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Mutations of Fog2in mice resultin a phenotype that includes pulmo-
nary lobar defects. To determine whether formation of the acces-
sory lobe bronchus is mediated by a Gata family cofactor, we evalu-
ated embryonic lungs from mice carrying missense mutations that
cause loss of FOG-GATA protein interaction. Lungs from embryos
carrying a missense mutation in Gataé were structurally normal,
while lungs from embryos carrying mutations of either Gata4 or of
both Gata4 and Gata6 had a structural phenotype that matched
the Fog2 mutant phenotype. Expression analysis showed that Gata4
and Fog2 are expressed in the ventral and medial pulmonary mesen-
chyme during secondary budding. Although Gata4 has not pre-
viously been suspected as playing a role in lung development, we
have found that a Fog2-Gata4 interaction is critical for the develop-
ment of normal pulmonary lobar structure, and this phenotype is
not influenced by the additional loss of Gataé6 interaction. Fog2 and
Gata4 in the early pulmonary mesenchyme participate in patterning
the secondary bronchus of the accessory lobe.
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The mammalian lung develops from budding of the foregut
endoderm into a complex lobular structure composed of branching
networks of airways and vascular structures. While later stages
of pulmonary branching morphogenesis are becoming better
understood, the genes that guide the early specification of the
lung and the subsequent establishment of stereotyped secondary
bronchi are largely unknown. Obstacles to the discovery of these
mechanisms include the paucity of early lung-specific markers
and the lack of mouse models with specific defects in secondary
bronchial patterning. There are mutations that cause abnormal
branching morphogenesis and abnormal lobar structure (1, 2);
however, these also result in diffuse developmental defects that
make it difficult to assess specific effects on secondary bronchial
patterning.

We have found that a deficiency of the gene, Fog2 (Friend
of Gata 2), also called Zfpm2, causes loss of the accessory lobe
and anterior right medial lobe of the mouse lung with relatively
good preservation of other structures (3). Because mice homozy-
gous for a hypomorphic allele of Fog2 also have diaphragmatic
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CLINICAL RELEVANCE

We report that the transcription factor complex, FOG2-
GATAA4, mediates development of normal pulmonary lo-
bar structure in mice. This establishes Gata4 as a transcrip-
tion factor critical for early lung patterning.

defects, we used organ culture at a time point before the occur-
rence of diaphragmatic muscularization to show that this struc-
tural defect is primary and is not influenced by diaphragmatic
development. Culture of embryonic lungs at the time of second-
ary bronchial branching demonstrates the development of a bud
and a lobe in wild-type mice and the complete absence of an
accessory bud and lobe in lungs from Fog2-null mice (3). (Culture
during this time is not adequately sensitive to demonstrate the
partial right medial lobe defect that is seen in mice that survive
to late gestation.) Because the accessory lobe defect is readily
evaluated in culture, and has not been variable in Fog2 mutant
mice derived from a variety of genetic backgrounds, it is an
ideal phenotype to examine in an effort to identify other genes
required for normal pulmonary development.

Fog2 is a transcription cofactor for the Gata transcription
factor family (4) and interacts with other mediators of develop-
ment such as COUP-TFII (5) and retinoic acid receptors (6).
Our aim in the experiments described here was to determine
whether Fog2-dependent lobar development was mediated by
Gata transcription factors. Both Gata4 and Gata6 are expressed
in the foregut endoderm; however, previous studies have impli-
cated Gata6 and not Gata4 as playing a role in lung development
(7-11). Unfortunately, early embryonic lethality precludes the
evaluation of in vivo early lung patterning and development in
the Gata6 null mutant mouse (12). Gata5 is also expressed in
the developing lung, making it a candidate for Fog2-mediated
lung development; however, a Gata5-null mutant mouse has no
evident pulmonary phenotype (13), suggesting that it is not likely
to be a primary moderator of this process.

Alteration of a specific amino acid in the zinc finger domain
of Gata transcription factors results in the disruption of Fog-
Gata binding while preserving Fog-independent Gata function
(14, 15). Mice carrying this mutation, introduced by homologous
recombination into the murine Gata4 locus, have cardiac and
gonadal defects similar to those seen in Fog2-null mutant mice (16,
17). These mice have increased survival compared with Gata4-null
mutant mice, likely as a consequence of the preservation of Fog-
independent Gata function. This increase is insufficient to permit
evaluation of Gata4 as a mediator of Fog2-dependent diaphrag-
matic development, although mRNA expression patterns are



392 AMERICAN JOURNAL OF RESPIRATORY CELL AND MOLECULAR BIOLOGY VOL 36 2007

consistent with this possibility. In this report we describe the
generation of the analogous Gata6 mutant line, and our investiga-
tion of whether Gata4, Gata6, or both, mediate Fog2-dependent
establishment of normal pulmonary lobar structure.

MATERIALS AND METHODS

These experiments were conducted with approval of the Center for
Animal Resources and Comparative Medicine (Harvard Medical
School, Boston, MA) and the Animal Resources at Children’s Hospital
(ARCH, Children’s Hospital, Boston, MA).

Gataé6 Targeted Mouse

A Gata6 genomic clone was provided by Dr. Jeffery Molkentin (Cincin-
nati Children’s Medical Center, Cincinnati, OH). A Smal-Sacl fragment
was subcloned into pBluscript KS (+) for site-directed mutagenesis
using QuikChange Site-Directed Mutagenesis Kit (Stratagene, La Jolla,
CA). The sequence TGCGGCAACT, part of the N-zinc finger motif
currently annotated in Exon 5, was changed to TGCGTGAATT to
produce a missense mutation from valine to glycine at position 239
(ENSMUSP00000005989) and to introduce an Munl restriction site.

The targeting vector was built on the mutagenized plasmid mentioned
above by inserting an HSV-tk cassette into 5’ of the left homology
region (the Smal fragment from original genomic clone) and a loxP-
flanked phosphoglycerate kinase (PGK)-neo cassette between the left
homology arm and right homology arms (see Figure 1A). The targeting
construct was linearized with Asp718 and electroporated into CJ7 ES
cells. A correctly targeted clone was identified by Southern blotting
(see Figure 1B). To remove the PGK-neo cassette, the positive clone was
subjected to transient transfection with GFPcre, followed by fluorescence-
activated cell sorting for GFP(+) cells. ES clones with PGK-neo cassette
removed were identified and confirmed by both PCR and Southern
Blot. After karyotype was determined to be normal, the targeted cells
were injected into C57B6 mouse blastocysts to generate chimeras.
Genotyping was done thereafter by PCR, followed by digest with Munl.

Genotyping

Genotyping for Gata6 ki line was performed with standard PCR using
these primers: forward, 5'-TGTTGGAGGACCTGTCGGAG-3'; re-
verse, 5'-CGCTTCTGTGGCTTGATGAG-3'. PCR product was di-
gested with Munl enzyme (Roche) and run on a 2.5% agarose gel
(mutant band is 130 bp, wild-type band is 160 bp). Gentoyping for
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Figure 1. Targeting strategy for knocking the missense mutation, V239G into the Gataé6 locus. (A) Partial restriction map of the murine wild-type
Gataé6 locus, the targeting vector, and the targeted locus. The targeting construct contains the HSV-tk and neomycin resistance genes under the
control of the mouse PGK promoter. Homologous recombination replaced wild-type Gataé with genomic DNA mutagenized to change valine to
glycine at position 239, to introduce an Munl cut site, and to incorporate a neomycin cassette for selection. The region used as a probe for
Southern blot analysis is shown as a black rectangle. The N-zinc finger motif is in exon 5 and the C-zinc finger motif is in exon 6 (B, Bglll; X, Xhol;
N, Notl; S, Smal; Sc, Sacl). (B) Southern blot analysis of targeted ES cell DNA. DNA was digested with Xhol and Bglll, separated on an agarose
gel by electrophoresis followed by Southern blotting and hybridization with the 5’ probe indicated. The knock-in allele yields a fragment of 10.4 kb,
and the wild-type allele yields a 8.4-kb fragment. (C) PCR genotyping of mouse pups. Tail DNA was used as template for PCR using the primers
flanking the mutation. A representative gel is shown with bands corresponding to Gataé6 targeted homozygote (Gata6“’) mice (lanes 1 and 2),
heterozygote (Gata6 '*, lane 3), and wild-type mice (lane 4).
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Gata4 ki line was performed with PCR using the following primers:
forward, 5'-GGGTGAGCCTGTATGTAATGCCTGCG-3'; reverse,
5'-GATGACACTGCTTCTGTGGGGTCTTGAG-3'. PCR products
were digested with Bgl IT and run on a 1.2% agarose gel (mutant band
is 800 bp, wild-type band is 350 bp).

Lung Culture

Timed pregnancies were set with day of plug detection defined as Day
0.5. Embryos were collected on Days 11.5 and 12.5. Pregnant mothers
were killed with carbon dioxide, prepped with alcohol, and the uterus
was removed and placed in sterile PBS solution. Lungs were cultured
as previously described (3) on polyester membranes with Dulbecco’s
modified Eagle’s medium, nutrient mixture F-12 supplemented with
10% fetal bovine serum, 0.3 mg/ml L-glutamine, 100 U/ml penicillin,
100 pg/ml streptomycin, and 0.25 pg/ml amphotericin B. Lungs were
photographed daily with a dissecting microscope (Leica, Wetzlar, Ger-
many) equipped with a transilluminating base and a digital camera.

Gata4 Immunofluoresence

Embryos were collected from timed pregnant A/J X C57BL/6J wild-
type mice at Embryonic Day (e)10.5 or e11.5, with day of plug discovery
defined as Day 0.5. The embryos were fixed in fresh 4% paraformalde-
hyde at 4°C for 4 h, and then cryoprotected in 30% sucrose prepared
in 1X PBS at 4°C overnight. The embryos were then embedded in OCT
and frozen on dry ice. Tissue sections were cut on a Leica cryostat
(7 pm) and stored at —80°C.

E12.5
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Tissue sections were air-dried for 30 min, fixed in fresh 4% paraform-
aldehyde at room temperature for 15 min, and washed 3 X 5 min in
1X PBS. The sections were then blocked for 1.5 h in 5% normal goat
serum, M.O.M. blocking reagent (M.O.M Immunodetection Kit, BMK-
2202; Vector Laboratories, Burlingame, CA) with 0.3% triton. After
washing 3 X 5 min in 1X PBS, the sections were incubated with mouse
anti-human Gata4 antibody (sc-25310; Santa Cruz, Santa Cruz, CA) at
1:1,000 dilution in M.O.M. diluent buffer at 4°C overnight. Sections
used as negative controls were incubated with M.O.M. buffer only. Slides
were then washed 4 X 5 min in 1X PBS before incubation with Cy3-
conjugated goat anti-mouse IgG antibody (115-165-003; Jackson Im-
munologicals, West Grove, PA) diluted in M.O.M. buffer at 1:500 for
1 h at room temperature. The sections were then washed three times
in 1X PBS, and coverslips were mounted with Vectashield Mounting
Medium with DAPI (H-1200; Vector Laboratories). Slides were exam-
ined with a Nikon eclipse 80i microscope (Nikon, Melville, NY)
equipped for fluorescent imaging of DAPI and Cy3 and photographed
with an Optronics MicroFire digital camera (Optronics, Goleta, CA).
DAPI and fluorescent images were merged using PictureFrame imaging
application (Optronics).

Fog2 Expression by B-Galactosidase Expression

Fog2-lacZ mice have been previously described (3). These mice carry
alacZ gene knocked into the Fog2 locus to allow B-galactosidase expres-
sion as a fusion protein in frame with the first 235 amino acids of the
FOG2 protein. Embryos from a C57BL/6] X Fog2-lacZ hemizygote
cross were harvested at €10.5 and e11.5. Whole embryos were fixed in
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Figure 2. Lungs removed from Gata4 mutant (Gata44'*)

intercrossed mice and cultured at e12.5. This litter yielded
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10 viable embryos, and all wild-type (A-C) and Gata4*/4
mutant (D-£) lungs are shown to illustrate the range of
normal and abnormal phenotypes. Gata44/“ mutants range
from having minimal (D) to moderate (E) growth delay
at e12.5, but distal branching and mesenchymal mass is
relatively well preserved after culture for 2 d. Heterozygote
mice (Gata4/*) look identical to the wild types. Accessory

buds are marked with arrows.
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fresh 1% formaldehyde, 0.2% glutaraldehyde, 2 mM MgCl,, 5 mM
EGTA (pH 8.0), and 0.02% NP-40 in PBS at 4°C for 4 h. Embryos
were then washed three times for 30 min each in 1X PBS plus 0.02%
NP-40 at room temperature. Whole embryos were stained in 1 mg/ml
X-gal (Cat# B4252; Sigma, St. Louis, MO), 5 mM K;Fe (CN),, 5 mM
K,Fe(CN)s, 2 mM MgCl,, 0.01% deoxycholic acid, and 0.02% NP-40
in PBS in the dark at room temperature overnight. Embryos that did
not carry a lacZ allele had no staining and served as negative controls.
After staining, embryos were washed in 1X PBS before post fixation
in 10% formaldehyde for 12 h. Post-fixed embryos were dehydrated
and paraffin embedded. Transverse embryonic sections were cut 7 wm
thick. Sections were de-waxed, rehydrated, and counterstained with
0.2% eosin.

RESULTS

Targeted Gata6 Mice Have Normal Pulmonary Lobar Structure

We started with an evaluation of Gata6 mutant mice, as Gata6
is the only Gata factor that has previously been reported to be
important for lung development (7-10, 18, 19). Chimeric mice
carrying the targeted V238G missense mutation in the Gata6
locus (“Gata6 knock in” mice or Gata6'") and Gata6"'" off-
spring appeared normal. These mice were intercrossed and ho-
mozygous Gata6®™ mice were healthy and viable with normal
fertility. Adult homozygous Gara6'’* mice had normal pulmo-
nary lobar structure with no evidence of hypoplasia of the acces-
sory lobe or the right median lobe.

Targeted Gata4 Mice Have Abnormal Lobar Development

Gata4 targeted mice carrying the V238G missense mutation
(Gata4'¥M) were previously described (16) and are embryonic
lethal at e11.5-e13.5. Lungs from these embryos were not pre-
viously evaluated for abnormal lobar development. For this pur-
pose, four litters were obtained at e11.5 and e12.5 from Gata4"'™*
intercrosses. From these litters, 40 embryos were recovered, of
which 38 appeared viable (2 nonviable embryos were Gata4 i
mutants). Lung phenotypes were evaluated in all 38 viable em-
bryos, and of these, 8 were Gata4® mutant. All mutant lungs
lacked development of the accessory lobe and the accessory bud
and showed mild growth delay, while lungs from wild-type and
heterozygous mice were normal. Wild-type and mutant lungs
from a single litter dissected at e12.5 and cultured for 48 h are
shown in Figure 2. While the growth delay appeared variable,
the specific structural defect is present in both mutants. Distal
branching is relatively well maintained.

Compound Targeted Gata Mice Have Abnormal
Lobar Structure

To evaluate the consequence of loss of both Gata4 and Gata6 Fog
interactions, Gata6"" mice were crossed with Gata45'* mice to
produce Gata6"™;,Gata4'* mice, which have a loss of Gata6-Fog
interaction and a partial loss of Gata4-Fog interaction. These mice
were healthy and viable with normal fertility. Gata6"*;Gata4'*
mice were intercrossed to produce double homozygous mutants.
Embryos from four timed pregnant females were evaluated at
ell.5. Alllungs from the 30 viable embryos obtained were evalu-
ated for the presence of the accessory bud or lobe. These 30
embryos included four compound mutants (Gata6¥™; Gata4¥).
Lungs from all four of these mutants had a mild delay in develop-
mental branching with complete absence of the accessory lobe
and the accessory bud. The pulmonary abnormalities of these
doubly mutant mice were not appreciably different than those
found in the Gata4* mutant mice. All littermates (15 Gata6*™
and 12 Gata6'™; Gata4'* mice) had normal structural develop-

ment. Representative examples from these crosses are shown in
Figure 3.

Gata4 and Fog2 Are Expressed in the Early
Pulmonary Mesenchyme

To further assess the role of Gata4 in pulmonary development,
embryonic expression of Gata4 protein was evaluated by immu-
nofluorescence during the period of primary and secondary lung
branching. At e10.5, primary lung buds have recently formed
from the laryngotracheal diverticulum. Expression of Gata4 at
a level rostral to the primary bronchial buds is restricted to the
mesothelial surface and peripheral ventral mesenchyme (Figure
4A), while at the level of primary branching (Figure 4B) and
caudal to the branchpoint (Figure 4C) expression is extensive
in the ventral mesoderm and mesothelial tissue. Gata4 is not
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Figure 3. Lungs removed and cultured from e11.5 mice shown on day
of harvest and after 1 d in culture. Photos are representative samples
from litters containing Gata4 ki mutants (A and B are littermates), and
Gata6 ki mutants or Gataé and Gata4 compound mutants (C and D
are littermates). Mice with loss of Fog-Gata4 interaction (Gata4“/,
Band D) have loss of the accessory lobe. The additional loss of Fog—Gata6é
interaction does not change this phenotype (D). For comparison, lungs
from Fog2 null mice at the same developmental stage are shown in E.
Accessory buds are marked with arrows.
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mesenchyme

expressed in lung epithelial cells (Figure 4D). By e11.5, second-
ary branches have been established. Expression of Gata4 in
the lung at el1.5 is mainly limited to the pleural and parietal
mesothelial surfaces (Figures 4E and 4F). Expression at these
time points is also evident in the heart, septum transversum,
gastric epithelium, and pleuroperitoneal folds (PPFs).

Fog?2 expression mirrors Gata4 expression in the pulmonary
mesenchyme during lobar development (e10.5), while expression
patterns diverge after the establishment of secondary bronchi
(el1.5). We evaluated B-galactosidase expression in €10.5 and
ell.5 embryos of mice carrying a Fog2-lacZ reporter. At the
primary bronchial stage (Figure 4G), expression of Fog2, like
Gata4, is present in the ventral pulmonary mesenchyme and
mesothelium. After secondary bronchi are established (e11.5),
expression becomes diffuse in the pulmonary mesenchyme (Fig-
ure 4H) in the mid-lung fields adjacent to the pleuroperitoneal
folds. Fog2 is also expressed in PPF tissue thought to contribute
to the mature posterior diaphragm. There is no pulmonary epi-
thelial expression of Fog2.

DISCUSSION

Early lung formation requires specification of the foregut endo-
dermal tissue to bud, formation and elongation of the primary

bud epithelium
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Figure 4. Gata4 (A-F) and Fog2 (G-H) expression
are present in the early developing lung. Transverse
sections from wild-type embryos at e10.5 (A-D, G)
and e11.5 (E, F, H). A-D are sections through the
same embryo (A, most rostral). Sections are counter-
stained with DAPI. At e10.5, Gata4 expression is
evident in the mesothelium ventral to the rostral
foregut (A), but is strongest in the mesenchyme
ventral to the laryngotracheal diverticulum (B) and
primary lung buds (C, lung buds marked with white
arrows). Magnification of section of ventral pulmo-
nary mesenchyme from panel C shows nuclear local-
ization of Gata4 in the mesenchymal cells with no
staining in the epithelium (D). By e11.5, Gata4 ex-
pression is strongest in the pleural and parietal
mesothelium (E with DAPI counterstain and F with-
out). Fog2 expression is shown by X-gal staining
for B-galactosidase activity in mice carrying a lacZ
reporter gene knocked into the Fog2 locus. Trans-
verse sections from embryo at e10.5 (G) shows an
expression pattern identical to Gata4 with expres-
sion limited to the ventral pulmonary mesenchyme
and mesothelium. By e11.5, lung, Fog2 expression
becomes diffuse (H) in the mid-lung fields and is
also heavily expressed in primordial diaphragmatic
tissue of the PPFs (marked with black arrows).

bronchi, separation of lung bud from the esophagus, and the
formation of secondary bronchi (20). Most of the genes and
genetic pathways required for the complex process are unknown.
We report that Fog2—Gata4 interaction is necessary for the devel-
opment of normal secondary lung structure. In addition, this
function in patterning the ventral and medial lobar structure is
correlated with a unique and overlapping expression pattern in
the developing pulmonary mesoderm.

As Gata4 was not previously reported to be expressed in the
lung, and Gata6 is expressed in the distal lung bud epithelium
of all lobes during lobar establishment (7), we anticipated that
Fog2-Gata6 interaction would be necessary for lobar develop-
ment. Unexpectedly, we have found that it is Fog2—Gata4 inter-
action that mediates early pulmonary patterning. Furthermore,
Gata6 does not appear to have even a redundant function, as
there was no difference between the lung phenotype of Gata4
mutant mice and doubly homozygous Gata4/Gata6 mutants.

The expression patterns of Gata4 and Fog2 that we found in
the early lung support the evidence that they are required for
patterning lobar structure. Both Gata4 and Fog2 are expressed
in a restricted pattern limited to the ventral and medial regions of
the pulmonary mesenchyme and mesothelium during secondary
bronchial formation. The lobes that are missing in Fog2 and
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Gata4 mutant mice are those that are more medial and ventral,
suggesting that this pattern of expression reflects the organiza-
tion of the lung. After secondary lobar structure is established,
expression of Fog2 becomes more diffuse in the pulmonary mes-
enchyme while Gata4 expression quickly becomes restricted to
smooth muscle cells surrounding pulmonary arteries.

Recently, pulmonary abnormalities limited mainly to the ac-
cessory and right middle lobes were found in some mice hetero-
zygous for a null mutation of Gata4 (21). These mice have normal
numbers of bronchi, but have dilated airways, delayed expression
of epithelial cell differentiation markers, and ectopic expression
of smooth muscle actin. In this model, Gata4 was necessary for
normal mesenchymal function, but not differentiation (21). Mice
expressing a reduced dose of Gata4 protein preserve lobar struc-
ture, just as mice with a reduced dose of FOG2 protein (Fog2™V")
have preserved structure. Fog2 mutant and Gata4 ¥ mice die
by e12.5, precluding an in vivo analysis of late lung development.
It is possible that Fog2-Gata4 interactions also mediate later
lung development including pulmonary vascular development
or function. It is also possible that they have different roles and
interact with different binding partners in late lung development.
An extensive evaluation of both Fogl, Fog2, and Gata4 expres-
sion in later lung development and an evaluation of lung epithe-
lial markers in Gata6*”* mice will help to answer these questions.

The establishment of Gata4 as a transcription factor critical
for normal pulmonary development may have important impli-
cations for understanding abnormal lung development in some
human patients with congenital heart disease or congenital dia-
phragmatic defects, as Gata4 is the third gene (after Fog2 and
COUP TFII) identified to be critical for the primary develop-
ment of the lung, the heart, and the diaphragm in mice (21-23).
Humans with diaphragm defects have a high mortality and mor-
bidity secondary to pulmonary hypoplasia, respiratory insuffi-
ciency, pulmonary hypertension, and right ventricular heart fail-
ure (24), and human structural lung defects may be associated
with diaphragmatic defects or cardiac defects (25, 26). Since
Gata4 is a human candidate gene for congenital heart disease
(27-31)and congenital diaphragmatic hernia (32-34), the pulmo-
nary hypertension, ventricular dysfunction, and lung disease as-
sociated with these conditions in some patients may be a con-
sequence of the effect of perturbed Gata4 function in the
developing lung. For this reason, further exploration of its role
in both development and function of lung and pulmonary vascu-
lature is warranted.

In summary, Fog2 and Gata4 are critical for patterning the
developing mouse lung into stereotypic lobes. However, since
deficiencies in these genes do not affect lung or body laterality
or formation of the other lobes, they are only a subset of the
factors necessary for normal early lung patterning. This establish-
ment of Gata4 as a critical transcription factor for lung develop-
ment helps further our understanding of how field limited gene
expression in the early pulmonary mesenchyme contributes to
lobar development.
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