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Sufficient pulmonary surfactant production is required for the fetal-
neonatal transition, especially in preterm infants. Neuregulin (NRG)
and its transmembrane receptor ErbB4 positively regulate the onset
of fetal surfactant synthesis. Details of this signaling process remain
to be elucidated. ErbB4 is known to regulate gene expression in the
mammary gland, where the receptor associates with the signal
transducer and activator of transcription Stat5a to transactivate
the B-casein gene promoter. We hypothesized that in the fetal lung,
ErbB4functions as atranscriptional regulator for surfactant protein B
(Sftpb), the most critical surfactant protein gene. Re-expressing full-
length ErbB4 in primary fetal ErbB4-depleted Type Il epithelial cells
led to anincreased expression of Sftpb mRNA. This stimulatory effect
required the nuclear translocation of ErbB4 and association with
Stat5a, with the resultant binding to and activation of the Sftpb
promoter. We conclude that ErbB4 directly regulates important
aspects of fetal lung maturation that help prepare for the fetal-
neonatal transition.
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The differentiation of the neuronal (1,2) and mammary (3) systems
requires proper signaling between the growth factor neuregulin
(NRG) and its cell-surface receptor, ErbB4. In the fetal lung, NRG
is required for the initiation of fetal surfactant synthesis (4), and
ErbB receptors (named because of their homology to the erythro-
blastoma viral gene product, v-erbB), also known as human epi-
dermal growth factor receptors (HERS), are involved in the timely
progression of fetal lung cell differentiation (4-6).

Surface-active agents (surfactants) prevent pulmonary alveoli
from collapsing at end-expiration. Therefore, the synthesis of sur-
factants by fetal pulmonary Type II cells is a crucial part of prenatal
lung development (7), in preparation for the transition at birth
from the intrauterine (aquatic) to the extrauterine (aerobic) envi-
ronment. ErbB4, the signaling receptor for NRG, is the most
prominent receptor dimerization partner in fetal Type II epithelial
cells (8) and the down-regulation of ErbB4 inhibits fetal surfactant
synthesis (9).

Fetal ErbB4 transgenic mice that are rescued from their lethal
heart defect by expressing human ErbB4 cDNA under the control
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CLINICAL RELEVANCE

Because surfactant protein B is the most important protein
for the surface tension-lowering function of surfactant, and
is also the most important component of the surfactant
preparation given to infants with surfactant deficiency stim-
ulating Sftpb expression by an up-regulation of the ErbB4
signaling pathway through the application of neuregulin
may be considered by those interested in designing new
interventions to prevent surfactant deficiency in the new-
born.

of the cardiac-specific myosin heavy chain (a-HMC) promoter
(HER4hearty (3) exhibit changes in lung function and structure,
resulting in a hyperreactive airway system and alveolar simplifica-
tion in adult HER4heart (—/—Y animals (10). In the fetal lung, the
deletion of pulmonary ErbB4 leads to an overall delayed pro-
gression of structural and functional lung development, including
the delayed expression of surfactant protein B (Sftpb). This delay is
most prominent at the transition from the canalicular to the
saccular stage on Embryonic Day 17. Delayed saccular develop-
ment, with an increased mesenchymal area around the airspaces
and a delayed onset of surfactant synthesis and Sftpb expression in
HER4beart (—/—) lungs, confirms the important role of the ErbB4
receptor in the regulation of the timely progression of fetal lung
development (5). We here expand on the exact ErbB4 signals that
regulate the expression of Sftpb in the isolated fetal Type II
epithelial cell.

ErbB4, known for its involvement in processes of differenti-
ation (1, 2, 11, 12), is unique among transmembrane tyrosine
kinase receptors, because its intracellular domain (4ICD) is
translocated to the nucleus after proteolytic cleavage by the
TNFa-converting enzyme (13). The 80-kD 4ICD is released into
the cytosol (14), and is further processed by presenilin-dependent
y-secretase activity (15, 16). In the developing breast, 4ICD
functions as a nuclear chaperone for the signal transducer and
activator of transcription family member, StatSa (17). The
relevance of the nuclear translocation of 4ICD and its interaction
with Stat5a in the developing lung remain to be determined. Here
we show how ErbB4 interacts and coregulates Stat5a in its effects
on the developing fetal pulmonary surfactant system, using
a unique model of primary fetal ErbB4-naive Type II cells.

MATERIALS AND METHODS

The Sftpb promoter luciferase reporter plasmid was kindly provided by
Philip L. Ballard (University of California, San Francisco, CA) (18).
pEGFP N3 (control), pHER4 GFP (full-length ErbB4 receptor), pHER4
GFP-muNLS (mutant with a defective nuclear localization signal), and
pRed StatSa (full-length Stat5a) were used for transfection experiments
(17). NRG-1 producer cells were kindly provided by Dr. Kermit Carraway
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III (University of California, Davis, CA), and NRG was purified by Ann
Kane at the Phoenix Laboratory (Tufts Medical Center, Boston, MA).
Materials and detailed methods of Type II cell isolation, electron
microscopy, coimmunoprecipitation, Western blotting, MTT assay,
confocal microscopy, RNA isolation, quantitative real-time PCR, and
nuclear subfractionation are described in the online supplement.

Preparation of Fibroblast-Conditioned Medium and Primary
Fetal Murine Type Il Epithelial Cell Cultures

Transgenic ErbB4 mice, rescued from their lethal cardiac defects by
expressing a human ErbB4 (HER4Peat) ¢cDNA under the cardiac-
specific a-HMC promoter (3) (kindly provided by Carmen Birchmeier,
in agreement with Dr. Martin Gassmann), were used. The animal
research protocol was approved by the institutional IACUC (Institu-
tional Animal Care and Use Committee) at Hannover Medical School
(Hannover, Germany). Time-dated pregnant HER4"ea™ mice were
killed on Embryonic Day 17.5 for cell isolation. Wild-type mice were
killed on Embryonic Day 18 for the preparation of fibroblast-condi-
tioned medium (FCM), by CO, inhalation. Fetal lungs were removed,
washed in sterile Hanks’ buffered salt solution, and minced with
a razorblade. The minced lungs were incubated with collagenase Type
II for 2 hours at 37°C, and than transferred onto ice for 30 minutes. The
tissue was centrifuged, and the pellet was resuspended in DMEM and
incubated for 30 minutes on ice. After a second centrifugation, the
pellet was resuspended in DNase and trypsin, and incubated for 12
minutes at 37°C. The reaction was stopped using DMEM containing
10% FCS. The cells were filtered, centrifuged, resuspended in DMEM
containing 10% FCS, and plated in culture dishes for 60 minutes at
37°C (21% 02/5% CO,) to allow for differential adherence of lung
fibroblasts. Fibroblasts were grown to confluence and serum-starved
for 24 hours, to prepare the conditioned media.

For the isolation of Type II cells, supernatants from the first
differential adherence were centrifuged again. The cell pellet was
resuspended in DMEM containing 10% FCS, and plated in culture
flasks for 60 minutes at 37°C for a second differential adherence.
Supernatants were again removed and centrifuged. Cells were plated in
DMEM containing 20% FCS and grown until they were used. To verify
the Type II cell identity of isolated cells, their morphology was studied
by electron microscopy (Figure 1) and the expression of Sftpc was
analyzed by quantitative real time PCR (Figure E1).

Cell Transfection

Type II cells were cultured in six-well plates for real-time PCR and the
luciferase assay, or on coverslips in 24-well plates for confocal
microscopy, at a cell density of 1 X 10%ells/ml. Transfections were
performed after 24 hours, as described by the manufacturer (PAA-
Laboratories, Pasching, Austria). Briefly, 1 pwg DNA of pEGFP N3,
pHER4 GFP, pHER4 GFP-muNLS, and pRed Stat5a was diluted with
the Nanofectin solution (transfection reagent) and incubated for 30
minutes before added to the serum-containing medium on the cells.
Cells were harvested after 48 hours of transfection.

Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) analyses were performed
using a ChIP assay kit, as described by the manufacturer (USB,
Staufen, Germany). Type II cells of HER4heart (+/4) animals were
cultured in culture dishes, serum-starved for 4 hours, and treated with
DMEM (control) or DMEM/FCM (1:1) for an additional 24 hours.
Cells were cross-linked with 1% formaldehyde and chromatin was
sonicated to an average size of 200-1,000 base pairs (bp). Chromatin
was incubated with 5 pg antibody (anti-ErbB4 or anti-Stat5a) over-
night. Input DNA was used as a positive control (input). A negative
control without antibody (mock) was also included. To capture the
immune complexes, 50 pl of preblocked protein Agarose beads were
added. The DNA was isolated after the immune complexes were
washed and eluted, and protein-DNA cross-links were reverse-
transcribed. Primers for PCR amplification for the Sfipb promoter
are listed in Table 1. The PCR products were sequenced using BigDye
chemistry (ABI PRISM Big Dye Terminator Cycle Sequencing Ready
Reaction Kit, Applied Biosystems, Darmstadt, Germany) and the
Avant 3100 Genetic Analyzer (Applied Biosystems, Darmstadt, Ger-
many), to show product specificity.

TABLE 1. PRIMER FOR SURFACTANT PROTEIN B PROMOTER

Primer Sequences

Sftpb 1 Forward primer 5'-TCTGCTTCTGGGTAAAGCTAC-3’
Reverse primer 5'-TTATGCAACGCCCAAGAGAG-3’

Sftpb 2 Forward primer 5'-CACTTACCCTGCGTCAAGAG-3’
Reverse primer 5'-GCCTGACTTTGTTCACGTC-3'

Sftpb 3 Forward primer 5'-AAGGACTAGGAACCGACATC-3’

Reverse primer 5’-ACTGCAGTAGGTGCGACCTTG-3’

Definition of abbreviation: Sftb, surfactant protein B.

Luciferase Reporter Gene Assay

Murine lung epithelial (MLE)-12 cells were transfected as already
described, with the Sftpb promoter luciferase reporter plasmid alone or
with the enhanced green fluorescent protein (EGFP), pHER4 or pRed
StatSa plasmid. Forty-eight hours after transfection, cells were starved
for 4 hours and treated with DMEM (control) or NRG (33 nM) for
24 hours. Cell lysates were prepared in 100 pl of lysis buffer, and
a luciferase assay was performed in duplicate, using a Berthold LB
9507 luminometer (Berthold, Bundoora Vic, Australia).

Data Analysis
All treatment values are presented as the mean = SEM of experiment-
specific control samples, unless otherwise stated. To evaluate the results

in terms of statistical significance, we used a two-tailed ¢ test with post
hoc Bonferroni correction for multiple comparisons.

RESULTS
Fetal Type Il Cells Keep Their Cell Characteristics In Vitro

The presence of Type II cell-specific organelles was analyzed in
primary fetal murine Type II cells after 1 day (Figure 1A) and after
7 days (Figure 1B) in culture. These cells keep their Type 11 cell
phenotype (i.e., lamellar bodies) for up to 7 days in culture. The
expression of Sfipc mRNA (19, 20) remains stable in the in vitro
setting for the first S days (5.8 £ 1.7,n = 3,onDay 1;9.6 = 0.5,n = 3,
on Day 2; 10.8 = 0.6, n = 3, on Day 3; and 10.6 = 0.1, n = 3, on
Day 4), and slowly decreases afterward (14.1 = 1.8,n = 3,on Day 6;
142 = 1.8,n = 3,on Day 7; and 13.6 = 0.6, n = 3, on Day 8). The
mRNA expression is lowest after 9 days of cell culture (18.1 = 2.1,
n = 3) (Figure E1 in the online supplement). No Sfipc mRNA
expression is evident in fetal fibroblasts (data not shown). Results
are presented as numbers of cycles (Ct values), normalized by the
number of cycles for actin. Ctlevels are inversely proportional to the
amount of target nucleic acid in the sample.

Homogeneity of Isolated Type Il Cells

A lower-power electron micrograph was obtained to show the
purity of isolated fetal Type II cells (Figure E2A). Epithelial
cell specificity was detected by thyroid transcription factor
(TTF)-1 staining (Figure E2B). TTF-1 is a homeodomain-
containing transcription factor, and is essential for the expres-
sion of surfactant proteins. It is expressed predominantly in
alveolar Type II cells and epithelial cells in the lung (21). Type
IT cell specificity was evaluated by Sftpc immunofluorescence
staining (Figure E2B).

ErbB4 Significantly Stimulates the mRNA Expression of All
Surfactant Proteins

The expression of full-length human ErbB4 (HER4) leads to
a significant increase in concentrations of Sfipal (0.6 = 0.2, P =
0.01, n = 4), Sfipb (0.9 = 0.1, P < 0.0001, n = 3), Sfipc (0.3 = 0.1,
P =0.01,n = 4),and Sfipd (12 = 0.2, P < 0.0001, n = 4) mRNA
in primary Fetal Day 17.5 ErbB4-naive HER4"eat (—/—) Type 11
cells, compared with cells transfected with an EGFP control
plasmid (Figure 2).
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Figure 1. Fetal Type Il cells keep their cell characteristics in vitro. Fetal
Type |l cells were isolated on Gestational Day 17.5 from HER4heart
animals and analyzed by electron microscopy after 1 day (A) and 7 days
(B) in culture. Higher magnifications of lamellar bodies (LBs, as indicated
in red frames) are shown below. LBs remain present in cells for up to 7
days in culture, confirming their Type Il cell character in vitro. d, day.

ErbB4 Nuclear Localization Is Required for Its Effects on All
Surfactant Proteins

The transfection of ErbB4-naive fetal Type II cells with an
ErbB4 mutant lacking the nuclear localization signal (HER4
muNLS) exerts no significant effect on the mRNA expression of
Sftpal (—0.08 £ 0.1, P = 0.58, n = 4), Sfipb (02 £ 0.1, P = 0.14,
n = 3),and Sfipc (0.2 = 0.2, P = 0.28, n = 3) expression, although
it significantly increases Sfipd (0.5 = 0.1, P < 0.0001, n = 3).
Compared with transfection with full-length ErbB4, transfection
with HER4 muNLS is associated with a significant decrease in the
mRNA expression of Sftpal (—0.7 £ 0.2, P = 0.0114, n = 4), Sftipb
(=04 = 01, P = 0.0005, n = 3), and Sfipd (—0.6 = 03, P =
0.0111, n = 3), suggesting that ErbB4 nuclear localization seems to
be important for the mRNA expression of Sfipal, Sfipb, and Sfipd
in the fetal Type II cell. No significant change is evident in the
effect on the mRNA expression of Sfipc when using the HER4
muNLS construct (0.2 + 0.2, P = 0.5851, n = 3), compared to the
full-length HER4 construct (Figure 2), implying that nuclear
localization is not critical for its effect on this Sftp.

Transfection with HER4 (19 = 0.1, P = 0.3, n = 3) or HER4
muNLS (19 = 0.2, P = 0.4, n = 3) does not alter the mRNA
expression of actin (Actb), when compared to cells transfected
with EGFP (18.7 = 0.2, n = 3) (data not shown).

ErbB4 Does Not Change Cell Proliferation

The expression of full-length ErbB4 (HER4) leads to an in-
significant increase in cell viability, to 114% *= 9% (n = 6, P =
0.4),in HER4heart (+/4) Type Il cells. This result is similar for the
expression of the ErbB4 mutant (HER4 muNLS), increasing cell
viability to 106% = 5% (n = 6, P = 0.7) compared to EGFP
transfected cells (100% = 11%, n = 6) (Figure E3).

Stat5a Coprecipitates ErbB4

The immunoprecipitation (IP) of Stat5a was performed in wild-
type HER4beart (+/4) Type II cells, using coimmunoprecipi-
tation conditions. StatSa coimmunoprecipitates the ErbB4
intracellular domain (4ICD) in primary fetal murine lung Type
II cells under control conditions and after stimulation with FCM,
confirming the interactions of these two proteins (Figure 3A).
The IgG control IP confirms antibody specificity (Figure 3B).
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Figure 2. ErbB4 significantly stimulates the mRNA expression of all
surfactant proteins. ErbB4-naive Gestational Day 17.5 Type Il cells were
isolated from HER4heat (—/—) animals transfected with full-length
ErbB4 (HER4; black bars) or an ErbB4 mutant lacking the nuclear
localization sequence (HER4 muNLS; gray bars). The effects of ErbB4 on
the expression of surfactant protein A1 (SftpaTl), Sftpb, Sftpc, and Sftpd
were measured by real-time PCR. Full-length ErbB4 induced a signifi-
cant increase in Sftp mRNA concentrations for all four surfactant
proteins (*P < 0.001, **P < 0.0001). Preventing the nuclear localiza-
tion of ErbB4 significantly inhibited the stimulatory effect of ErbB4 on
Sftp mRNA concentrations (*P < 0.001, *+P < 0.0001; n = 3).

NRG Induces ErbB4 and Stat5a Intranuclear Colocalization

We then studied the intracellular localization and colocalization
of ErbB4 and StatSa in fetal ErbB4-naive Type II cells, using
confocal microscopy. DAPI(4',6-diamidino-2-phenylindole)
staining was used to confirm nuclear localization. Full-length
ErbB4 (HERA4) is localized predominantly to the cell membrane
and the cytoplasm, whereas endogenous Stat5a localizes to the
nucleus, even in nonstimulated cells. A 24-hour stimulation with
mature Day 18 fetal FCM, which is known to contain NRG (4)
and is the most efficient stimulator of surfactant synthesis in fetal
Type II cells (22), leads to an enrichment of transfected ErbB4 in
the nucleus and a colocalization of ErbB4 with the endogenous
StatSa (Figure 4A).

In cells transfected with HER4 muNLS (the mutant lacking
the nuclear localization signal), endogenous Stat5a is more
diffusely located in the cytoplasm in nonstimulated cells, suggest-
ing that this mutant may prevent the localization of Stat5a to the
nucleus under control conditions. Despite the absence of ErbB4
nuclear localization, stimulation with FCM induces the nuclear
localization of Stat5a. No colocalization of HER4 muNLS with
endogenous StatSa occurs, even in the perinuclear region of the
cytoplasm, where activated ErbB4 is found (Figure 4B). This
finding confirms the need for ErbB4 nuclear entry for FCM-
induced ErbB4 nuclear interactions with Stat5a. It also suggests
the involvement of other factors in Stat5a nuclear transport.

ErbB4 Is a Nucleic Acid-Binding Protein

The observed effects of ErbB4 on the expression of Sftpb and
the interaction of the receptor with the transcription factor
StatSa prompted us to investigate whether the transmembrane
receptor ErbB4 is a nucleic acid-binding protein. Using nuclear
subfractionation, we observed that in fetal Type II cells, 4ICD
associates with nucleic acid in nonstimulated and FCM-stimu-
lated cells (Figure E4, nucleic acid binding fraction). A 24-hour
stimulation with FCM leads to an enrichment of 4ICD in the
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cytosolic fraction (Figure E4), implying an increased cleavage
after FCM-induced receptor activation.

ErbB4 and Stat5a Bind to the Sftpb Promoter

To study whether ErbB4 and Stat5a bind to the Sftpb promoter,
fetal wild-type Type II cells (HER4bPart [+/+]) were stimulated
with FCM, and chromatin immunoprecipitation experiments were
performed. Primers were designed for the Sfipb promoter region,
encompassing approximately 200-bp intervals (Figure 5A). The
ErbB4 antibody precipitates three Sftpb promoter regions (nt
—569to —328,nt —379to —199,and nt —175 to +39) under control
conditions, whereas the Stat5a antibody precipitates only the
region at nt —175 to +39. Stimulation with FCM sustains the
presence of ErbB4 at all three promoter regions, and promotes the
binding of StatSa to all three promoter regions (nt —569 to —328, nt
—379 to —199, and nt —175 to +39) (Figure 5B).

FCM 24h control FCM 24h

A control

HER4
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overlay
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Figure 4. Neuregulin (NRG) induces the intranuclear colocalization of
ErbB4 and Stat5a. Full-length ErbB4 (HER4) (green) localizes to the
membrane when expressed in ErbB4-naive Gestational Day 17.5 Type |l
cells isolated from HER4heart (—/—) lungs. Stat5a (red) localizes diffusely
in the cytoplasm and nucleus. (A) Twenty-four-hour exposure to
mature, NRG-containing, fibroblast-conditioned medium (FCM, right)
induces the localization of ErbB4 to the nucleus and colocalization with
Stat5a. (B) The prevention of nuclear localization, using the mutant
ErbB4 (HER4 muNLS), leads to a more diffuse localization of Stat5a in
the cytoplasm, and prevents FCM-induced colocalization with Stat5a.
Nuclear localization is confirmed by 4',6-diamidino-2-phenylindole
(DAPI) staining (blue).

Figure 3. The signal transducer and activator of transcription
Stat5a coprecipitates ErbB4. Interactions of the ErbB4 intra-
cellular domain (4ICD) with Stat5a were studied in wild-type
Type Il cells isolated from HER4heart (+/4) animals, using

«ErbB4  coimmunoprecipitation conditions. Representative blots were
probed with ErbB4 (upper and middle blots) and Stat5a (lower
blots) antibodies. (A) Stat5a coimmunoprecipitates the ErbB4
intracellular domain (4ICD) in fetal Type Il cells under control
conditions (C) and after stimulation with fibroblast-condi-

a-StatSa

tioned medium (FCM) . (B) The IgG control immunoprecipi-
tation (IP) confirms antibody specificity.

Overexpression of Stat5a Stimulates Sftp mRNA Expression

The effect of StatSa on the expression of fetal Sftp was analyzed
by overexpressing the transcription factor in ErbB4-naive Type II
cells isolated from HER4Peart (—/—) fetal lungs. Real-time PCR
reveals a significant increase in mRNA concentrations of Sfipal
(0.8 £ 0.3, mean = SE, P = 0.015,n = 3), Sfipb (0.4 = 0.1, mean =
SE, P =0.002,n = 3), Sftpc (1.0 = 0.2, mean = SE, P = 0.001,n =
3), and Sftpd (3.8 = 0.9, mean = SE, P = 0.002, n = 3), compared
to cells transfected with a control EGFP plasmid (Figure 6).
Interestingly, some differences are evident in comparison to cells
expressing full-length HER4 (Figure 2). The expression of Sfipb
is stimulated to a much lower extent, compared to cells expressing
ErbB4. This decrease in effect on Sftpb expression is similar to
cells where the nuclear transport of ErbB4 is impaired, implying
that both the nuclear localization of ErbB4 and nuclear in-
teractions between ErbB4 and Stat5a are needed for the expres-
sion of Sftpb in the fetal Type II cell.

NRG Stimulates Sftpb Promoter Activity, Which Is Further
Enhanced by ErbB4-Stat5a Interactions

To determine whether ErbB4 contributes to the activation of the
Sftpb promoter, we transfected MLE-12 cells with a Sfipb pro-
moter luciferase reporter plasmid. NRG significantly stimulated

A Sfipb Gene
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*—= —
I T T

'ln.‘lA l_a
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. —
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Figure 5. ErbB4 and Stat5a bind to the Sftpb promoter. (A) Primers
were designed for the Sftpb promoter, encompassing approximately
200-base pair intervals. (B) Cells were mock-stimulated (C) or FCM-
stimulated (F). A chromatin immunoprecipitation (ChIP) assay was
performed, and DNA bound to ErbB4 or Stat5a was analyzed by
semiquantitative PCR amplification. The chromatin was immunopre-
cipitated, using antibodies directed against ErbB4 and Stat5a. The
input DNA was used as positive control (Input), and a negative control
with no antibody (Mock) was included. ErbB4 binds to all three sites in
the Sftpb promoter region. Stat5a requires stimulation by FCM to bind
to all three sites.
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Figure 6. Stat5ainduces Sftp mRNA expression. The overexpression of
Stat5a leads to a significant increase in Sftp mRNA concentrations in
ErbB4-naive, Gestational Day 17.5 fetal Type Il cells isolated from
HER4heart (—/—) lungs (*P < 0.001, **P < 0.0001; n = 3).

luciferase activity up to 120% = 4% (P = 0.003, n = 10),
compared to nonstimulated control cells (100% = 2%, n = 11).
Cotransfection of the Sftpb promoter luciferase reporter with
full-length HER4 leads to an even more pronounced increase in
luciferase activity, up to 170% = 10% (P < 0.0001, n = 5),
compared to cells transfected with the control plasmid (100% =+
4%, n = 13). Cotransfection with Stat5a alone decreases lucifer-
ase activity to 55% * 8% (P < 0.0001, n = 6), whereas
cotransfection with both HER4 and Stat5a increases luciferase
activity up to 269% = 89% (P = 0.04, n = 10). NRG further
stimulates luciferase activity up to 159% =+ 7% (P < 0.0001,n = 5)
in HER4-overexpressing MLE-12 cells, compared to NRG-
stimulated cells transfected with a control plasmid (100% =
1%, n = 13). NRG does not overcome the inhibitory effect on
luciferase activity in cells transfected with Stat5a (58% = 11%, P <
0.0001, n = 4), and exerts only a slightly additive stimulatory effect
on cells already cotransfected with both HER4 and Stat5a, in-
creasing luciferase activity up to 395% = 132% (P = 0.0016,n = 5)
(Figure 7).

DISCUSSION

NRG-induced ErbB signaling plays an important role in the
development and homeostasis of the nervous system (2, 23, 24),
and may even be a candidate for neuroprotection (25, 26). Its
role in the developing lung is largely unknown. Here we present
evidence that NRG-induced ErbB4 interactions with Stat5a
regulate the expression of fetal Sftpb. We previously showed
that the deletion of pulmonary ErbB4 leads to lung disease in
adult animals (10), and these defects originate in the developing
lung (5). Here we provide detailed insights into the cell biology
of ErbB4 function in primary isolated fetal Type II cells by
using an in vitro approach in a unique transgenic murine model.

Surfactant deficiency and the structural immaturity of the
lung contribute to long-term pulmonary morbidity in preterm
infants. The prevalence of bronchopulmonary dysplasia (BPD)
has not changed significantly, despite the widespread use of
postnatal surfactant and prenatal surfactant-stimulating gluco-
corticoids (27-29). At least in part, this ongoing prevalence of
BPD may be attributable to the negative side effects of
glucocorticoid treatment, and also to intrauterine exposure to
inflammation and the postnatal need for ventilatory support and
exposure to oxygen (30, 31), all of which affect the normal
progression of structural lung development.

One way to advance lung maturity with fewer negative side
effects may involve stimulating an endogenous pathway that
promotes the maturation of the fetal surfactant system and lung
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Figure 7. NRG stimulates Sftpb promoter activity, which is further
enhanced by ErbB4-Stat5a interactions. Murine lung epithelial-12 cells
were transfected with the Sftpb promoter luciferase reporter. Luciferase
activity was measured after stimulation with NRG (striped bar) and
compared to nonstimulated control cells. Cells were cotransfected with
the Sftpb promoter luciferase reporter and full-length ErbB4 (HER4)
(black bar), Stat5a (light gray bar), or a combination of ErbB4 and
Stat5a (dark gray bar). Effects were compared with effects observed in
nonstimulated cells transfected with a control plasmid (epidermal
growth factor receptor; EGFP). Cells were stimulated with NRG, and
luciferase activity in ErbB4 (black bar), Stat5a (light gray bar), or ErbB4
and Stat5a (dark gray bar) transfected cells was compared to NRG-
stimulated, EGFP-transfected control cells. NRG, ErbB4, and the
combination of ErbB4 and Stat5a expression stimulates Sftpb promoter
activity. This stimulatory effect is further enhanced by treatment with
NRG (*P < 0.001, **P < 0.0001; n = 5-13).

structure. NRG-1 is secreted by lung fibroblasts (4), and the
NRG receptor ErbB4 is expressed by fetal Type II cells (8, 9).
Both proteins play an important role in fetal Type II cell
maturation (4, 32), promoting the synthesis of fetal surfactant.

In the present study, we explored the role of ErbB4 nuclear
translocation in murine fetal Type II cells, using a unique model
of ErbB4-naive primary fetal Type II cells, isolated on Gesta-
tional Day 17.5 from HER4Pea mice, which are rescued from
their lethal heart defect by re-expressing a human ErbB4 cDNA
in the heart by a cardiac-specific e-HMC promoter (3). Day 17.5
of gestation was chosen for the isolation of fetal Type II cells,
because at that time, the fetal lungs advance from the canalicular
to the saccular stage, and surfactant synthesis is initiated (33).

Adult Type II cells are difficult to grow on tissue culture
plastic because they lose their Type II cell phenotype, and
transdifferentiate by gaining Type I cell markers (34, 35). The
expression of Sfipc is restricted to Type II cells, and can be used
as a cellular marker (19, 20). Using electron microscopy, the
mRNA expression of Sftpc, and immunofluorescence staining,
we demonstrated that isolated fetal Type II cells do not trans-
differentiate, but keep their Type II cell-specific characteristics
(i.e., lamellar bodies, which are the major surfactant phospho-
lipid storage organelles) and maintain the expression of Sftpc
for up to 7 days in culture.

Sftpb and Sftpc are secreted by lamellar bodies, whereas
Sftpal and Sftpd are secreted independently (36). Surfactant
synthesis is a crucial component of fetal lung development in
preparation for the aquatic—aerobic transition at birth (7). A
genetic deficiency of Sftpb results in neonatal respiratory failure
and death (37). Because Sftpb is the surfactant protein most
critical for surfactant dynamics and for the reduction of surface
tension (38), and because the ErbB4 receptor plays an impor-
tant role in structural and functional lung development (5, 10),
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we focused on the role of ErbB4 in its function on Sfipb gene
regulation. The expression of full-length ErbB4 induced Sfipb
mRNA expression, but the nuclear localization of ErbB4 was
a critical requirement for this up-regulation, underlining the
critical role of ErbB4 nuclear function in the fetal Type II cell.

In adult pulmonary epithelial cells, the ErbB4 ligand NRG
activates the JAK-STAT (Janus Kinase-Signal Transducer
and Activator of Transcription) signal transduction pathway
through ErbB2/ErbB3 receptor heterodimers, leading to in-
creased cell proliferation (39). The role of NRG and ErbB4
signaling in primary adult Type II cells has not been well
studied. In fetal Type II cells, ErbB4 is a preferred dimerization
partner for ErbBl, also known as epidermal growth factor
receptor (EGFR) (8). ErbB4 actively regulates the most
important functional maturation of the fetal Type II cell,
namely, fetal surfactant synthesis (9). The deletion of ErbB4
leads to delayed fetal lung development (5) and structural and
functional disturbances in the adult lung (10). Our results
suggest that the nuclear translocation of ErbB4 plays a critical
role in its effects on the expression of Sfipb.

ErbB4 is known to be cleaved at the cell membrane by
presenilin-dependent vy-secretase activity, liberating the cyto-
plasmic domain of ErbB4 (4ICD) from the plasma membrane
into the cytosol, which translocates to the nucleus (15, 16). In
the developing breast, 4ICD appears to function as a nuclear
chaperone for Stat5a, to regulate milk gene expression (17).
StatSa is involved in diverse cellular functions such as pro-
liferation, apoptosis, and differentiation (40). Until now, the
relevance of 4ICD and its interactions with transcription factors
in the developing fetal Type II cell are, to the best of our
knowledge, unknown. Here we show that Stat5a is expressed in
fetal Type II cells, and mature FCM induces the colocalization
of Stat5a and ErbB4 within the nucleus.

Fibroblast-Type II cell interactions play an important role in
the developing fetal surfactant system. Mature fetal fibroblasts
secrete soluble factors into the FCM, to initiate fetal surfactant
synthesis in the fetal Type II cell (22). We recently reported that
NRG constitutes one component of these factors (4). Our present
study further elucidates the role of NRG as an intracellular signal
involved in the maturation of the fetal surfactant system. In
particular, we found that the NRG-induced nuclear localization of
ErbB4 and the intracellular colocalization of Stat5a with ErbB4
are required for the effect on Sfipb promoter activity.

The Sftpb gene is encoded on murine chromosome 6 (41), and
is composed of 11 exons and 10 introns, flanked by promoter-
enhancer consensus sequences (42). Highly conserved regions in
the Sftpb gene are located 100 and 300 bp downstream from the
transcription start site, and these highly conserved regions
contain DNase hypersensitivity and footprinting sites, suggesting
the presence of transcription factor binding sites. The expression
of Sftpb is known to be influenced by hormonal, developmental,
and microenvironmental factors (43). Here we show for the first
time, to the best of our knowledge, that ErbB4 binds to the Sftpb
promoter, and although FCM stimulates Stat5a binding to this
promoter region, Stat5a requires the presence of ErbB4 for
its stimulatory effect on Sfipb promoter activity. Other members
of the ErbB receptor family are known to be involved in
transcriptional regulation. EGFR, for example, binds to the
cyclin D1 promoter (44), and is able to associate with Stat5a on
the ATRS motif (AT-rich sequence sites), to transactivate the
Aurora-A promoter (45). ErbB2 forms a complex at the COX-2
(Cyclooxygenase-2) promoter, and stimulates its transcription
(46). Because ErbB receptors lack any known structural signa-
tures required for associations with DNA (47), they are not likely
to interact directly with genomic DNA. For EGFR, an associa-
tion with a histone 3 isoform was reported (48).

The effects of Stat5a overexpression that we observed on
surfactant proteins were independent of ErbB4, and may be
attributable to interactions with other ErbB receptors, e.g., ErbB1,
mainly because ErbB1 homodimers are known to activate Stats
sufficiently (49). On the other hand, ErbB4 is known for its
transcriptional function through interactions with other DNA
binding nuclear factors (17, 50, 51). Further studies are needed to
elucidate these pathways in greater detail in fetal Type II cells.

In conclusion, we demonstrate that ErbB4 functions as
a transcription factor for the Sfipb gene. ErbB4 signaling in
Sftpb gene expression involves the coregulation of Stat5a.
Because Sftpb is the most important protein for the surface
tension-lowering function of surfactant, and is the most impor-
tant component of the surfactant preparation given to infants
with surfactant deficiency, an up-regulation of the ErbB4
signaling pathway through an application of NRG may be
considered by those interested in designing new interventions
to prevent surfactant deficiency in the newborn. Systemic
treatment with NRG was successfully used to enhance brain
remyelination in mice (52) and to improve cardiac function in
humans (53). Therefore, systemic treatment with NRG may
conceivably enhance fetal lung development.
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