THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 43, pp. 29532-29544, October 24, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

v-Secretase Activation of Notch Signaling Regulates the
Balance of Proximal and Distal Fates in Progenitor Cells

of the Developing Lung™

Received for publication, February 27,2008, and in revised form, July 17, 2008 Published, JBC Papers in Press, August 11, 2008, DOI 10.1074/joc.M801565200

Po-Nien Tsao™, Felicia Chen*, Konstantin I. Izvolsky*, Janice Walker®, Maria A. Kukuruzinska, Jining Lu,

and Wellington V. Cardoso™'

From the 1EPulmonary Center, Department of Medicine, Boston University School of Medicine, Boston, Massachusetts 02118, the
||Department of Cell and Molecular Biology, Boston University School of Dental Medicine, Boston, Massachusetts 02118, the
§Department of Pediatrics, National Taiwan University Hospital, National Taiwan University College of Medicine, Taipei, Taiwan,
and the "Department of Pathology, Anatomy and Cell Biology, Thomas Jefferson University, Philadelphia, Pennsylvania 19107

Little is known about the mechanisms by which the lung epi-
thelial progenitors are initially patterned and how proximal-
distal boundaries are established and maintained when the lung
primordium forms and starts to branch. Here we identified a
number of Notch pathway components in respiratory progeni-
tors of the early lung, and we investigated the role of Notch in
lung pattern formation. By preventing y-secretase cleavage of
Notch receptors, we have disrupted global Notch signaling in
the foregut and in the lung during the initial stages of murine
lung morphogenesis. We demonstrate that Notch signaling is
not necessary for lung bud initiation; however, Notch is required
to maintain a balance of proximal-distal cell fates at these early
stages. Disruption of Notch signaling dramatically expands the
population of distal progenitors, altering morphogenetic
boundaries and preventing formation of proximal structures.
Our data suggest a novel mechanism in which Notch and fibro-
blast growth factor signaling interact to control the proximal-
distal pattern of forming airways in the mammalian lung.

The mammalian respiratory system arises from the ventral
foregut endoderm. Studies in mice show that at around embry-
onic day 9 (E9)? respiratory progenitors are collectively identi-
fied in the ventral foregut as a group of endodermal cells
expressing Titfl (thyroid transcription factor-1, or Nkx2.1).
Besides being the earliest known marker of respiratory progen-
itors, Titf1 appears to be required to regulate lung epithelial cell
fate (1). By E9.5, major morphogenetic changes occur in the

* This work was supported, in whole or in part, by National Institutes of
Health, NHLBI, Grant PO1 HL47049 (to W. V. C.) and NIH/EE Grant 014798
(to J.W. and M. A.K.). This work was also supported by National Health
Research Institutes-Taiwan Physician Scientist Award PS9402 (to P.N. T.).
The costs of publication of this article were defrayed in part by the pay-
ment of page charges. This article must therefore be hereby marked
“advertisement” in accordance with 18 U.S.C. Section 1734 solely to indi-
cate this fact.

5] The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1.

' To whom correspondence should be addressed: Pulmonary Center, Boston
University School of Medicine, 715 Albany St., R-304, Boston, MA 02118.
Tel.: 617-638-6198; Fax: 617-536-8093; E-mail: wcardoso@bu.edu.

2The abbreviations used are: En, embryonic day n; DAPT, N-(S)-phenyl-gly-
cine-t-butyl ester; NICD, Notch intracellular domain; PBS, phosphate-buff-
ered saline; WMISH, whole mount in situ hybridization; RT, reverse
transcription.

29532 JOURNAL OF BIOLOGICAL CHEMISTRY

respiratory field, leading to Fgf10 (fibroblast growth factor 10)-
mediated expansion of these progenitors to form the lung pri-
mordia. Once primary lung buds have formed, lateral buds arise
at stereotyped positions from these tubules (the main bronchi)
and undergo branching morphogenesis and differentiation to
give rise to the bronchial tree (2, 3).

Little is known about the mechanisms by which the lung
epithelial progenitors are expanded and patterned into proxi-
mal and distal compartments during the early stages of lung
morphogenesis. Furthermore, it is still unclear how proximal-
distal boundaries are established and maintained when lung
epithelial buds form and start to branch. Studies in other
foregut derivatives, such as the pancreas and stomach implicate
signaling by Notch as a critical regulator of pattern during
organ formation (4, 5).

The Notch pathway orchestrates a highly evolutionarily con-
served mechanism of control of cell fate decisions, which plays
a prominent role in establishing asymmetries or differences in
signaling between two cells. During development, Notch-me-
diated mechanisms give rise to cellular diversity while also serv-
ing to generate compartments and to establish tissue bound-
aries (6—8). Notch signaling results from cell-cell contact via
interactions of Notch receptors (in mammalians, Notchl to -4)
with ligands (Delta-like 1, 3, and 4 and Jagged! and -2) in adja-
cent cells. Ligand-receptor engagement results in shedding of
the Notch extracellular domain and subsequent activation of a
second proteolytic cleavage by a 7y-secretase complex. The
Notch intracellular domain (NICD) is then released and
reaches the nucleus, where it associates with the transcription
factor CSL (in mice, Rbpjk) and its transcriptional complex,
leading to activation of the Rbpjk-mediated transcription of Hes
and Hey genes. Alternatively, Notch signaling may be activated
by a ligand-independent noncanonical pathway, which is still
poorly understood in mammals (7-9).

Notch has been implicated in several aspects of lung biology,
including a role in epithelial growth and differentiation and in
carcinogenesis (10, 11). In the adult lung and in lung epithelial
cell lines derived from tumors, the Notch pathway appears to
function as an oncogenic or tumor suppressor signal, depend-
ing on the cellular context (12). During development, Notch
receptors and ligands have been identified in both epithelial and
mesenchymal compartments of the lung, and there is in vitro
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evidence that Notch may act on epithelial differentiation and
branching morphogenesis (13, 14). Mice that are genetically
deficient in Hes1, an effector of Notch signaling in several bio-
logical systems, show airway pulmonary neuroendocrine cell
hyperplasia and a decreased number of secretory cells (15).
Mice expressing a constitutively active Notch3 transgene in the
distal lung epithelium using a surfactant protein promoter-en-
hancer show immature lungs in which epithelial differentiation
into type I and II cells is impaired (16). It is currently unknown,
however, whether Notch signaling influences cell fate decisions
or morphogenetic processes in respiratory progenitors at the
onset of lung development and when airway start to form.
Opverall the mouse genetic models available have not shed light
into this problem, since deletion of key components of the
Notch pathway, such as Notchl1, Notch2, Jagged1, DIl1, Dll4, or
Rbpjk, results in early embryonic lethality prior to or when the
lung starts to develop (17-22). Although several Notch condi-
tional mouse models are available, it is still unclear whether the
existing Cre deleter lines are able to effectively inactivate these
genes in lung endodermal precursors early enough to study
these issues (23, 24). Moreover, the analysis of individual Notch
mutants can be complicated by the possibility of functional
redundancy, given that multiple Notch receptors, ligands, or
effector molecules are often co-expressed.

To circumvent some of the problems above, here we used a
classical pharmacological approach to disrupt global Notch sig-
naling in the foregut and in the early lung and study the result-
ing phenotype. We provide evidence that components of the
Notch pathway are already present in respiratory progenitors of
the primary bud and that disruption of Notch signaling dramat-
ically expands the population of distal lung progenitors, altering
morphogenetic boundaries and proximal-distal lung pattern-
ing. These changes are accompanied by altered distribution of
Notch components and reveal a previously unsuspected role for
Notch-Jagged-Delta signaling in the lung. Our data support a
mechanism in which Notch and Fgf10 interact to control cell
fate and patterning of forming airways in the mammalian lung.

EXPERIMENTAL PROCEDURES

Foregut Cultures—Experiments were performed in a foregut
culture system as previously described (25). Briefly, foreguts
were isolated from E8.5 CD1 mouse embryos (Charles River
Laboratories) in phosphate-buffered saline (PBS) using tung-
sten needles. Explants were cultured for 3—4 days on Costar
6-well Transwell-Col plates containing 1.5 ml of BGJb medium
(Invitrogen), 10% fetal bovine serum (Invitrogen), penicillin/
streptomycin, and 20 mg/dl ascorbic acid (Sigma). Cultures
were incubated at 37 °C in 95% air and 5% carbon dioxide.
Medium was changed daily. Once harvested, explants were
either frozen for biochemical analysis or fixed in 4% paraform-
aldehyde for whole mount in situ hybridization (WMISH) or
immunohistochemistry.

Lung Organ Cultures—E11.5-E12 lungs from CD1 mouse
embryos were cultured in air-liquid interface up to 48 h on
BGJb medium (Invitrogen; 25 mg/dl ascorbic acid, 1% inacti-
vated fetal bovine serum). In some experiments, heparin beads
soaked in either buffer (PBS, control) or human recombinant
FGF10 (100 pg/ml; R&D Systems) were engrafted near distal
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buds, and lungs were cultured for 24 —48 h, as described previ-
ously (26). Human recombinant FGF10 has been shown by
multiple studies to effectively induce an Fgf-mediated che-
moattractant response in mouse lung epithelium (25, 26, 31).

Disruption of y-Secretase Activity in Vitro—Foregut and lung
explants were treated with N-(S)-phenyl-glycine-¢-butyl ester
(DAPT) (Sigma) in DMSO diluted in medium to final concen-
trations ranging from 1 to 50 um, depending on the experiment.
Control explants consisted of medium containing DMSO (1
wl/ml). In addition, we tested three other y-secretase inhibitors:
JLK6 (5, 10, and 25 um) (27), L685458 (L6; 1, 10, 25, and 50 wm)
(28), and Compound 1 (C1; 25, 50, and 100 um) (4).

Inactivation of E-cadherin Function in Lung Cultures—E11.5
lung explants were cultured for 48 h with the anti-E-cadherin
monoclonal antibody DECMA-1 (100 ng/ml; U3254; Sigma), a
well characterized blocking antibody (29, 30). Control medium
contained sodium azide (50 um).

Morphometric Analysis—The number of distal buds (includ-
ing the peripheral and lateral buds) in the developing airways of
lung explants was counted in control and DAPT-treated lung
cultures at 4, 20, 24, 28, and 48 h (n = 6 in each group). The data
(means = S.E.) were represented in a graphic form (distal
buds X culture time). Statistical analysis was performed by Stu-
dent’s ¢ test (SPSS 12.0 software; SPSS, Chicago, IL), and differ-
ences (control versus DAPT) were considered significant at p <
0.05. For the quantitative analysis of cell proliferation, the num-
ber of Ki67-labeled epithelial and mesenchymal cells was
counted in five nonoverlapping fields near distal buds in control
and DAPT-treated lung cultures at 48 h. Cells were defined by
the presence of a nucleus in tissue sections. The data (mean =
S.E.) were expressed as a percentage of total cells counted per
field and analyzed by Student’s ¢ test using SPSS 12.0 software
(SPSS, Chicago, IL).

Whole Mount in Situ Hybridization—Digoxigenin-labeled
riboprobes (Maxiscript kit; Ambion) were generated from plas-
mids carrying cDNAs for Titfl, Bmp4, Sox2, and Sfptc, as pre-
viously reported (25). The cDNA templates were generated by
PCR with primers containing either T7 or T3 promoter
sequences (Table 1). Generation of riboprobes (sense and anti-
sense) and whole mount in situ hybridization of freshly isolated
embryonic lungs, cultured foreguts, or cultured lungs were per-
formed as previously described (31). The specificity of all
probes was demonstrated in preliminary experiments or in pre-
vious reports. No sense signal was detected in tissues in which a
defined pattern of expression was obtained with the antisense
probe. All conclusions were based on results from more than 3
specimens/condition.

Western Blot Analysis—Western blot analysis was carried
out in cultured foreguts or lungs using the following antibodies:
anti-cleaved Notchl (NICD; rabbit polyclonal antibody; Cell
Signaling), anti-E-cadherin (mouse monoclonal antibody clone
36; BD Transduction, San Jose, CA), anti-f-catenin (mouse
monoclonal antibody; BD Transduction), anti-panactin (mouse
monoclonal; NeoMarkers, Fremont, CA), and «-tubulin
(mouse monoclonal antibody; Sigma), as described (32—34).
ECL Plus reagents (Amersham Biosciences) and appropriate
secondary antibodies (Bio-Rad) were used for Western blotting
detection.

JOURNAL OF BIOLOGICAL CHEMISTRY 29533



Notch Signaling in Lung Development

TABLE 1
PCR primers (forward, top; reverse, bottom) used to generate cDNA templates for in situ hybridization and PCR product size
Primers size
bp

Notchl 5'-AATTAACCCTCACTAAAGGGTTACCACTCCAGCCACAGAA-3’ 540
5'-TAATACGACTCACTATAGGGAGCATCCTGAAGCACTGGAA-3'

Notch2 5'-AATTAACCCTCACTAAAGGGGTGTATCTGTTACACAGCAGT-3' 481
5'-TAATACGACTCACTATAGGGTTCCTGGACACTACACAGGT-3’

Notch3 5'-AATTAACCCTCACTAAAGGGGTCTGCTCAATCCTGTAGCT-3’ 520
5'-TAATACGACTCACTATAGGGAGTCATAGAGGAGTGTCACT-3’

Notch4 5'-AATTAACCCTCACTAAAGGGTCACTGGGACCTGCTAACGCT -3’ 518
5'-TAATACGACTCACTATAGGGCAGACTCGTACGTGTCGCTT-3’

Dil1 5'-AATTAACCCTCACTAAAGGGAACCTCGTTCGAGACCTCAA-3 538
5'-TAATACGACTCACTATAGGGGTGCGTGCTTCCTATATGAA-3'

Dil3 5'-AATTAACCCTCACTAAAGGGGCACTCAACAACCTGAGGTT-3’ 461
5'-TAATACGACTCACTATAGGGCAGGTGGATCTCTGTGAGTT-3’

Dll4 5'-AATTAACCCTCACTAAAGGGAGGCTTGCAAAGGATAGGCCT-3’ 411
5'-TAATACGACTCACTATAGGGATCGGCTTCAAGGTTGGTCT-3’

Jagl 5'-AATTAACCCTCACTAAAGGCTTTCCTGCTTTAGACTTGAA-3' 468
5'-TAATACGACTCACTATAGGCACTAATAGAACAAACACCAA-3’

Jag2 5'-AATTAACCCTCACTAAAGGGTGCTGTGCAGCGTGTTCAGT-3’ 570
5'-TAATACGACTCACTATAGGGAGAAACTATGCACACGGCCT-3'

RPBjk 5'-AATTAACCCTCACTAAAGGTCGCAGACTGTACCACTGTAA-3' 388
5'-TAATACGACTCACTATAGGTGTTCTCAGTTATCGACTTAA-3'

Lfng 5'-AATTAACCCTCACTAAAGGGGAAGCTGATTTGGGTAGTAA-3' 631
5'-TAATACGACTCACTATAGGGCCTATGCAACAACACATCAA-3’

Psenl 5'-AATTAACCCTCACTAAAGGGCCCTTACTGTCCAGGAGGTT-3’ 568
5'-TAATACGACTCACTATAGGGCTTTGGGCACACATCCTATT-3’

Hesl 5'-AATTAACCCTCACTAAAGGGTTCAGCGAGTGCATGAACGA-3' 568
5'-TAATACGACTCACTATAGGGGTCCGTCAGAAGAGAGAGGT-3’

HesS 5'-AATTAACCCTCACTAAAGGGTCGTTCCTCTGGATGTGGGAA-3" 488
5'-TAATACGACTCACTATAGGGAGCGCTCATCAGACAGCCAA-3'

Heyl 5'-AATTAACCCTCACTAAAGGGATGGACCGAGGTGTTGTATA-3' 410
5'-TAATACGACTCACTATAGGGGTTTCACAGGCACCAAGCTA-3'

Hey2 5'-AATTAACCCTCACTAAAGGGGGCTCATTGACACCAACTCAA-3’ 469

5'-TAATACGACTCACTATAGGGTTTCTCCACACAGCAGAGAAA-3'

Quantitative Real Time RT-PCR—Total RNA was isolated
from cultured lungs, treated with DNase (Ambion, Austin, TX),
and reverse-transcribed using Superscript II (Invitrogen).
Quantitative real time PCR was performed using an ABI 7000
instrument (Applied Biosystems, Foster City, CA) and primers
(Hes1, Hes5, Heyl, Hey2, Fgfl0, and B-actin) obtained from
Assays-on-Demand (Applied Biosystems, Austin, TX). Reac-
tions were performed in 50 ul using TagMan PCR universal
Master (Applied Biosystems). The relative concentration of
RNA for each gene to 3-actin mRNA was determined using the
expression, 2”27, where ACT = (CTmRNA — CTp-actin
RNA).

Immunohistochemistry—Immunohistochemistry was per-
formed in 5-um paraffin sections using an anti-Titf1 antibody
(mouse monoclonal antibody; Dako Corp.) (35) and the Cell
and Tissue Staining Kits (CTS Series; R&D Systems, Minneap-
olis, MN), according to the manufacturer’s protocol.

For whole mount immunohistochemistry, lung explants (n =
3-5) were fixed with 4% paraformaldehyde for 2 h, washed with
PBS, and permeabilized with 0.1% Triton X-100 in PBS for 15
min at room temperature and blocked with 1% bovine serum
albumin with 10% goat serum at 4 °C overnight. Primary anti-
bodies (anti-E-cadherin and Ki-67; all mouse monoclonal anti-
bodies from BD Transduction (36, 37)) were added in 1%
bovine serum albumin/PBST for 6 h at room temperature.
Explants were incubated with secondary antibody (goat anti-
mouse antibody labeled with fluorescein; Molecular Probes) in
PBST for 1 h and subsequently with rhodamine phalloidin and
nuclear stain (Molecular Probes) for 30 min. Negative controls
consisted of sections incubated with normal mouse IgG. Sam-
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ples were mounted in VectaShield and analyzed in a Zeiss con-
focal laser-scanning microscope (LSM510 META).

Mesenchymal Lung Cell Cultures and Real Time PCR—
Mouse neonatal lung mesenchymal (MLg) cells were cultured
in control medium (Dulbecco’s modified Eagle’s medium, 10%
fetal calf serum) or in DAPT-containing (10 or 50 um) media for
48 h. Total RNA was isolated from cell cultures (Trizol; Invitro-
gen), reverse transcribed (1 ug of RNA), and amplified by real
time PCR (see above), as described by Chen et al. (42).

RESULTS

Notch Pathway Components Are Present in Respiratory Pro-
genitors of the Early Lung—We analyzed the spatial-temporal
distribution of Notch components using WMISH in foreguts
and lungs isolated from E9-E12.5 CD1 mouse embryos.
Although Notch signaling components have been previously
reported in the developing lung (15, 38 —40), little is known
about their expression pattern during the initial stages of lung
formation.

At around E9, when lung progenitors are already present in
the foregut endoderm but budding has not yet initiated,
endodermal expression of Notch receptors and ligands in the
prospective lung field was undetectable. By E10, Notchl tran-
scripts were clearly present in the lung epithelial progenitors at
the tips of primary buds and in the mesenchyme associated with
the lung and tracheal primordia (Fig. 14). The NotchlI-express-
ing regions of the E10 lung epithelium also expressed Jag2 but
no other Jag or DIl1 (Delta-like 1) ligands; epithelial signals for
Notch2 and Notch3 were undetectable, but low levels of Notch4
appeared to be present (Fig. 1, B-D) (data not shown). The
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FIGURE 1. WMISH of Notch pathway components in mouse E10-10.5 foreguts (A-H) and E11-12 lungs
(I-R). A-H, at ET0-E10.5, strong Notch1, Hes1, and Hey2 transcripts are present in the distal epithelium of
primary lung buds. These transcripts overlap with Jag2, Lfng, and Psen1T mRNAs, which are also present in the
epithelium of the proximal lung, tracheoesophageal region (Tr), and prospective stomach (St). At E10, DII1
signals cannot be identified in the lung but are present in the epithelium of the prospective trachea and
stomach. Jag1 is expressed in the mesenchyme associated with the trachea and proximal lung but not in the
epithelium. Notch1, Psen1,and Lfng are also transcribed in the mesenchyme of the E10-E10.5 lung and trachea.
I-R, during initiation of branching, Notch7 mRNA is expressed in the epithelium of E11-E12 distal buds, which
then also express Jag1,Jag2, Hey1, Hey2, Hes 1, and Hes5 transcripts. From around E11 onward, DIl is expressed
in the proximal lung epithelium and is excluded from the bud tips. The E11-E12 lung mesenchyme expresses
Notch1, Jag1, Jag2, Hey1, and Hes1. Rbpjk is ubiquitously expressed at all times. The red and blue arrowheads
depict epithelial and mesenchymal expression, respectively; asterisks represent undetectable signals; n = 3-5
specimens/condition. Bar (A), 250 uwm.

tracheoesophageal region and the
stomach primordium, which also
expressed Jag2, Lfng, and Hey2, but
not Notch receptors. DII3 expres-
sion in the lung was ubiquitously
low at E10 and later (data not
shown), whereas DIl4 expression
has been shown by others to be
restricted to the lung vasculature
(41).

At E11-E11.5, Notchl and Jag2
mRNAs continued to be detected in
the distal epithelial tubules (Fig. 1, /
and M), which then started to
express Jag! (Fig. 1K) (39, 40). Prox-
imal airways expressed DI/1 but
showed little to no Notch or Jag
mRNA (Fig. 1, I-L). The Notch
transcriptional effector Rbpjk was
expressed ubiquitously (Fig. 1N),
and the Notch target genes Hesl,
Hes5, and Hey2 were detected in the
airway epithelium predominantly in
the distal buds (Fig. 1, O, Q, and R).
This suggested that epithelial acti-
vation of Notch occurred predomi-
nantly at the tips of branching
tubules. Heyl signals were present
at low levels in the epithelium but
were strong in lung vascular struc-
tures (Fig. 1P). In agreement with
previous reports, we also found
Jagl, Jag2, Notchl to -4, Heyl, Hesl,
and D//4 mRNAs strongly expressed
inthe E11-E12 mesenchyme, where
they could potentially play a role in
the development of the lung vascu-
lature or other derivatives, such as
smooth muscle or cartilage (Fig. 1)
(data not shown).

Notch Signaling Restricts Expan-
sion of Distal Progenitors during Pri-
mary Lung Bud Formation—We
asked whether Notchactivity wasre-
quired in respiratory progenitors for
proper formation of the lung pri-
mordium. To circumvent problems
related to potential functional

presence of Notchl but not Notch2 and -3 in the E10 mouse
lung was in agreement with RT-PCR data from a previous
report (13). The expression of critical pathway components,
including Lfng (Lunatic Fringe), Psenl (Presenilin 1), and puta-
tive Notch transcriptional targets Hesl, Hey2, and HesS in the
distal regions of the primary lung buds strongly suggested local
activation of Notch signaling (Fig. 1, E-H) (data not shown).
Although not present in the early lung epithelium, Jagl was
transcribed in the E10 mesenchyme, in the developing vascula-
ture (Fig. 1C). DII1 signals were found in the endoderm of the
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redundancy and early embryonic lethality reported in Notch
genetic models, we used a pharmacological approach to disrupt
global Notch signaling in vitro in the foregut at the onset of lung
development. We have previously reported that foregut
explants isolated from E8.5 mouse embryos can give rise to
different derivatives in vitro and can be used as a model system
to study lung bud initiation (25, 42). Thus, we investigated the
role of Notch in primary lung bud formation by analyzing
foregut explants growing under control conditions (DMSO-
containing medium) or in the presence of DAPT (Sigma). This
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FIGURE 2. Inhibiting y-secretase activity in the foregut disrupts proximal-distal pattern of the lung pri-
mordium. Aand B, WMISH of Titf1 in control foregut cultures (E8.5 + 3 days) shows strong signals in lungs buds
(Lu) distally (arrowhead) and in the thyroid primordium (Th). DAPT treatment (50 um) of foreguts results in
expansion of the Titf1-expressing lung region (double arrowheads) and shortening of the proximal region.
Cand D, in controls, Sox2 labels the foregut endoderm, including the proximal lung (bracket), which is markedly
truncated in DAPT-treated explants (small bracket). E, Western blot of cleaved Notch (NICD) shows loss of
expression in DAPT-treated foreguts. F-H, WMISH of Hey2 in control foregut culture shows strong signals in
heart (Ht) and in the foregut endoderm, including the primary lung buds. G and H, in DAPT-treated foreguts,
Hey2 expression is selectively abolished in heart and lung buds but not elsewhere in the foregut. The severity
of the lung phenotype correlates with the overall degree of Hey2 down-regulation in DAPT-responsive tissues
(compare signals in the heart; green arrows). | and J, Hes5 is present in the lung and stomach regions of the
control foregut, and expression is abolished by DAPT. However, Hes1 expression in distal lung buds seems
unchanged after DAPT treatment (K) (data not shown). n = 3-6 foreguts/condition in both WMISH and West-
ern blot experiments. Bar (A), 300 um.

a proximal-distal gradient, with
higher levels distally (Fig. 2A).
Treatment with DAPT (25-50 um)
as early as E8.5 did not prevent
induction of primary lung buds. The
lung primordium, however, ap-
peared truncated in its proximal
region while markedly enlarged dis-
tally. The strong Titf1 expression in
the large buds suggested an abnor-
mal accumulation of distal epithelial
progenitors, resulting in altered
proximal-distal patterning of the
lung primordium (Fig. 2B). This was
further supported by analysis of
Sox2, an SRY-related HMG box
transcription factor, expressed in
the proximal lung epithelium. As
reported by others and shown in our
controls, Sox2 is transcribed in the
endoderm of the developing foregut
derivatives, including the lung. Dur-
ing bud formation, Sox2 labels prox-
imal, but not distal, morphogeneti-
cally active epithelium (Fig. 2C) (49,
50). Fig. 2, C and D, shows a dra-
matic reduction in the domain of
Sox2 mRNA expression in DAPT-
treated foreguts, consistent with the
truncation of the proximal region
of the lung primordium. The phe-
notype was highly penetrant and
was observed in the vast majority of
the explants (>95%, n > 20). Other
foregut derivatives looked grossly
unaltered (data not shown). We had
evidence that Notch signaling was
active in controls and was indeed
blocked in the foreguts presenting
this abnormal phenotype. Efficacy
of blocking was systematically
tested by Western blot analysis of
these explants using an antibody
known to recognize the y-secretase-
cleaved Notchl fragment (Val'”**
epitope) but not the uncleaved
receptor (33). As shown in Fig. 2E,
an NICD band was consistently
detected in control but not in

compound has been widely reported to inhibit y-secretase-me-
diated cleavage of Notch, blocking the function of all Notch
receptors in a variety of developing systems (4, 43—48). Prelim-
inary studies in foregut or lung organ cultures (see below) sug-
gested that we could inhibit Notch signaling at DAPT concen-
trations ranging from 1 to 50 um (Figs. 2E and 3, A and B) (data
not shown). In the control foreguts, the lung buds are typically
identified by Titfl, a marker of early thyroid and lung progeni-
tors, which continues to be expressed in the lung epithelium in
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DAPT-treated foregut cultures (Fig. 2E). Disruption of Notch
signaling was further confirmed by down-regulation of the
putative Notch target genes Hey2 and Hes5 mRNAs in lung
buds from DAPT-treated explants (Fig. 2, F-J). By contrast,
HesI expression was apparently not affected by DAPT treat-
ment, although the lung buds were clearly abnormal. This
strongly suggested that Hey2 and Hes5, but not Hes1, are poten-
tial candidate mediators of the Notch effects in the primary
lung bud. Interestingly, although local Hey2 expression was
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inhibited by DAPT in the lung epithelium (see also the heart
field), signals were preserved elsewhere in the foregut
endoderm (Fig. 2, F~H). Furthermore, the severity of the lung
phenotype appeared to correlate with the overall degree of
Hey2 down-regulation in DAPT-responsive tissues. For exam-
ple, in Fig. 2, F-H, the lung bud is most truncated in the explant
in which Hey2 transcripts were nearly undetectable in the
lung field (also compare Hey2 expression in the heart field in
Fig. 2, F-H).

Disruption of <y-Secretase Activity Alters Morphogenetic
Boundaries and Results in Ectopic Budding—The observations
above suggested that in epithelium of the lung primordium
Notch signaling ensures the proper balance of proximal-distal
cell fates and prevents disproportionate expansion of the distal
progenitors. We asked whether Notch had a similar role during
initiation of branching by analyzing E11.5 lungs cultured under
control (DMSO) or DAPT conditions. First, we used Western
blot analysis (Val'”** epitope) to show that NICD was present in
control lungs and that we could inhibit y-secretase cleavage of
Notch over a range of DAPT concentrations in lung cultures
(Fig. 3A). Moreover, we found by quantitative RT-PCR anal-
ysis significant down-regulation of Notch downstream tar-
gets HesS5, Heyl, and Hey2 but not Hesl in DAPT-treated
lungs, compared with controls (Fig. 3B; see also WMISH
below). Time lapse analysis of the pattern of growth of these
explants revealed no obvious morphological differences
between the groups before 24 h (n > 10). By 48 h, however,
DAPT-treated lungs consistently showed dilated terminal
buds, reminiscent of the phenotype observed in the foregut
culture (Fig. 3, C—E). Remarkably, DAPT also induced a large
number of buds ectopically in more proximal regions. Quanti-
tative analysis of the number of distal buds showed an average
of 87 = 6 (mean * S.E.) buds in DAPT-treated lungs (n = 6)
versus 61 = 5buds in controls at 48 h (n = 6) (Fig. 3F). WMISH
of DAPT-treated lungs showed that the dilated terminal buds
and the ectopic buds expressed marker genes normally found in
distal lung progenitors, such as Titfl, Bmp4 (bone morphoge-
netic-4), and Sfptc (surfactant protein c) (Fig. 4, A-F) (3). Addi-
tional proof of altered lung proximal-distal patterning was pro-
vided by the dramatic reduction in the domain of Sox2 mRNA
expression, consistent with our observations in the foregut (Fig.
4, G and H). Sox2 expression seemed preserved in the epithe-
lium of proximal regions that had already formed prior to
DAPT exposure (e.g. the main bronchi; Fig. 4H). This suggested
that DAPT does not act by respecifying cell fate in preexisting
airways, but it was influencing proximal-distal identity of the
airways that formed later in culture. Assessment of cell prolif-
eration by Ki-67 staining (51) revealed diffuse increased label-
ing in both epithelial and mesenchymal compartments of
DAPT-treated lungs. This is illustrated in Fig. 4, I and J, in
which explants were double-stained for F-actin (to facilitate
visualization of the lung structure) and Ki-67. Quantitative
analysis further confirmed an increased proportion of Ki-67
labeling in distal buds of DAPT-treated lungs as compared with
controls (n = 4/group; Fig. 4K). Together, these data suggested
that DAPT-induced changes in proximal-distal patterning not
only involved changes in cell fate but also derepression of a cell
proliferation program in the distal lung.
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FIGURE 3. DAPT inhibits Notch signaling and induces ectopic budding in
cultured lungs. A, representative Western blot shows dose-dependent inhi-
bition of cleaved Notch1 (NICD) in E11.5 lungs treated with DAPT (1-50 um)
for 48 h. The histogram depicts relative values (densitometry) of NICD normal-
ized by B-actin in control (DMSO) and DAPT groups. B, real time PCR shows
Hey1, Hey2, and Hes5 but not Hes1 significantly down-regulated by DAPT in
cultured lungs (-fold change, mean = S.E; n = 3, p < 0.05). C-£, branching
pattern of cultured lungs (control, DAPT). By 48 h, DAPT-treated lungs show
dilated terminal buds (black brackets in D and E) and multiple ectopic buds
arising in more proximal regions (E; depicted by arrowheads within white
bracket). F, the histogram represents the number of distal buds (terminal and
lateral buds) per time (h) in culture (mean = S.E; n = 6 in each group; *, p <
0.05; **, p < 0.01).

Integrity of Notch Signaling Is Required for Proper Establish-
ment of Notchl-DIlI Domains in the Lung Epithelium—We
investigated how loss of y-secretase activity in cultured lung
explants altered expression of the Notch components previ-
ously identified in the epithelium of E11-E12 lungs. Analysis of
controls at 24 and 48 h revealed Notch1, Jagl, Jag2, and Hes-Hey
transcripts in the distal epithelium of branching tubules, con-
sistent with the pattern previously seen in E11-E12 lungs (Figs.
1 and 5). Dichotomous branching was associated with down-
regulation of these Notch-related genes in the interbud region
(Fig. 5, A-C). Moreover, none of these genes could be detected
during the initial stages of formation of lateral buds (e.g. see
asterisks in Fig. 5, A and B). Expression of DI/ was confined to
nonbranching regions of the airway epithelium, and D//1 down-
regulation in emerging new buds seemed to precede induction
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Epithelivm Mesenchyme

FIGURE 4. Disruption of y-secretase activity expands distal epithelial cell fate and increases distal proliferation during branching. WMISH of Titf1 (A), Sfptc (C),
and Bmp4 (E) in control lungs at 48 h shows increased or selective expression of these genes in the epithelium of distal buds (arrowhead) and little to no expression in
proximal epithelium (white brackets). These distal marker genes are ectopically expressed in proximal regions of DAPT-treated (50 um) lungs (arrowhead near white
bracketin B, D,and F). Immunostaining of Titf1 (A and B, right) confirms strong ectopic expression in the proximal region of DAPT-treated lungs. G and H, WMISH of Sox2
shows typical expression in proximal epithelium of controls and marked reduction in the Sox2 domain by DAPT (note preserved expression in main bronchi (br))./and
K, immunohistochemistry analysis of Ki-67 (green) and F-actin (red) in controls shows Ki-67 labeling associated mostly with budding regions (terminal and lateral buds;
circled area). In DAPT-treated lungs, Ki-67 was increased where ectopic buds formed (compare the F-actin and Ki-67 expression in proximal regions in / and J). J, the
increased diffuse Ki67 labeling in the most superficial layer of the proximal mesenchyme partially obscures F-actin signals. K, quantitative analysis of Ki-67-positive cells
in budding regions of control and DAPT groups (upper panels, representative field) shows increased labeling in both epithelium and mesenchyme of DAPT (graph
shows the percentage of positive cells among total cells; mean = SE;n = 4;*, p < 0.05; **, p < 0.01); all plates are representative of n > 3 explants. Bar (B), 400 um.
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FIGURE 5. Notch1-DII1 expression domains are markedly altered by DAPT in cultured lungs. In control
48 h cultured lungs (A-E and upper panels in F and G), Notch1, Jag1, and Hey?2 transcripts are highly expressed
in the epithelium at the tips of bifurcating buds (arrowheads) but not in the emerging lateral buds (asterisks).
DIIT expression is excluded from the tips of bifurcating buds and from the emerging lateral buds (D and E) but
is expressed in the stalks and more proximal epithelium (arrowheads). In 48 h DAPT-treated lungs (F and G
(bottom) and H-J), the domain of Notch1 expression is markedly expanded to proximal regions, whereas the
DIIT domain becomes restricted mostly to the main bronchi (compare brackets in F and G, asterisk in I), where
DIl signals appear up-regulated (double arrowhead in I). Disruption of Notch signaling by DAPT is suggested
by the loss of Hey2 expression at the tips (compare Jand C). n = 3-5 explants/condition. Bar (A), 200 um.

of Notchl and Jag genes in newly formed lateral buds (Fig. 5, D
and E). DAPT treatment expanded the domains of Notchl
expression, to encompass the majority of the epithelial tubules
(Fig. 5, F and H). Although highly expressed, Notchl was non-
functional, as also described in another Notch loss of function
model, the Pofutl (protein O-fucosyltransferase 1) null mice

BsEW
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(52), and suggested here by the
down-regulation of Hey2 mRNA
(Fig. 5]). By contrast, the domain of
DIlI1 expression in DAPT-treated
lungs was greatly reduced and
restricted to the main bronchi (Fig.
5, G and I). Interestingly, at this
region DIlI signals seemed to be
stronger and more uniformly
expressed in the main bronchi of
DAPT-treated lungs than in con-
trols. Presumably, under normal
conditions, very low levels of Notch
signaling may still be present in
proximal airways to control DIlI
locally. At a later developmental
stage DII1 expression has been
reported in isolated clusters of
airway epithelial cells identified as
pulmonary neuroendocrine cells
(12, 39).

Fgfl0 Induces Expression of
Notchl and Jag Ligands, but Not
DIl1, in Developing Lungs—Studies
in the developing pancreas, tooth,
and other organs have shown that
activation of Fgf signaling can
induce expression of components of
the Notch pathway to influence epi-
thelial cell behavior (4, 53, 54). We
asked whether this could be also
true in the developing lung epithe-
lium, since we found Notch
ligands and receptors induced at
the sites where Fgf10/Fgfr2b signal-
ing is known to be most active. To
address this question, we increased
local Fgf activity in the lung epithe-
lium using recombinant FGF10 and
looked for changes in expression
of Notch-related genes. FGF10-
soaked heparin beads and control
buffer (PBS)-containing beads were
engrafted onto E11.5 lungs and sub-
sequently cultured for 24— 48 h (26).
WMISH showed that neither
Notchl nor Jagl was induced by
FGF10 at 24 h (Fig. 6, A and D). Low
levels of Jag2 could be seen in some
explants at 24 h (Fig. 6G). However,
by 48 h, these genes were up-regu-
lated in the epithelium adjacent to
the FGF10 bead (Fig. 6, B, E, and H). By contrast, DI/1 was not
induced by FGF10 at any time point (Fig. 6C). Engraftment of
control PBS beads had no effect on gene expression (not
shown). Similar experiments in DAPT-treated lungs showed
that FGF10-mediated induction of Jagl but not Jag2 or Notchl
was attenuated in the epithelium (Fig. 6, F and /) (data not
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FIGURE 6. Expression of Notch1,Jag1,and Jag2, but not DII1, isinduced in
the lung epithelium by exogenous FGF10. Shown is an assessment of
Notch1, DI, Jag1, and Jag2 gene induction (WMISH) by recombinant FGF10
in beads engrafted onto E11.5 lungs and cultured for 24-48 h. At 24 h, only
Jag2 showed some low level of inducibility in the epithelium associated with
the FGF10-containing bead (arrowhead in G; compare with A and D). By 48 h,
Notch1,Jag1,and Jag2 were highly induced by FGF10 (arrowheads in B, E, and
H), whereas DII1 was not induced at any time (C). DAPT treatment attenuates
the FGF10-mediated induction of Jag1 (F) but not of Jag2 (I) or Notch1 (not
shown). n = 3-4 explants/condition. Bar in B, 200 um.

shown). Together, the data suggest a role for Fgf10 in the estab-
lishment of Notch receptor-ligand expression in the lung epi-
thelium. It also suggests that once Notch signaling is estab-
lished, this pathway contributes to maintain proper levels of
Jagl expression in distal buds.

Suppression of Fgf10 Expression by Notch Signaling—To find
whether the effect of Notch inactivation on ectopic bud forma-
tion was accompanied by changes in Fgfl0 expression, we
examined levels and distribution of this gene in control and
DAPT-treated lungs by quantitative RT-PCR and WMISH. RT-
PCR revealed a significant increase in Fgfl0 mRNA levels in
DAPT-treated lungs (Fig. 7A); WMISH confirmed the overall
up-regulation of Fgf10 and showed several foci of Fgfl0-ex-
pressing cells in the mesenchyme associated with the ectopic
buds of DAPT-treated lungs (Fig. 7B). We asked whether Fgf10
expression was changed in a per cell basis and resulted from
disruption of Notch signaling selectively in the mesenchymal
cells. To address this issue, we used the lung mesenchyme-
derived MLg cells, which have been previously used to study
transcriptional regulation of Fgfl0 (42) and express all Notch
receptors (not shown). Real time PCR analysis of control and
DAPT-treated MLG cells showed a dose-dependent increase in
Fgf10 expression by DAPT at 48 h (Fig. 7C). Together, the data
suggested that Notch signaling in the lung mesenchyme may
contribute to lung patterning by exerting a repressive role in
Fgf10 expression.

Potential Role of Additional Signals in the Phenotype from
DAPT-treated Lungs—Proteolytic processing by 7y-secretase
has been reported in several type I membrane proteins besides
Notch, including APP, ErbB4, LRP, E-cadherin, Nectinl-o, and

CD44 (55). We asked whether
impaired function of other y-secre-

A 25 F gf10 " C 20 F gf10 s tase substrates could be contribut-
== Ctr I g % ing to generate the DAPT-induced
o 20 = DAPT S15 phenotype described here. A litera-
- 5 ture survey revealed that except for
5 . % 1.0 E-cadherin, these molecules were
- 1.0 w either not expressed in the develop-
E 0.5 ing lung epithelium at the stages we
05 analyzed, or if present, they were
0l o not shown to be required for proxi-
cr: 9 mal-distal lung patterning in vitro

DAPT

"> .

p [ : | _

FIGURE 7. DAPT up-regulates Fgf10 expression in cultured lungs and in lung mesenchyme-derived MLg
cells. A, real time PCR shows up-regulation of Fgf10 mRNA in 48 h DAPT-treated lungs. B, WMISH reveals
increased Fgf10 expression in the proximal mesenchyme associated with the ectopic buds of DAPT-treated
lungs (arrowheads; 48 h). C, real time PCR shows dose-dependent up-regulation of Fgf70 mRNA in DAPT-
treated MLg cells. Bars and lines represent mean and S.E. of at least three experiments; *, p < 0.05 (Student’s t
test).
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or in vivo (56—61). In the develop-
ing lung epithelium, high levels of
E-cadherin were found in the distal
regions undergoing active branch-
ing (Fig. 8B). The effect of disrupt-
ing E-cadherin selectively in the
lung is currently unknown, and
E-cadherin-null mice die early
in development (59). We tested
whether the phenotype observed in
DAPT-treated lungs was also asso-
ciated with inhibition of vy-secre-
tase-mediated cleavage of E-cad-
herin. For this, we used an antibody
raised against the cytoplasmic
region of E-cadherin (C36; BD Bio-
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observed in these lungs (supple-
mental Fig. 1). Together, these
results further suggest a link
between the phenotype we de-
scribed and the disruption of
y-secretase cleavage of Notch.

DISCUSSION

- — -

E-Cad/FL

FIGURE 8. The phenotype of DAPT-treated lungsis not associated with inhibition of y-secretase cleavage
of E-cadherin. A, Western blot analysis of NICD, E-cadherin (C36 antibody), B-catenin, and panactin in 48 h
cultured lungs in which Notch cleavage was blocked by DAPT (50 um). There is no difference in the pattern of
staining or intensity of the full-length E-cadherin (E-Cad/FL), E-cadherin fragment potentially cleaved by
y-secretase (E-Cad/CTF2), or B-catenin. The graph represents densitometry measurements of Western blots
(mean = S.E; values normalized by panactin; n = 3/group). B, whole mount immunostaining of E-cadherin
(green) and F-actin (red) in E12 lung shows strongest E-cadherin signals in distal buds. C, WMISH of Titf1 in lungs
cultured in control, E-cadherin blocking antibody (antiE; 100 wg/ml), and DAPT (50 uMm)-containing media (48
h). AntiE inhibits branching (arrowhead) but does not result in the enlargement of peripheral buds (yellow
arrow) or ectopic budding (circled area) characteristic of DAPT-treated lungs. n = 3/condition.

sciences), which recognizes the full-length and cleaved frag-
ments, including the y-secretase-mediated cleaved E-cadherin
(34). Western blot analysis of DAPT-treated lungs (50 uMm) in
which NICD expression was markedly inhibited showed no dif-
ference in the pattern of staining or intensity of the E-cadherin
compared with controls (Fig. 84). Furthermore, there were no
significant changes in (-catenin expression (anti-f-catenin
antibody; BD Biosciences) that suggested major alterations in
E-cadherin-B-catenin complexes due to DAPT (Fig. 84). More-
over, culturing lung explants with a well characterized anti-E-
cadherin blocking antibody (anti-E (100 ug/ml); U3254; Sigma)
(30) inhibited branching but did not result in the changes in
proximal-distal patterning seen in DAPT-treated lungs (com-
pare the morphology and Titf] staining depicted by the area
circled in anti-E and -DAPT panels of Fig. 8C).

Finally, we compared the DAPT effects in the lung with that
of JLK6, an isocoumarin-based serine protease known to inhibit
y-secretase activity of other substrates but not of Notch (27).
Analysis of NICD, Sox2, and Titfl expression confirmed that
Notch cleavage was preserved and that proximal-distal pattern-
ing was undisturbed in JLK6 —treated explants (5-25 um) (sup-
plemental Fig. 1). Treatment with two other y-secretase inhib-
itors known to interfere with Notch cleavage (L685458 and
Compound 1) (4, 28) did not significantly alter expression of
NICD even at nearly toxic high concentrations. Interestingly,
consistent with the presence of NICD, no changes in patterning
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Here we have identified critical
components of the Notch pathway
in the respiratory field of the foregut
when the lung primordium is form-
ing. We provide evidence that
Notch components are expressed in
respiratory progenitors and that
y-secretase cleavage of Notch is not
required for primary lung bud for-
mation. Our findings, however,
reveal a novel role for Notch in bal-
ancing proximal-distal epithelial
cell fate and patterning of the early
lung.

Results from our expression
profiling suggested that Notchl is
the predominant Notch receptor
expressed in putative distal lung
progenitors at the stages analyzed
here. Although our functional assay
targeted all Notch receptors, we had
direct evidence that Notchl cleav-
age was blocked in lungs that
showed an abnormal phenotype. Thus, it is likely that Notchl
may play a role in mediating the Notch effects in the early lung
epithelium. We cannot rule out, however, the contribution of
other Notch receptors present in the lung epithelium presum-
ably at lower levels compared with Notchl. Along these lines,
Notch3 has been reported in the lung predominantly in the
mesenchyme but also at low levels in the epithelium of branch-
ing tubules (39). Interestingly, Notchl antisense oligonucleo-
tide treatment has been reported to increase the number of
branch points in peripheral buds of cultured mouse lungs (13).
Here we also found an overall increase in branching in DAPT-
treated lungs; however, the hallmark feature of this phenotype
was the presence of ectopic distal buds in proximal regions.
Discrepancies between the Notch antisense and DAPT pheno-
types could be potentially ascribed to DAPT interfering with
multiple Notch family members or to the disruption of an addi-
tional, yet uncharacterized, <y-secretase-dependent signal
besides Notch.

Our results support the idea that Notch acts in the early lung
epithelium via downstream targets that include Hey2 and Hes5
but not HesI. Hes1 has been implicated by genetic data in spec-
ification of endocrine versus nonendocrine pulmonary cell
fate. Itis less clear, however, whether Notch is upstream of Hes1
in the developing lung (15). We provide evidence that disrup-
tion of Notch function in the lung epithelium at early develop-
mental stages has a relatively minor effect in Hes1 expression.

E-Cad/CTF2  f~Catenin
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FIGURE 9. Proposed mechanism of Notch regulation of proximal-distal patterning during lung bud mor-
phogenesis. A, distal epithelial progenitors (in red) exposed to local high levels of Fgf10 activate an Fgf10-
Fgfr2b program that results in cell expansion and subsequent induction of Notch1 and Jag ligands. Notch
signaling is maintained at the tips by Fgf and in part by Notch-mediated induction of Jag1 in neighbor cells (¥,
lateral induction), which contributes to establish a uniform field of Notch activation distally. Activation of
Jag-Notch signaling restricts further expansion of distal progenitors. In the forming stalk, Notch1 interaction
with DI at the tip-stalk boundary inhibits Notch expression proximally (**, lateral inhibition) to allow stalk cells
to assume a proximal phenotype. Together, these ensure a proper ratio of tip versus stalk cells and proper
proximal-distal patterning of the lung. Patterning is also influenced by mesenchymal Notch signaling via a
control of levels and distribution of Fgf10 (mechanism not explored here and thus not included in this dia-
gram). B, disruption of Notch signaling results in uncontrolled expansion of distal progenitors and altered
proximal-distal patterning of the lung epithelium in which stalk cells assume a distal phenotype.

Genetic studies in the Drosophila tracheal system strongly
suggest that Notch signaling controls the number of cells des-
tined to assume a distal position in the forming primary bud
(62— 64). Disruption of Notch signaling in Drosophila mutants
results in accumulation of large clusters of epithelial cells at
distal positions of the primary bud. This phenotype is strikingly
reminiscent of the phenotype we have observed in the lung
primordium of DAPT-treated foreguts. Furthermore, the
ectopic budding we reported in DAPT-treated lungs has been
also described in Drosophila mutants in which reduction in
Notch function produces ectopic terminal branches in the
developing trachea (64).

How does Notch influence proximal-distal patterning in
forming airways? From the present study, Notch appears to
exert this effect by influencing multiple processes, including
epithelial cell fate and cell proliferation. We found that Notch
restricts proliferation of tip cells. Supporting evidence includes
our analysis of Ki-67 expression and the fact that Notch1 sig-
naling appears in the lung epithelium at a relatively late stage of
bud outgrowth. The involvement of Notch in cell cycle regula-
tion and in modulating the proliferative responses of cells to
other signals has been demonstrated in different biological sys-
tems (8, 65). For example, in the mouse developing inner ear,
Notch-Jagl signaling limits proliferation of prosensory cells by
enabling expression of the cell cycle inhibitor Cdkn1b in these
cells (66). During murine retinal angiogenesis, DI14/Notch sig-
naling prevents VEGF-mediated overproliferation of tip endo-
thelial cells and ensures normal vascular patterning (67). Our
results are consistent with the idea that Notch activation in the
developing distal lung limits Fgfl10-mediated proliferation of
distal progenitor cells to maintain a proper ratio of tips and
stalk cells during branching.

Fgf-Notch interactions appear to be, at least in part, func-
tionally conserved during development of the murine and fly
respiratory tract. In both species, Fgf (Branchless or Fgf10)
induces budding and also induces expression of Notch compo-
nents. In Drosophila, Fgf induces DIl expression in cells that
occupy the tips of branching tubules. DI/ activation of Notch
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signaling in neighbor proximal cells
then prevents these cells from
acquiring a distal (tip) cell pheno-
type (62, 64). A fundamental differ-
ence between the Drosophila and
the mammalian systems is that, in
the murine lung, we found that Fgf
induces Jag instead of DI/ and that
DIl1 expression is excluded from
the tips. Although both Jag ligands
are Fgf10 targets in the lung epithe-
lium, we found differences in how
their expression is regulated. When
compared with Jagl, Jag2 appears to
be induced earlier (in primary buds
and in response to recombinant
FGF10). Also, in contrast to Jagl, we
found that Jag2 is not dependent on
Notch signaling for maintenance.

How did DAPT-induced changes
in the lung mesenchyme contribute to the phenotype described
here? Our Ki-67 and gene expression data support a role for
Notch signaling in regulating levels and number of Fgf10-ex-
pressing cells in the lung mesenchyme. DAPT treatment
appears to derepress this mechanism and create ectopic Fgf10
centers, which then induce ectopic buds. Interestingly, the
ectopic tracheal budding seen in Drosophila Notch null
mutants is also accompanied by an increased number of Fgf
(bnl)-expressing cells, as well as increased intensity of bnl
mRNA (62). Thus, the mechanism by which Notch influences
bud formation may be at least in part through acting in Fgf10-
producing mesenchymal cells. Investigating precisely how
Notch exerts this function was beyond the scope of the present
study.

Our data suggest that during lung bud formation, epithelial
cells with the highest Fgf activity lose DI[1 and later on gain
Notchl and Jagl and -2 expression (see model in Fig. 9). We
propose that distal progenitors exposed to high Fgf10 levels
activate a Jag-Notch-mediated program that is dependent on
Fgf signaling to initiate and is in part maintained at the tips by a
mechanism compatible with lateral induction. As described in
other systems, through this mechanism, local activation of
Notch signaling maintains ligand production in neighbor cells,
which results in a uniform field of Notch activation (66, 68, 69).
This is in agreement with the increased expression of Notchl,
Jagl, and Jag2 found in distal buds and with the attenuation of
Jagl induction by FGF10 in DAPT-treated lungs. Activation of
Notch signaling at the tips, however, does not assign or main-
tain the distal phenotype in lung buds. As demonstrated in Fig.
4, tip cells from nascent lung buds already express distal mark-
ers (Titfl and Sfptc) prior to the onset of Notch signaling. Fur-
thermore, expression of Titf1 or Sfptc is not inhibited by DAPT.

Our model also predicts that in the developing lung bud, as
endogenous Fgfl0 becomes less available to activate signaling
in cells away from the tips, fewer Jag ligands but more DII1 is
present to interact with Notchl in the epithelium near the
stalks. We propose that DIl1-Notch interaction down-regulates
Notchl expression in forming stalks, probably via lateral inhi-

inactive
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bition, to allow these cells to assume a proximal phenotype.
One of the most striking features of the DAPT-treated lungs is
the failure to induce typically proximal genes, such as Sox2 and
DIl in the stalk regions of the ectopic buds, which are other-
wise morphologically indistinguishable from a normal bud.
This is consistent with the idea that y-secretase activation of
Notch is ultimately required for proper development of proxi-
mal epithelial structures in the lung. In the developing kidney, a
similar role has been described for Notch in regulating proxi-
mal nephron cell fate (43). In summary, our study supports a
role for Notch signaling in regulating patterning and proximal-
distal cell fate in the early lung.
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