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Trachealess (Trh) is a PAS domain transcription factor regulating
Drosophila tracheogenesis. No other Trh homolog has been asso-
ciated with a respiratory phenotype. Seeking homolog(s) regulat-
ing lung development, we screened murine genomic DNA using
trh oligonucleotides, identifying only Npas3. Npas3mRNA peaks in
lung from E10.5 to E13.5, verified by sequencing, with immuno-
staining in airway epithelial cells. Npas3-null mice have reduced
lung branching morphogenesis but are viable prenatally. Npas3-
null newborns die in respiratory distress, with diminished alveola-
rization, decreased Shh, Fgf9, Fgf10, and Bmp4 mRNAs, and in-
creased Spry2, consistent with reduced FGF signaling. Exogenous
FGF10 rescues branching morphogenesis in Npas3-null lungs. In
promoter reporter assays, NPAS3 directly up-regulates Shh and
represses Spry2. Npas3+/− mice have a milder lung phenotype,
surviving postnatally, but develop emphysema. Therefore, ab-
sence of a developmentally expressed transcription factor can al-
ter downstream gene expression and multiple signaling pathways
in organogenesis. NPAS3 haploinsufficiency may also lead to
emphysema.
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The respiratory organ of Drosophila is the tracheal system (1),
a tubular network that begins in the larva, opening to the

outside at the spiracles. The basic structure resembles the lung,
with branching of epithelial tubules, which transport O2 directly
to target sites (1). Like the lung, the gas exchange surface area
increases with branching, and most gas exchange occurs in the
distal epithelium.
Drosophila tracheogenesis occurs in 3 phases (1): embryonic

branching morphogenesis; formation of fine terminal branches,
driven by O2 demands (2); and remodeling by cell proliferation
and migration to form the adult tracheal system during meta-
morphosis. Mutants have been identified with specific tracheal
defects (1). trachealess (trh)-null embryos have no trachea (1, 3).
Trh is a bHLH transcription factor with 2 PAS domains (PER-
ARNT-SIM) (4, 5). PAS domains regulate heterodimerization
(6), a requirement for functional activity.
By phylogram analysis and amino acid sequence alignment,

NPAS3 is most similar to Trh, followed by NPAS1, SIM1, SIM2,
HIF-1α, EPAS1, and PER1 [supporting information (SI) Fig.
S1]. Mice lacking NPAS1 and/or NPAS3 have been previously
reported to have neurological defects (7, 8). Similarly, mice
lacking SIM1 have neurological defects and die shortly after
birth, but with no lung defects (9, 10). Also, Sim2-null mice die
shortly after birth with respiratory distress from chest wall de-
fects; however, detailed analysis of these mice revealed normal
lungs (11).
Other proteins regulate Drosophila tracheogenesis down-

stream from Trh, including Breathless (FGFR), Branchless
(FGF), Sprouty, and Notch (12, 13). In breathless-null embryos
tracheal precursor cells invaginate but stay at the invagination
site, and the main branches fail to form (1). Additional neuro-
genic gene mutants having pleiotropic and tracheal defects

include Enhancer of Split (1) and Notch or its ligand, Delta, which
have severe branching defects. Thus, multiple genes interact
synergistically or additively to strongly favor normal develop-
ment of the respiratory system. Multiple signaling pathways also
permit fine-tuning of the structural parameters leading to func-
tion of the fully developed organ. We tested the hypothesis that
a mammalian Trh homolog exists and that this homolog can
activate multiple downstream signaling pathways involved in the
lung development.

Results
Npas3 Expression in Developing Lungs. We screened a murine
genomic library using PCR primers specific for Drosophila trh.
One clone was identified using a probe for the bHLH domain,
confirmed with a PAS-A probe, and identified as murine Npas3.
Using QRT-PCR we measured mRNA levels of Npas3 in

developing lungs (primers given in Table S1). Arnt mRNA levels
were also measured, because Tango, the Drosophila ortholog of
ARNT, is required for Trh function via formation of het-
erodimer between Tango and Trh (4, 5). As shown in Fig. 1A,
Npas3 expression is highest in E10.5 embryonic lungs, drops by
∼50% at E11.5, but remains high during E11.5–E13.5. Npas3
expression further decreases to ∼30–60% of the E11.5 levels
from E14.5 to E17.5, then to ∼20% of the E11.5 levels at E18.5
and postnatal day 1 (P1). Arnt mRNA levels have no significant
change during E10.5-P1. To assess NPAS3 protein in developing
lungs, Western blotting was carried out at E12.5, using adult
brain and E12.5 head as positive controls. The 92-kDa NPAS3
band is present, and preabsorption of NPAS3 antibody with a
fivefold excess of peptide antigen abrogates the specific band (Fig.
1B). This peptide is entirely specific for NPAS3 (with no
sequence similarities to NPAS1, NPAS2, or other PAS proteins).
We have also performed QRT-PCR analysis of Npas3 mRNA

in postnatal lungs from 1 to 10 mo of age (Fig. S2). Npas3
expression in adult lungs drops to ∼20% of the newborn levels
and remains constant during 1–10 mo. Thus, Npas3 continues
to be expressed in adult lungs, albeit at lower levels than in
embryonic and P1 lungs.
We then localized NPAS3 protein in developing lungs using

immunohistochemistry. At E13.5, NPAS3 immunostaining is
observed in airway epithelial cell nuclei (Fig. 1 C and D). At
E15.5, NPAS3 immunostaining is weaker in epithelial cells, but
multiple mesenchymal cells are NPAS3 positive (Fig. 1E).
NPAS3 positivity also occurs in mesothelial nuclei on the pleural
surface (Fig. 1 C–E). All NPAS3 immunostaining is removed by
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preabsorption of NPAS3 antiserum with a fivefold excess of
peptide antigen (Fig. 1F).

Analyses of Npas3-Null Mice. Knowing that Npas3 is expressed in
embryonic and postnatal lungs, we generated Npas3-null mice by
targeting the PAS-A domain, which is needed for heterodimer-
ization and transactivation by NPAS3 (5), similar to Trh (14).
PAS-A also determines target gene specificity (15). A part of
exon 4 and intron 4 of Npas3 gene was replaced by Neo gene
cassette (Fig. 2A), resulting in a truncated PAS-A domain with
premature termination (Fig. 2B). By QRT-PCR, Npas3-null
mice lack Npas3 mRNA, whereas heterozygote (Het) littermates
have ∼50% of wild-type (WT) levels (Fig. 2C).
We analyzed in vivo lung branching morphogenesis in Npas3-

deficient embryos at E11.5, E12.5, and E13.5 (Fig. 2 D and E).
Npas3-null mice have significantly reduced branching morpho-
genesis at all these time points, similar to inducible trh -null
Drosophila (3).

Within hours after birth, most of the Npas3-null pups become
gasping and cyanotic (Fig. S3). By 48 h, 95% of Npas3-null mice
die, whereas all of the WT and Npas3-Hets survive. Lung
histopathology on P1 shows normal alveolar structure in WT
pups (Fig. 3A), at the saccular stage of development, just
preceding true alveolarization, which begins at ∼P3. However,
Npas3-Hets have widespread defects in alveolar septation, re-
sulting in lungs that resemble centrilobular emphysema (Fig.
3B). Npas3-null pups are most severely affected, with only
patches of future alveolar tissue interspersed with dilated air-
ways, giving the appearance of bronchiectasis (Fig. 3C).
To determine if Npas3-deficient mice can repair these lung

defects by adulthood, we performed histopathology and pulmo-
nary function testing at 4 mo of age (4 mo). Compared with
WT littermates (Fig. 4A), Npas3-Hets have decreased alveolar-
ization (Fig. 4B), similar to defects in primitive alveoli observed
at P1 (Fig. 3 B and C), with the appearance of centriacinar
emphysema. To quantify these differences, mean linear inter-
cepts (MLI) were determined by computerized image analysis at
P1 and 4 mo. MLI is widely used to measure mean alveolar
diameter, which in the absence of injury reflects alveolar devel-
opment. As shown in Fig. 4C, the normal MLI in WT mice
decreased from ∼17 μm at P1 to ∼12 μm at 4 mo, a 28%
decrease in mean alveolar airspace diameter. In contrast, the
MLI of Npas3-Hets decreased from ∼20 μm at P1 to ∼17 μm
at 4 mo, a 14% decrease. Both Npas3-null and -Het mice at P1
or 4 mo have significantly increased MLI compared with WT
littermates, consistent with defective distal lung development
and/or alveolar homeostasis both pre- and postnatally.
Considering the similarity of lung histopathology between

Npas3-null mice and human disorders with reduced alveola-
rization, such as emphysema, we carried out pulmonary
function testing of Npas3-Hets and WT littermates using
the flexiVent apparatus. At 3, 4, 6, and 7 mo, Npas3-Hets do
not have altered baseline airway resistance. Neither airway
inflammation nor consistent evidence of pulmonary neu-
roendocrine cell hyperplasia was observed in Npas3-defi-
cient mice.

Altered Downstream Gene Expression in Npas3-Null Lungs. To ex-
plore mechanisms underlying the pulmonary phenotype of
Npas3-deficient mice, we carried out QRT-PCR analyses for a
panel of 22 different genes implicated in lung development. At
E11.5, no significant difference was observed in any of 22
mRNAs between WT and Npas3-null lungs. At P1, however,
there are multiple differences in gene expression (Table 1). In
Npas3-null lungs, Shh mRNA is decreased most significantly
(<30% of the WT levels). There is also a 50% decrease in Gli2
gene expression, which functions downstream from SHH to
mediate its effects on transcription. Expression of other FGF
signaling mediator genes Fgf9, Fgf18, and Ffg10 is decreased
approximately one-third to one-half, whereas expression of
sprouty2 (Spry2), an antagonist of FGF signaling, is increased
∼threefold. Bmp4, which interacts with both SHH and FGF
signaling pathways, has significantly reduced gene expression in
lungs of Npas3-null mice.
To assess the abundance of some of the corresponding pro-

teins, we immunostained E15.5 lungs from Npas3-null embryos
and their WT littermates (Fig. S4). WT lungs have strong SHH
immunostaining in proximal airway epithelium and throughout
the mesenchyme (Fig. S4A). In Npas3-null lungs, there is a
similar distribution of SHH, but the immunostaining is weaker
and there are fewer positive cells (Fig. S4B). In contrast, WT
lungs have SPRY2 (Fig. S4C) present in scattered mesenchymal
cells and proximal epithelial cells, whereas Npas3-null lungs have
the increased numbers of SPRY2-positive cells in distal airway
epithelium (Fig. S4D). FGF10 immunostaining occurs in WT lung
mesenchymal cells, most strongly in the subpleural mesenchyme

Fig. 1. Developmental expression of Npas3 mRNA and protein in murine
lungs. (A) QRT-PCR analysis of Npas3 and Arnt mRNA in lungs from E10.5 to
P1. (B) Western blot analysis of NPAS3 in E12.5 lungs, using adult brains and
E12.5 heads as positive controls, and preabsorbing NPAS3 antibody with
excess antigen for specificity. (C–F) NPAS3 immunohistochemistry in E13.5 (C
and D) and E15.5 (E and F) lungs. Some NPAS3-positive epithelial nuclei
(black arrows), mesothelial cells (long black arrows with asterisks), and
mesenchymal cells (red arrows) are indicated. D is the higher magnification
of dashed line box in C; F is a section immediately serial to E, running in
parallel using antigen-preabsorbed NPAS3 antibody. L, airway lumen; Prox.
AW, proximal airway. (Scale bars: C, 50 μm; D–F, 25 μm.)
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(Fig. S4E), whereas Npas3-null lungs have reduced FGF10
immunostaining, almost entirely in the subpleural region
(Fig. S4F).
Considering the role of FGF signaling in angiogenesis and the

link between alveolarization and development of the pulmonary
capillary bed, we assessed the pulmonary vasculature by laminin
immunostaining. Compared with WT lungs, which have many
subpleural laminin-positive capillaries and larger vascular chan-
nels (Fig. S4G), Npas3-null lungs have only a few dysmorphic
subpleural capillaries, despite multiple larger vascular structures
(Fig. S4H). These observations suggest that NPAS3 could reg-
ulate angiogenesis in the lung and brain, possibly via FGF sig-
naling molecules and SHH.

To determine which altered proteins might contribute to the
Npas3-null pulmonary phenotype, we cultured WT and Npas3-
null E11.5 lung buds with exogenous FGF10 in the growth
medium. FGF10 restored branching morphogenesis in Npas3-
null lung buds (Fig. 5). However, although the peripheral
branching of Npas3-null lung buds significantly increased with
exogenous FGF10, it did not reach the level of branching of WT
littermate controls, suggesting the deficiency of other regulators of
branching morphogenesis in Npas3-null lungs.
We then assessed whether FGF10 can rescue a cell migration

defect in E11.5 Npas3-null lungs. The mesenchyme was removed
from distal tips of lung buds. Neither WT nor Npas3-null epi-
thelial cells migrated toward the negative control bead (Fig. S5).

Fig. 2. Npas3 targeting and branching morphogenesis in Npas3-deficient lungs. (A and B) To generate Npas3-null mice, a 1.4-kb DNA fragment in exon 4 and
intron 4 of murine Npas3 gene was replaced by Neo gene cassette, leading to a frameshift mutation and premature termination. (C) QRT-PCR analysis of
Npas3mRNA from Npas3-deficient vs. WT littermate lungs at E12.5.*P < 0.01, **P < 0.001, n = 4. (D) Representative WT vs. Npas3-deficient lung buds at E11.5,
E12.5, and E13.5. (E) Pooled results of numbers of peripheral branch points in lung buds, with 4–5 litters per timepoint. Branching of Npas3−/− lung buds
significantly reduced compared with Npas3+/+ littermates. *P < 0.05, **P < 0.01.

Fig. 3. Histopathological features of Npas3-deficient lungs at P1. Lung histopathology at P1 for (A) WT, (B) Npas3-Het, and (C) Npas3-null littermates.
Compared with WT, Npas3-deficient lungs have dilated airways with few alveoli. Npas3-Hets have defects in the primitive alveolar parenchyma alternated
with segments of more normal alveoli (saccular stage) and many airways extend near the pleura (arrows). Npas3-null pups have reduced alveolar parenchyma.
The conducting airways are massively dilated, similar to bronchiectasis. v, blood vessel; *, airway (AW). (Scale bar: 100 μm.)
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In contrast, WT epithelial cells migrated rapidly toward the
FGF10-coated bead, but Npas3-null epithelial cells did not migrate
toward FGF10. Thus, FGF10 can rescue defective branching but
not defective migration in Npas3-null lungs.
These cumulative observations indicate that NPAS3 plays an

important role in early lung morphogenesis by regulating expression
of multiple genes that play major roles in organogenesis. To de-
termine whether NPAS3 might directly regulate expression of any
of these potential target genes, we carried out luciferase reporter
assays using a Shh promoter construct (16) and a Spry2 promoter
construct (17) that had been previously characterized. A NPAS3
expression vector was constructed by cloning murine Npas3 cNDA
into pcDNA3.1. A pcDNA1-ARNT expression construct was also
obtained (18). These constructs were used to transfect into a
murine lung type II cell line, MLE-12 (19). NPAS3 alone induces
<twofold increase of Shh promoter transactivation, whereas
NPAS3 plus ARNT synergistically increase Shh luciferase activity
∼fivefold (Fig. S6A). In contrast, NPAS3 alone represses Spry2

promoter transactivation to ∼10% of baseline levels, and NPAS3
plus ARNT synergistically decrease Spry2 luciferase activity to
<2% of baseline levels (Fig. S6B). Western blots confirmed that
NPAS3 levels are comparable between the experimental groups
for both reporter constructs (data not shown).

Discussion
The present study provides definitive evidence for NPAS3 being
the functional mammalian homolog of Trh. NPAS3 has highest
amino acid sequence homology to Trh, especially in the consensus
domains. Our observations support the hypothesis that NPAS3 is
essential for normal lung development. In addition, NPAS3 plays
a significant role in maintaining lung homeostasis, because hap-
loinsufficient adults develop alveolar loss. During development,
NPAS3 functions by transactivating genes important for lung
development and/or regeneration, such as Shh, and many of the
same genes could be implicated in maintaining lung homeostasis.
Nonetheless, the spectrum of targets of NPAS3 must differ in part
from those of Trh becauseNpas3-null mice do have normal tracheal
development. These differences support the concept of NPAS3 as
being an ortholog of Trh, despite structural similarities in branching
morphogenesis for mice and fruit flies.
Impaired lung structure and function in Npas3-deficient mice

lead to pulmonary lethality shortly after birth. This is at least
partly due to altered gene expression of multiple FGF signaling
molecules, similar to Trh (4). Several laboratories have validated
the importance of FGF signaling in lung development (20–22).
Vascular development is an intrinsic part of alveolarization, and
multiple growth factors contribute to this vital process, including
FGFs and VEGFs (23).
The mechanism by which NPAS3 controls lung development is

complex, with up-regulation of FGF signaling at multiple levels,
decreased gene expression of Spry2 as an FGF inhibitor, and
activation of Shh gene expression (Fig. 6). Addition of FGF10
can rescue branching morphogenesis of lung buds from Npas3-
null embryos. However, FGF10 does not rescue the defect in
epithelial cell migration. Cumulatively, these observations are
consistent with NPAS3 activating or suppressing multiple distinct
signaling pathways in lung development and repair. A single

Fig. 4. Lung histopathology of adult Npas3-deficient mice. (A and B) Lung
histopathology from WT (A) and Npas3-Het littermates (B) at 4 mo (4 mo) of
age (Voerhoff’s elastic tissue stain). L, airway lumen; *, pleural surface; bar,
100 μm. (C) Mean linear intercepts of lungs from P1 and 4-mo mice (3 litters
each): *P < 0.0001 compared with WT. Note that there were no 4-mo-old
Npas3-null mice because pups rarely survived beyond 48 h.

Table 1. QRT-PCR analyses of altered gene expression in P1
lungs from Npas3-null mice compared with WT littermates

Gene Fold change (null vs. WT) P value

Shh −3.2 0.0028
Fgf9 −1.9 0.0011
Gli2 −1.9 0.0364
Bmp4 −1.6 0.0125
Fgf18 −1.5 0.0460
Fgf10 −1.4 0.0426
Spry2 2.7 0.0289
Fgf7 1.4 0.0399

Fig. 5. FGF10 restores branching of Npas3-null embryonic lungs in vitro.
Littermate Npas3+/+ and Npas3−/− E11.5 lungs were cultured in growth me-
dium alone (control) or plus 500 ng/mL recombinant human FGF10 for 72 h.
(Upper) Representative lung buds cultured in medium or medium plus
recombinant FGF10 at 0 h and 72 h. (Lower) Pooled data of lung pe-
ripheral branchpoint number (mean ± SD) at 0 h and 72 h. Asterisk
(*) indicates branching of Npas3−/− lung buds was significantly increased
with FGF10 at 72 h (P < 0.01, n = 5), but was less than littermate WT
control (P < 0.05, n = 5).
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gene target may be implicated in only part of the Npas3-deficient
phenotype, as we demonstrated for FGF10. NPAS3 is not only a
proximal regulator of lung development, but also appears to have
a significant influence on postnatal lung pathology.
In conclusion, investigation of how NPAS3 deficiency might be

leading to abnormal lung development and emphysema will open
new roads for understanding the fetal origins of adult disease.
Emphysema is a highly prevalent and debilitating chronic lung
disease that is initiated or exacerbated by cigarette smoking or
air pollution. We have demonstrated that Npas3 continues to be
expressed in adult lungs, albeit at lower levels than in embryonic
or P1 lungs. Therefore, the progressive postnatal phenotype of
Npas3-deficient mice may be related to both structural defects
from developmental dysregulation in utero and/or a reduction in
ongoing adult expression that is needed for normal homeostasis.
In genomic analyses, associations have been identified between
human chromosome 14q12–13 (where NPAS3 maps) and inflam-
matory lung diseases (24–26). Thus, Npas3-deficient individuals
could be at high risk for free radical injury due to an apparent defect
in alveolar repair. Even in adults, new onset secondary septation
can prevent and/or repair the alveolar destruction of emphysema
(27). NPAS3 could also play a role in bronchopulmonary dys-
plasia (BPD) because lungs from the newborn Npas3-null mice
have diminished alveolarization, similar to infants with BPD. This
suggests that NPAS3-induced responses during postnatal lung
injury are likely to be similar to pathways triggered during lung
development, such as SHH and FGF signaling cascades.

Materials and Methods
See details in SI Materials and Methods.

Genomic Library Screening. Amurine genomic BAC library was screened using
2 pairs of PCR primers specific for Drosophila trh gene. Hybridizing restriction
fragments from positive clones were sequenced.

RNA Isolation and QRT-PCR.Genomic DNA-free total RNA isolated frommurine
lungs was reverse transcribed. Quantitative real-time PCR was performed
using TaqMan or SYBR technology with ABI-PRISM 7300 detection system.

Npas3 Gene Targeting and Generation of Knockout Mice. A 1.4-kb DNA frag-
ment in exon 4 and intron 4 of murine Npas3 gene was replaced by Neo gene
cassette. The targeting vector was transfected into 129Sv/Ev embryonic stem
(ES) cells by electroporation. Correctly targeted ES cells were microinjected
into C57BL/6J blastocysts to generate chimeras and germline transmission of
the Npas3-null mice. The founders were inbred on C57BL/6 genetic back-
ground for over 10 generations.

Western Blot Analyses. Proteins were fractionated on 7.5% SDS/PAGE and
transferred to PVDF membrane. Immunoblotting was performed using anti-
NPAS3 antibody, HRP-conjugated secondary antibody, and the enhanced
chemiluminescent reagent. Antibody preabsorbed with excess antigenic
peptide was used as the negative control.

Histopathology and Immunohistochemistry. Tissues were fixed in 4% PFA and
embedded in paraffin. Immunostaining of paraffin sections was performed
using the primary antibodies, biotylated secondary antibodies, and ABC
method as previously described (28).

Promoter Assay. The Npas3 cDNA (154–2778) was cloned into pcDNA3.1/V5-
His vector. This NPAS3 construct contains the functional bHLH, PAS-A, and
PAS-B domains. pGL3-Shh promoter vector was from M. Kadakia (Wright
State University, Dayton, OH) (16). pGL2-Spry2 reporter construct was from
D. Warburton (University of Southern California, Los Angeles, CA) (17).
pcDNAl-ARNT was from O. Hankinson (University of California, Los Angeles,
CA) (18). MLE-12 cells were transfected using Lipofectamine 2000, and lu-
ciferase activity was measured 48 h after transfection.

Embryonic Lung Explant Culture. E11.5 lungs were cultured as described (29).
In rescue experiments, recombinant human FGF10 was added to growth
medium at 500 ng/mL, and lung explant cultures were maintained at 37 °C,
5% CO2 for 72 h.

FGF10-Coated Bead Cultures. Heparin beads were washed with medium alone
or further soaked with FGF10. Mesenchyme-free epithelium from E11.5 lung
bud tips and a FGF10 coated bead (or mediumwashed bead) were embedded
into growth factor-reduced Matrigel and cultured at 37 °C, 5% CO2 for 72 h.
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