Wert SE, Nation JM, Loudy DE, Huelsken ], Birch-
meier W, Morrisey EE, Whitsett JA: B-catenin is required for
specification of proximal/distal cell fate during lung mor-
phogenesis. | Biol Chem 2003, 278:40231-40238.

Galceran ], Hsu SC, Grosschedl R: Rescue of a Wnt mutation
by an activated form of LEF-1: regulation of maintenance
but not initiation of Brachyury expression. Proc Natl Acad Sci
USA 2001, 98:8668-8673.

DasGupta R, Fuchs E: Multiple roles for activated LEF/TCF
transcription complexes during hair follicle development
and differentiation. Development 1999, 126:4557-4568.

Hsu SC, Galceran J, Grossched| R: Modulation of transcriptional
regulation by LEF-1 in response to Wnt-l signaling and
association with -catenin. Mol Cell Biol 1998, 18:4807-4818.
Wert SE, Glasser SW, Korfhagen TR, Whitsett JA: Transcrip-
tional elements from the human SP-C gene direct expres-
sion in the primordial respiratory epithelium of transgenic
mice. Dev Biol 1993, 156:426-443.

Additional data on Hogan lab website
[http://web.cellbio.duke.edu/~bhogan/]

de Sauvage FJ, Keshav S, Kuang W], Gillett N, Henzel W,
Goeddel DV: Precursor structure, expression, and tissue
distribution of human guanylin. Proc Natl Acad Sci USA 1992,
89:9089-9093.

Stappenbeck TS, Mills JC, Gordon JI: Molecular features of
adult mouse small intestinal epithelial progenitors. Proc
Natl Acad Sci USA 2003, 100:1004-1009.

van de Wetering M, Sancho E, Verweij C, de Lau W, Oving |, Hurl-
stone A, van der Horn K, Batlle E, Coudreuse D, Haramis AP et al.:
The B-catenin/TCF-4 complex imposes a crypt progenitor
phenotype on colorectal cancer cells. Cell 2002, 1 11:241-250.
Jensen ], Pedersen EE, Galante P, Hald ], Heller RS, Ishibashi M,
Kageyama R, Guillemot F, Serup P, Madsen OD: Control of
endodermal endocrine development by Hes-1. Nat Genet
2000, 24:36-44.

Wallis D, Hamblen M, Zhou Y, Venken K], Schumacher A, Grimes
HL, Zoghbi HY, Orkin SH, Bellen H): The zinc finger transcrip-
tion factor Gfil, implicated in lymphomagenesis, is
required for inner ear hair cell differentiation and survival.
Development 2003, 130:221-232.

Lickert H, Domon C, Huls G, Wehrle C, Duluc I, Clevers H,
Meyer BI, Freund ], Kemler R: Wnt/B-catenin signaling regu-
lates the expression of the homeobox gene cdxl in
embryonic intestine. Development 2000, 127:3805-3813.

Batlle E, Henderson JT, Beghtel H, van den Born MM, Sancho E,
Huls G, Meeldijk ], Robertson ], van de Wetering M, Pawson T,
Clevers H: B-catenin and TCF mediate cell positioning in
the intestinal epithelium by controlling the expression of
EphB/ephrinB. Cell 2002, 111:251-263.

Engelhardt JF: Stem cell niches in the mouse airway. Am |
Respir Cell Mol Biol 2001, 24:649-652.

Giangreco A, Reynolds SD, Stripp BR: Terminal bronchioles
harbor a unique airway stem cell population that localizes
to the bronchoalveolar duct junction. Am | Pathol 2002,
161:173-182.

Hong KU, Reynolds SD, Watkins S, Fuchs E, Stripp BR: In vivo dif-
ferentiation potential of tracheal basal cells: evidence for
multipotent and unipotent subpopulations. Am | Physiol Lung
Cell Mol Physiol 2004, 286:1.643-1649.

Weaver M, Dunn NR, Hogan BL: Bmp4 and Fgfl0 play oppos-
ing roles during lung bud morphogenesis. Development 2000,
127:2695-2704.

Lumpkin EA, Collisson T, Parab P, Omer-Abdalla A, Haeberle H,
Chen P, Doetzlhofer A, White P, Groves A, Segil N, Johnson JE:
Math|-driven GFP expression in the developing nervous
system of transgenic mice. Gene Expr Patterns 2003, 3:389-395.
Sekine S, Shibata T, Matsuno Y, Maeshima A, Ishii G, Sakamoto M,
Hirohashi S: B-catenin mutations in pulmonary blastomas:
association with morule formation. J Pathol 2003, 200:214-221.

Journal of Biology 2004, 3:11



http://jbiol.com/content/3/3/1 1 Journal of Biology 2004,  Volume 3, Issue 3, Article 11 Okubo and Hogan 11.17

36. Niemann C, Owens DM, Hulsken ], Birchmeier W, Watt FM:
Expression of ANLefl in mouse epidermis results in differ-
entiation of hair follicles into squamous epidermal cysts and
formation of skin tumours. Development 2002, 129:95-109.

37. Merrill BJ, Gat U, DasGupta R, Fuchs E: Tcf3 and Lefl regulate
lineage differentiation of multipotent stem cells in skin.
Genes Dev 2001, 15:1688-1705.

38. Braun KM, Niemann C, Jensen UB, Sundberg JP, Silva-Vargas V,
Watt FM: Manipulation of stem cell proliferation and
lineage commitment: visualisation of label-retaining cells
in wholemounts of mouse epidermis. Development 2003,
130:5241-5255.

39. Miyoshi K, Shillingford JM, Le Provost F, Gounari F, Bronson R,
von Boehmer H, Taketo MM, Cardiff RD, Hennighausen L, Khazaie
K: Activation of p-catenin signaling in differentiated
mammary secretory cells induces transdifferentiation into
epidermis and squamous metaplasias. Proc Natl Acad Sci USA
2002, 99:219-224.

40. Bierie B, Nozawa M, Renou JP, Shillingford JM, Morgan F, Oka T,
Taketo MM, Cardiff RD, Miyoshi K, Wagner KU et al: Activation
of B-catenin in prostate epithelium induces hyperplasias
and squamous transdifferentiation. Oncogene 2003,
22:3875-3887.

41. Ayabe T, Satchell DP, Pesendorfer P, Tanabe H, Wilson CL, Hagen
S, Ouellette AJ: Activation of Paneth cell a-defensins in
mouse small intestine. | Biol Chem 2002, 277:5219-5228.

42.  Affymetrix [www.affymetrix.com]

43. Affymetrix GeneChip® Mouse Expression Set 430
[http://www.affymetrix.com/products/arrays/specific/mouse430.affx]

44. Silicon Genetics [www.silicongenetics.com]

45. Harada, N, Tamai Y, Ishikawa T, Sauer B, Takaku K, Oshima M,
Taketo MM: Intestinal polyposis in mice with a dominant
stable mutation of the P-catenin gene. EMBO J, 1999.
18:5931-5942.

Journal of Biology 2004, 3:11



	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Discussion
	Materials and methods
	Note added in proof
	Additional data files
	Acknowledgements
	References

