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Lung branching morphogenesis is a highly orchestrated process
that gives rise to the complex network of gas-exchanging units in
the adult lung. Intricate regulation of signaling pathways, tran-
scription factors, and epithelial–mesenchymal cross-talk are critical
to ensuring branching morphogenesis occurs properly. Here, we
describe a role for the transcription factor Sox9 during lung branch-
ing morphogenesis. Sox9 is expressed at the distal tips of the
branching epithelium in a highly dynamic manner as branching
occurs and is down-regulated starting at embryonic day 16.5, con-
current with the onset of terminal differentiation of type 1 and
type 2 alveolar cells. Using epithelial-specific genetic loss- and
gain-of-function approaches, our results demonstrate that Sox9
controls multiple aspects of lung branching. Fine regulation of
Sox9 levels is required to balance proliferation and differentiation
of epithelial tip progenitor cells, and loss of Sox9 leads to direct
and indirect cellular defects including extracellular matrix defects,
cytoskeletal disorganization, and aberrant epithelial movement.
Our evidence shows that unlike other endoderm-derived epithelial
tissues, such as the intestine, Wnt/β-catenin signaling does not
regulate Sox9 expression in the lung. We conclude that Sox9 col-
lectively promotes proper branching morphogenesis by controlling
the balance between proliferation and differentiation and regu-
lating the extracellular matrix.

organogenesis | campomelic dysplasia

Lung epithelial morphogenesis is a highly complex and ste-
reotyped process that gives rise to a tree-like network con-

sisting of proximal conducting airways and distal alveoli in which
gas exchange occurs in the adult (1–3). In mice, branching
morphogenesis begins after the primary lung buds are firmly
established and begin to invade into the surrounding mesen-
chyme at embryonic day 10.5 (E10.5). As the primary lung buds
proliferate and continue to invade the surrounding mesenchyme,
domain branching initiates (3). The distal tips of the domain
branches begin to repetitively bifurcate until terminal saccules
form at the canalicular stage (E16.5–E17.5). These saccules will
eventually give rise to mature alveoli in the adult mouse (2–5).
Several signaling pathways and transcription factors are known
to play roles in branching morphogenesis; however, mechanisms
controlling morphogenetic movements in the lungs have only
recently started to gain attention (1, 6–11).
During branching morphogenesis, the distal tips of the branching

epithelium contain a distinct population of progenitor cells that
gives rise to all epithelial cell types early in lung development but
become developmentally restricted after E16.5 (12, 13). Because
this distal epithelium is a highly proliferative population of cells,
a fine balance between proliferation and differentiation must be
maintained during lung development (14). Several transcription
factors are expressed specifically in the distal branching epithelium
including Nmyc, Id2, and Sox9 (13-17). Nmyc plays an important
role in maintaining the progenitor population in an undiffer-
entiated state and in driving proliferation (14). Lineage tracing
experiments have shown that distal tip cells expressing Id2 give

rise to both proximal (ciliated, Clara, neuroendocrine cells) and
distal (Alveolar type 1 and 2) cell types (13), but a functional role
for Id2 in the regulation of lung progenitor cells has not been
established. Similarly, Sox9 is expressed in the distal tip epithe-
lium; however, conditional epithelial-specific deletion of Sox9 us-
ing surfactant protein C (Sftpc)-driven ablation [SftpC-tetracycline
transactivator protein;tetracycline responsive (tetO)-Cre;Sox9-flox]
resulted in normal lung development (15). Using an alternative
approach [Sonic hedgehog (Shh)-Cre;Sox9-flox], we now report
that early and efficient deletion of Sox9 from the lung epithelium
results in dramatic defects in branching morphogenesis.
Sox9 is a member of the sex-determining region Y (SRY)-related

high mobility group (HMG)-box (SOX) transcription factors family
that regulates many developmental processes (18). In humans,
mutations in SOX9 can lead to several inherited genetic birth
defects, including campomelic dysplasia (CD), acampomelic
campomelic dysplasia (ACD), Cooks syndrome, and Pierre
Robin sequence (or syndrome) (19–21). Congenital birth defects
associated with these disorders can affect many different organ
systems, including the respiratory system. Infants that are born
with CD/ACD often die in the neonatal period as a result of
respiratory distress, which can be a result of abnormal upper
airway development or hypoplastic lungs (20–25). In other tis-
sues, Sox9 has a diverse array of functions. For example, pan-
creatic Sox9 is required for proliferation and branching,
intestinal Sox9 acts to limit Wnt-stimulated proliferation, and
Sox9 regulates proliferation and extracellular matrix (ECM)
production in chondrocytes (26–32). Using genetic gain-of-
function (GOF) and loss-of-function (LOF) models, our findings
demonstrate that the appropriate level of Sox9 is necessary for
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controlling the number of proliferating cells and differentiating
cells, as either loss or gain of Sox9 disrupts this balance. Further,
we find dramatic cellular defects when Sox9 is conditionally
deleted, which appear to be mediated through both direct and
indirect mechanisms. Similar to its role in chondrogenesis, Sox9
transcriptionally regulates ECM genes in the lung epithelium
and directly binds to DNA in Col2a1 regulatory regions. Re-
moving Sox9 leads to a down-regulation of Col2a1 mRNA and
reduced protein expression. We also show that Sox9 leads to
defects in laminin deposition, cytoskeletal organization, and
cellular movement, although these defects may be indirect. Fi-
nally, we show that unlike the intestine (29, 33, 34), Wnt/
β-Catenin signaling is not required for Sox9 expression during
lung development. Taken together, our results demonstrate that
Sox9 plays multiple roles regulating proliferation, differentiation,
and the ECM during lung branching morphogenesis.

Results
Epithelial-Specific Loss and Gain of Sox9 Causes Severe Branching
Defects in the Lung. Sox9 is expressed in the distal epithelium
during branching morphogenesis (E11.5–E16.5) (SI Appendix,
Fig. S1 B–E and ref. 15). After E16.5, Sox9 is down-regulated,
terminal differentiation begins, and only a few cells retain Sox9
expression in the late embryonic and postnatal stages. Sox9 is
expressed in a manner similar to other distal tip progenitor
markers including Nmyc and Id2 (13–15). Previous reports have
suggested that epithelial Sox9 is not required for normal lung
development (15). We generated lung epithelial conditional
LOF (Sox9-floxed) (35) and GOF (Rosa26-tetO-Sox9-mCherry;
Methods) embryos, using a well-characterized Shh-Cre driver
(36). Shh-Cre shows robust activity in the lung epithelium by
E10.5 (SI Appendix, Fig. S1A and ref. 1–3 and 37). Shh-Cre;Sox9-
flox/flox lungs (herein referred to as Sox9LOF) and Shh-Cre;
Rosa-Lox-Stop-Lox-rtTa;Rosa-tetO-Sox9-mCherry lungs (herein
referred to as Sox9GOF) both develop large, cyst-like structures at
the distal epithelial branch tips at all developmental times ex-
amined (Fig. 1 A and C and SI Appendix, Fig. S2A). Quantitative
analysis of branching of in vitro cultured lungs showed a signifi-
cant reduction in branching in Sox9LOF lungs compared with
controls at the start of culture E12.5 (0 h) and after 72 h in culture
[0 h: 19.9 ± 1.7 vs. 11.3 ± 1.5 (P < 0.05; n= 3); 72 h: 57.6 ± 5.9 vs.
38.0 ± 1.7 (P < 0.05; n = 5)] (Fig. 1B and SI Appendix, Fig. S2B).
We confirmed that Sox9 was deleted or overexpressed in the lung
epithelium of the respective models with immunochemistry and
quantitative (q)RT-PCR (Fig. 1D and SI Appendix, Fig. S2 C
and D). Cross sections revealed that these cyst-like structures
were the result of larger and rounder branch tips compared with
control (Fig. 1E), which led to large open spaces in Sox9LOF

lungs (Fig. 1F). We observed a reduction in airway spaces in
Sox9GOF at E18.5 (Fig. 1F), likely as a result of reduced pro-
liferation in cells expressing ectopic Sox9 (see Fig. 2 and Discus-
sion). By E14.5, Sox9LOF and Sox9GOF lungs were noticeably
smaller than control lungs (Fig. 1C and SI Appendix, Fig. S2F).
This reduction in size was more apparent by E16.5 (SI Appendix,
Fig. S2E); however, all lungs formed the appropriate number of
lobes compared with control (SI Appendix, Fig. S2F).
Ultimately, loss or gain of Sox9 had severe consequences on

the health and survival of mice. Of two litters of mice born (to
generate Sox9LOF), there were five wild-type, five heterozygous,
and three Sox9LOF pups. Of the three Sox9LOF pups, one died
at birth and two others were euthanized at postnatal day 7 (P7)
because of poor health and an apparent difficulty breathing. One
litter was born to generate Sox9GOF pups (Sftpc-rtTa;tetO-Sox9-
mCherry, Dox started at E15.5). Of six mice, three pups were
controls (Sftpc-rtTa or tetO-Sox9-mCherry) that were healthy
and thrived at P0 and three were Sox9GOF, all of which died at
birth. Analysis of the Sox9GOF lungs is discussed here and
presented in SI Appendix, Fig. S7. Taken together, our data

suggest that Sox9 has a previously unappreciated role in regulating
branching morphogenesis.

Precise Regulation of Sox9 Levels Are Required for Appropriate
Proliferation in Lung Epithelium. Recent quantitative and live im-
aging studies have shown that the process of lung bud bifurcation
is dynamic and can be separated into three main stages: bud,
flattened, and cleft (3, 38). Immunofluorescent staining of Sox9
revealed a dynamic expression pattern during these different
stages. Sox9 is expressed highest at the distalmost cells of the

Fig. 1. Sox9 is critical for proper branching morphogenesis. (A) Whole-mount
images of control and Sox9LOF lungs demonstrate that loss of Sox9 results in
fewer domain branches with terminal cystic structures. (B) The number of
branches was quantified on E12.5 explant lung cultures immediately after
dissection (0 h) and after 72 h in culture. Sox9LOF lungs had significantly fewer
branches at both times. (C) Whole-mount lungs from E14.5 Sox9LOF and
Sox9GOF embryos had cystic structures at the distal epithelial tips rather than
smaller bifurcations seen in the control lungs. (D) Sox9 expression (red) in
control, Sox9LOF, and Sox9GOF lungs at E14.5. Control lungs had Sox9 expres-
sion in the distal epithelial tips. Epithelial Sox9 protein was undetectable in
Sox9LOF lungs. Sox9GOF lungs demonstrated robust Sox9 expression in the distal
epithelium and ectopic Sox9 expression in the proximal airways. (E) H&E
staining on sections of E14.5 control, Sox9LOF, and Sox9GOF lungs. Staining
showed fewer large, cystic buds rather than numerous small buds seen in
control lungs. (F) H&E staining at E18.5 demonstrates that epithelial cysts led to
larger airspaces in Sox9LOF lungs compared with controls. Cystic buds in
Sox9GOF lungs appear to have collapsed by E18.5. [(A and C) Scale bars, 200 μm.
(D–F) Scale bars, 100 μm.] *P < 0.05. Error bars represent SEM.
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Fig. 2. Sox9 is required for proper proliferation and differentiation of the lung epithelium during branching morphogenesis. (A) Sox9 is dynamically expressed
during branch bifurcation. Sox9 (red) is expressed highest at the budding tip in stage 1 and the newly formed budding tips in stage 2 and 3. Sox9 expression
dissipates toward the parent branch in all three stages and toward the cleft in stage 3. Laminin staining (green) is less robust at the budding tip and most stable at
the parent branch and cleft. (B) Proliferation in control and Sox9LOF lung epithelium at E14.5 was assessed by BrdU incorporation. In control epithelium, pro-
liferation is significantly higher in distal compared with proximal epithelium (“Control Epithelium”). There is significantly less proliferation in total Sox9LOF ep-
ithelium compared with controls (“Total Epithelium”). Comparing proliferation in proximal or distal epithelium of controls vs. Sox9LOF lung epithelium
demonstrated that proximal proliferation did not change (“Proximal Epithelium”), whereas a significant reduction in distal epithelial proliferation was seen in
Sox9LOF lungs (“Distal Epithelium”). (C) Proliferation in control and Sox9GOF lung epithelium at E14.5 was assessed by Ki67 staining. Compared with controls,
a dramatic decrease in Ki67 staining (green) was seen in both proximal and distal epithelium (Ecad, white) of Sox9GOF lungs, specifically in cells overexpressing
Sox9. (D and E) Sox9 inhibits differentiation. Sftpb protein is below detection, using immunostaining in control epithelium at E14.5, but was readily detected
in Sox9LOF lungs E14.5. qRT-PCR confirmed a greater than fourfold increase in Sftpb mRNA in Sox9LOF lungs compared with controls at E14.5. (F and G) In E18.5
Sox9GOF lungs, ectopic Sox9 (red) leads to a reduction in Sftpc staining (F, green) and Aqp5 (G, green) staining. (H) Ecad staining (white) revealed that distal
Sox9GOF epithelium (red) fails to undergo the columnar-to-squamous epithelial transition seen in lower airways of control lungs. [(A) Scale bar, 20 μm. (C and F)
Scale bars, 10 μm. (D) Scale bar, 100 μm. (F–H) Scale bars, 50 μm.] *P < 0.01. Error bars represent SEM.
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budding tip and dissipates toward the parent branch (Fig. 2A).
During the flat and cleft stages, Sox9 is expressed highest where
the two new buds will form and lowest where the cleft forms (Fig.
2A). Because of the dynamic expression of Sox9 in actively
branching buds and previous reports demonstrating increased
proliferation in distal lung epithelium (2–5, 14), we wanted to
determine whether proliferation was affected in Sox9LOF and
Sox9GOF lungs compared with controls. To quantitate proximal
and distal proliferation, control or Sox9LOF lungs were costained
with Sox2 (proximal epithelium), E-cadherin (Ecad; total epi-
thelium), BrdU (proliferation), and DAPI (total nuclei) (SI
Appendix, Fig. S3). After a 30-min pulse of BrdU, we determined
the percentage of proximal (Ecad+, Sox2+) and distal (Ecad+,
Sox2−) proliferation in the epithelium of control and Sox9LOF

lungs at E14.5. As previously demonstrated (1, 6–11, 14), we
confirmed that distal epithelial proliferation was significantly
higher than proximal epithelial proliferation in control tissue
(40.2% ± 1.7% vs. 29.6% ± 1.7%; P < 0.0005; n = 12) (Fig. 2B
and SI Appendix, Fig. S3). Comparing BrdU incorporation in
control and Sox9LOF lungs, we found a significant decrease in total
epithelial proliferation (37.8% ± 1.5 vs. 30.2% ± 2.2%; P <
0.01; n = 12), which was a result of reduced proliferation in the
distal tip epithelium (40.2% ± 1.7% vs. 31.3% ± 2.1%; P <
0.005; n = 12), as there was no change in proliferation of the
proximal (Sox2+) epithelium when comparing control and
Sox9LOF lungs (29.5% ± 1.7% vs. 29.4% ± 3.7%; n = 12) (Fig. 2B
and SI Appendix, Fig. S3). There was no change in mesenchymal
proliferation between groups (SI Appendix, Fig. S3). Sox9GOF

lungs had a more dramatic change in proliferation. In the proximal
airways of Sox9GOF lungs, cells ectopically expressing Sox9 had
almost no Ki67 staining, whereas Ki67 was present in most cells of
the control proximal epithelium (Fig. 2C). Similarly, cells highly
overexpressing Sox9 in the distal epithelium resulted in weak Ki67
staining (Fig. 2C). These data suggest that a fine balance of Sox9
expression is necessary to regulate proper proliferation during
branching morphogenesis.
To determine whether the perturbations in branching and

proliferation in Sox9LOF or Sox9GOF lungs were a result of dis-
ruption of well-characterized signaling pathways that regulate lung
development, we examined Wnt, Hh, Fgf, and Bmp signaling (2,
12, 13). Using in situ hybridization and/or qRT-PCR in Sox9LOF and
Sox9GOF lungs at E12.5 and/or E14.5, we examined key signaling
components and target genes and found no significant changes
compared with control lungs (SI Appendix, Fig. S4 A and B). In
addition, our data demonstrate that proximal–distal patterning is
not disrupted in Sox9LOF lungs. In situ hybridization demonstrates
that Bmp4 expression is localized to distal epithelial tips in control
and Sox9LOF lungs (SI Appendix, Fig. S4B) (14, 39, 40), and prox-
imal Sox2 immunostaining is not changed in Sox9LOF lungs com-
pared with controls (SI Appendix, Fig. S3). Together, our results
suggest that loss of Sox9 regulates proliferation without significantly
affecting proximal–distal patterning or the major signaling pathways
(Wnt, Fgf, Bmp, Hh) known to play a role in lung branching
morphogenesis.

Sox9 Inhibits Differentiation in Early Lung Epithelium. Sox9 is
expressed in the distal progenitor population, which gives rise to
all cell types of the lung, and Sox9 expression is down-regulated
concomitant with onset of cytodifferentiation in the distal epi-
thelium (13–17). In addition, we observed a significant decrease
in Id2 mRNA expression in Sox9LOF lungs at E14.5 by qRT-PCR
(SI Appendix, Fig. S4C). These results, combined with the ob-
served decrease in proliferation in Sox9LOF lungs, led us to hy-
pothesize that Sox9 prevents differentiation of distal progenitors.
Differentiation occurs in a proximal-to-distal direction, starting at
E14.5 with the differentiation of proximal airway cell types and
ending with alveolar type 1 and 2 cell differentiation at E17.5 in
the distal airways (2, 15). We examined markers for both proximal

and distal epithelial cell types with qRT-PCR and immunostain-
ing. Appropriate temporal differentiation of proximal cell types
(Clara and Ciliated cells) and distal type 1 cells occurred in
Sox9LOF lungs (SI Appendix, Figs. S5 and S6). Sftpc is typically
associated with type 2 alveolar cells. However, Sftpc in the early
lung marks all distal tip progenitor cells, and recent studies have
demonstrated that Sftpc-positive cells in the adult are alveolar
stem cells (41). Given that Sftpc can mark progenitor cells, alve-
olar stem cells, and type 2 differentiated cells, we used surfactant
protein B (Sftpb) as a type 2 alveolar cell marker, as it is normally
expressed starting at E17.5 (18, 42, 43). In controls, we observed
that Sftpb protein was close to background at E14.5 by immu-
nostaining, whereas Sftpb staining in Sox9LOF lungs was readily
detectable at this time (Fig. 2D). These results were supported by
qRT-PCR, which showed a significant increase in Sftpb mRNA
levels in E14.5 Sox9LOF lungs (Fig. 2E), providing evidence that
the loss of Sox9 causes precocious differentiation of type 2 cells. In
contrast, Sox9GOF lungs demonstrated evidence that terminal dif-
ferentiation was inhibited. When Sox9 is overexpressed throughout
the lung epithelium (Shh-Cre, doxycycline administered starting at
E9.5; Fig. 2 F and G and SI Appendix, Figs. S5 and S6) or ectop-
ically expressed in the distal lung epithelium (Sftpc-rtTa, doxycy-
cline administered starting at E15.5; SI Appendix, Fig. S7), and
lungs were analyzed at E18.5 or P0, respectively, there was de-
creased expression of proximal and distal differentiation markers
(Fig. 2 F and G and SI Appendix, Figs. S5–S7). It is important to
point out that differentiated cells observed in Sox9GOF lungs were
always Sox9-negative, indicating that they escaped transgene ex-
pression, whereas Sox9-positive cells did not express differentiation
markers. During terminal differentiation, starting around E17.5,
the distal epithelium undergoes a columnar-to-squamous epithelial
transition, giving rise to alveolar sacs composed of type 1 and type
2 alveolar cells. Accordingly, air spaces in control lungs at E18.5
were lined by a squamous epithelium; however, the distal epithe-
lium of Sox9GOF lungs remains columnar (Fig. 2H). Collectively,
our results suggest that Sox9 activity maintains the undifferentiated
status of distal lung progenitors. Removing Sox9 leads to early
differentiation, and increasing Sox9 prevents differentiation and
inhibits the epithelial transition from columnar to squamous epi-
thelium that allows the adult alveoli to form.

Loss of Sox9 Leads to Multiple Cellular Defects in the Distal
Progenitor Cells. Because perturbations of epithelial Sox9 led to
branching defects and cystic terminal branches, we wanted to
detail the cellular events associated with the cystic structures
observed in mutant mice. To examine possible cellular defects,
we performed transmission electron microscopy in control and
Sox9LOF lungs and observed striking disruptions in the Sox9LOF

lungs. Whereas the distal epithelial tips of control lungs showed
a relatively uniform apical surface with microvilli, apical tight
junctions, and a flat, uniform basal surface (Fig. 3A), Sox9LOF

lungs had a range of defects with varying levels of severity (Fig.
3B). Sox9LOF lungs showed defects on the apical surface of the
cell. Although tight junctions were observed, apical membranous
blebs protruded into the lumen. In some cases, microvilli were
absent, and the apical surface appeared rounded and smooth (Fig.
3B, lower). Cell–cell adhesion also appeared to be disrupted in
Sox9LOF lungs. Although control epithelial cells were in close
apposition with occasional gaps, cell–cell adhesion appeared
uniformly disrupted in Sox9LOF lungs, with large gaps filled with
pseudopodia between the lateral membranes of neighboring cells
(Fig. 3B). These pseudopodia are similarly observed in lungs with
disrupted Cdc42, which have defective epithelial organization (7).
Last, the control epithelium has a relatively flat and uniform basal
surface that contacts the lung mesenchyme (Fig. 3A). In contrast,
the basal epithelial surface in Sox9LOF lungs was not uniform, with
many cells having a rounded appearance and with membranous
blebs projecting into the subcellular space (Fig. 3B). Surprisingly,
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the apparent cell adhesion defects we observed by transmission
electron microscopy were not obvious when examining E-cad
immunofluorescence, although we did note that the epithelium in
Sox9LOF lungs was taller than in controls (17.2 μm ± 0.24 μm vs.
15.2 μm ± 0.21 μm; P < 0.0001; n = 192) (SI Appendix, Fig. S8).
Given that Sox9 controls multiple cellular processes in different

contexts (Introduction, Discussion), we examined apical–basal po-
larity and ECM proteins in Sox9LOF and control lungs and found
that polarity was unaffected (SI Appendix, Fig. S9). However, on
examining several proteins that make up and interact with the
ECM of the distal lung epithelium (SI Appendix, Fig. S9), we
found that two proteins (Col2a1 and laminin) were disrupted
(Figs. 4 and 5).
Type 2 collagen (Col2a1), which is directly regulated by Sox9

in other contexts and is highly expressed in the distal lung epi-
thelium at E12.5 (44), was significantly reduced in Sox9LOF lungs
compared with control (Fig. 4). Immunofluorescence of Col2a1
protein at E12.5 (Fig. 4A) and E14.5 (SI Appendix, Fig. S10A)
showed a reduction of staining specifically in distal epithelial buds.
This was supported by qRT-PCR on whole lungs at E12.5 and
E14.5, which demonstrated significant Col2a1 down-regulation
at both times in Sox9LOF (Fig. 4B). To determine whether Sox9 is
directly binding Col2a1 regulatory elements in the distal lung
epithelium, we performed Sox9 chromatin immunoprecipitation,
using FACS-purified distal lung epithelium from transgenic Sox9-
eGFP mice (SI Appendix, Fig. S10 B and C) (45). Using qRT-
PCR, we observed that Sox9 was able to bind to a previously
characterized consensus binding site located in intron 1 of the
Col2a1 gene with a ∼fivefold higher affinity than an IgG control
antibody (Fig. 3C). In contrast, the same Sox9 antibody did not
have increased binding to a nonspecific intergenic region of DNA
located near the Col2a1 intron 1 (“Neg Control” in Fig. 4C),
whereas an antibody to histone H3 was used as a positive control
and bound to both regions of DNA. Collectively, these results are
consistent with Sox9 directly regulating Col2a1 transcription,
resulting in proper protein expression.
We also observed defects in laminin deposition in both

Sox9LOF and Sox9GOF lungs (Fig. 5 and SI Appendix, Fig. S11);
however, these effects may be indirect, as we did not detect
a transcriptional change in several Laminin mRNAs by qRT-
PCR (SI Appendix, Fig. S11B). By examining stage 1 bud tips
(Fig. 2A), we observed that laminin is deposited by the epithe-
lium as a fine border along the basal side of the epithelial buds in
controls (Fig. 2A and Fig. 5 A and B). In contrast, Sox9LOF lungs
have a fragmented border around the distal epithelium, with
laminin staining being found within the epithelial cell, rather

Fig. 3. Cellular defects in Sox9LOF lung epithelium. (A and B) TEM images of
E14.5 control and Sox9LOF lungs revealed intact tight junctions (black
arrows). (B) Sox9LOF lungs exhibited moderate (B, Middle) and severe (B,
Bottom) degrees of cellular disruption. This included rounded apical surfa-
ces, loss of microvilli, apical blebbing, and irregular basal surfaces (red
arrows). In addition, Sox9LOF lungs had large spaces between adjacent cell
membranes that contained pseudopodia (yellow arrows).

Fig. 4. Sox9 regulates ECM protein Col2a1. (A) Col2a1 staining (white, Upper; green, Lower) was reduced in E12.5 distal buds (yellow arrows) compared with
control lungs. Proximal airways are outlined with a yellow dotted line. (B) Col2a1 mRNA levels are reduced by an eightfold decrease in E12.5 and a 12-fold
decrease in E14.5 lungs compared with control lungs. (C) ChIP assay was performed on FACS-purified Sox9-eGFP distal lung epithelial cells. Compared with
a nonspecific rabbit anti-IgG, anti-Sox9 preferentially (fivefold enrichment) pulled down a previously characterized Sox9 binding site in Col2a1 intron1
(Col2a1 Intr1, black bars), whereas anti-Sox9 did not pull down nonspecific intergenic DNA near the Col2a1 gene (Neg Control, gray bars). Both Col2a1 Intr1
and nonspecific intergenic DNA (Neg Control) were pulled down with the positive control, anti-Histone H3. All fold changes were normalized to 2% input.
(Scale bar, 100 μm.) (B) *P < 0.005. (C) P < 0.05. All error bars represent SEM.
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than in the basement membrane (Fig. 5 and SI Appendix, Figs.
S11 and S12). This staining includes large, laminin-positive in-
tracellular punctae observed on the apical and basal surfaces of
the cell (Fig. 5 and SI Appendix, Figs. S11 and S12). In Sox9LOF

lungs, we found that intracellular laminin punctae associate with
the Golgi marker gm130 and with the endoplasmic reticulum
marker KDELR (SI Appendix, Fig. S11 C and D).
Given the severe cellular disruptions observed by transmission

electron microscopy (Fig. 3), we also examined the lung epi-
thelial cytoskeleton, which is important during branching mor-
phogenesis (29, 33, 34, 46, 47). We analyzed the cytoskeleton by
using acetylated tubulin (AcTub) and F-actin (Phalloidin)
staining (Fig. 6 and SI Appendix, Fig. S13). Phalloidin staining is
strongest on the apical surface of the cells but is also observed
along the basal–lateral surfaces and was not different between
control and Sox9LOF lungs (SI Appendix, Fig. S13A). In contrast,
we observed a stark reduction in AcTub staining along the basal
surface of the epithelial cells in Sox9LOF lungs (Fig. 6A). This
indicates that stabilized tubulin is disrupted at the basal surfaces

of the epithelial cells in Sox9LOF. In Sox9GOF lungs, the cyto-
skeletal organization was not perturbed compared with control
lungs (SI Appendix, Fig. S13 A and B).

Loss of Sox9 Disrupts Epithelial Movement. Because the ECM and
microtubule dynamics are strongly associated with cell move-
ment/migration (13–15, 48, 49), and we observed disrupted ECM
and stabilized (acetylated) microtubules in Sox9LOF epithelium
along the basal surface of the cells, we wanted to determine
whether this had an effect on cell movements/migration. As the
lung branches, the lung bud grows by coordinating epithelial
movement and proliferation (15, 40). Epithelial movement was
quantified using an in vitro cell migration scratch assay that has
previously been used to assay movement in kidney epithelial
buds during branching morphogenesis (35, 50); isolated E12.5
Sox9LOF and control epithelial buds were plated in vitro and
exhibited delayed scratch closure compared with controls (Fig. 6
B and C and SI Appendix, Fig. S13). The control epithelial cells
migrated 50.1% (±5.3%; n = 8 epithelial buds) of the scratch in
3 h and 79.2% (±5.8%; n = 8) in 6 h compared with Sox9LOF

cells, which only traveled 33.9% (±2.3%; n = 16 epithelial buds)
in 3 h and 65.5% (±3.7%; n= 16) in 6 h (P < 0.005 and P < 0.01,
respectively) (Fig. 6C and SI Appendix, Fig. S13C). Epithelial
buds were stained for AcTub, and similar to lung buds in vivo, we
observed that stabilized microtubules were disrupted in isolated
Sox9LOF buds in vitro, whereas control cells showed uniform or-
ganization of the microtubules along the wound edge (Fig. 6D).

Sox9 Expression Is Not Regulated by Wnt/β-Catenin in the Lung
Epithelium. Because Sox9 is a well-established direct target of
β-catenin-dependent Wnt signaling in the intestine (29, 33, 34,
36), and our data show that the Wnt target gene Axin2 is higher in
distal epithelium than proximal epithelium in control lungs by in situ
hybridization (SI Appendix, Fig. S4B), we investigated whether Sox9
is also regulated by Wnt/β-catenin in the developing lung. We
generated two Wnt LOF models (β-CateninLOF: Sox9CreERT2;
β-Catenin-flox/flox lungs and Lrp5/6LOF:Sox9CreERT2;Lrp5/6-flox/
flox) (SI Appendix, Fig. S14) (51, 52). In both β-CateninLOF and
Lrp5/6LOF lungs, Sox9 expression is not lost but, rather, expands
into the proximal airway, creating a Sox9+/Sox2+ intermediate
population of cells that is not seen in control lungs throughout
development (SI Appendix, Fig. S14). From these results, we con-
clude that canonical Wnt signaling is not necessary for Sox9 ex-
pression in the lung epithelium.

Discussion
A Role for Sox9 in Lung Branching Morphogenesis. In a previous
report, deletion of Sox9 in lung epithelium (Sftpc-rtTa;tetO-Cre;
Sox9-flox/flox) at E12.5 produced no deleterious developmental
consequences in the lung (15). Here, using an earlier and more
complete Sox9 deletion (Shh-Cre;Sox9-flox/flox) (E9.5), we
document an important role for Sox9 in branching morphogen-
esis. We observe an obvious branching defect as early as E12.5,
along with the complete loss of protein by this time, indicating
that Sox9 function is important at the beginning of branching.
Importantly, Perl and coworkers also report that Sox4 and Sox11
are present and unchanged in Sox9 mutant lung epithelium at
E12.5 and E13.5, suggesting that loss of Sox9 on or after E12.5
may be compensated for by other Sox genes. The strategy we
take here and the phenotypes that develop may be highly rele-
vant to the congenital birth defects in CD/ACD, making this an
applicable mouse model for the further investigation of those
devastating human conditions.
Many signaling pathways and transcription factors are essential

for branching morphogenesis. In many cases, when these factors
and pathways are perturbed, the consequence is a cystic pheno-
type, similar to the phenotype seen in both Sox9LOFand Sox9GOF

lung (7, 10, 14, 53–59). The fact that both gain and loss of Sox9

Fig. 5. Gain or loss of Sox9 disrupts basement membrane laminin deposition.
(A) Laminin staining (green) in control lungs at E14.5 shows robust staining in
the basement membrane of Sox9+ (red) branching epithelial tips. In contrast,
Sox9LOF lungs showed mislocalized staining, and Sox9GOF had a reduction in
laminin staining. (B) In Sox9LOF lungs, intracellular laminin staining (green) is
observed as punctae on both the apical and basal surfaces of the epithelial
(Ecad, red) cells compared with controls, where laminin is part of the ECM of
the basement membrane. [(A) Scale bars, 50 μm. (B) Scale bars, 10 μm.]
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resulted in a similar phenotype is likely reflected in the small
number of possible outcomes when branching morphogenesis is
perturbed; that is, if an epithelial bud cannot properly bifurcate, it
gives rise to a larger, cystic sac. We also observed that the E14.5
Sox9GOF cystic phenotype was not present at E18.5 in Sox9GOF

lungs (Fig. 1 E and F). This change in phenotype at E18.5 could be
explained by the smaller numbers of cells expressing ectopic Sox9
at this time, likely because cells expressing high levels of ectopic
Sox9 had reduced proliferation and a selective disadvantage over
developmental time (Fig. 2 F–H and SI Appendix, Figs. S5 and S6).
It is highly possible that cells expressing ectopic Sox9 were out-
competed by normal cells, leading to a partial resolution of the
phenotype.

Sox9 Influences ECM and Cell Movement. In addition to pro-
liferation and differentiation, we investigated whether the cystic
phenotype resulting from Sox9 perturbations may be a result of
abnormal cellular consequences. Studies have shown that Sox9
plays critical roles in both ECM deposition and cell migration in
various tissues and diseases (18). In the heart, Sox9 is required
for proper organization the valvular ECM proteins (60), whereas
in the gonads, Sox9 regulates many ECM proteins as well as
modifiers of the ECM such as matrix metalloproteinases (61, 62).
Sox9 also plays a role in fibrotic and sclerotic disorders in various
tissues, in which Sox9 causes excessive and inappropriate ECM
deposition by activating ECM proteins (63–68). Furthermore,
Sox9 plays a critical role during chondrogenesis (30), and ChiP
analysis in chondrocytes has shown that Sox9 directly binds to
loci of 18 different ECM genes, including Col2a1 (69). Our
results support Sox9 as a regulator of ECM in the lung as well,
demonstrating that it can transcriptionally regulate Col2a1 and
lead abnormal protein deposition in the basal lamina. We also
observed defects in laminin deposition with loss or gain of Sox9
in the branching lung; however, this seems to be an indirect ef-
fect of Sox9 perturbations, as we did not observe transcriptional
changes in laminin genes. These results also highlight that some
of the cellular defects observed in the Sox9LOF or Sox9GOF

phenotype may be indirect. Elucidating additional detail as to
how perturbations in Sox9 directly and indirectly affect lung
epithelial cell morphology and behavior will be an active area of
future investigation.
In many contexts, the ECM has a dynamic role associating

with and influencing reorganization of the cytoskeleton (70, 71).
For example, laminin–integrin-based cell adhesion functions to
anchor stabilized microtubule “plus-ends” and maintain the proper
microtubule density on the basal surface of epithelial cells (72).
Therefore, our results demonstrating disruption of the stabilized
microtubule network on the basal side of the lung epithelium in
Sox9LOF lungs, and the disorganized microtubule network ob-
served in Sox9LOF distal epithelial cells in the in vitro migration
assay, may be explained by perturbations in the ECM. Although
the link between Sox9 and cell migration/microtubule organization
may be indirect, in other systems Sox9 is critical for cell migration,
including neural crest cells during development (73) and tumor
metastasis in breast, colon, prostate, and melanoma cancers (74–
77). In future studies, it will be pertinent to determine how Sox9 is
mechanistically regulating acetylated tubulin and epithelial cell
movement during lung branching morphogenesis.

β-Catenin-Dependent Wnt Signaling and Sox9. Sox9 contributes to
a diverse range of functions in several endodermally derived
organs, including the pancreas, lung, and intestine (26, 27, 78,

Fig. 6. Sox9 is required for proper cytoskeleton organization and in vitro
cellular migration. (A) Sox9LOF lungs have a disrupted microtubule cyto-
skeleton. Stabilized acetylated tubulin (AcTub, white) is observed on the
apical, lateral, and basal surfaces of control epithelium at E14.5. In contrast,
Sox9LOF epithelium has reduced AcTub staining on the lateral surfaces and
no staining along the basal surface of the epithelium. (B and C) A scratch
assay was performed on isolated control and Sox9LOF epithelial buds cul-
tured in vitro to examine epithelial movement characteristics. The red dot-
ted line indicates the scratch. Compared with controls, migration of Sox9LOF

epithelial cells was significantly delayed at both 3 and 6 h times, indicating
that Sox9LOFepithelial cells have impaired cellular migration/movement. Clo-
sure of the scratch was quantitated over time (D). AcTub staining revealed that

in control lungs, the cells lining the scratch had accumulated stabilized tu-
bulin on the side furthest from the scratch (arrows) compared with the
Sox9LOF cells, which had no aggregation of ActTub. [(A) Scale bar, 50 μm. (B)
Scale bar, 200 μm. (C) Scale bar, 100 μm.] *P < 0.01. Error bars represent SEM
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79). Wnt signaling is critical for the development of these organ
systems, and it has been shown in the developing intestine that
Sox9 is a direct target of Wnt signaling (29, 33, 34). Here, we find
that in contrast to the intestine, Sox9 transcription in the lung is
not regulated by Wnt/β-catenin signaling.
Taken together, our results have established a role for Sox9

during lung branching morphogenesis. We have demonstrated
that Sox9 is a multifaceted transcription factor that directly and
indirectly regulates proliferation, differentiation, the ECM, cyto-
skeletal organization, cell shape, and cellular movement.

Methods
Mouse Strains. All mice used in these studies were housed at the University of
Michigan mouse facility and were maintained according to the University of
Michigan’s Committee on Use and Care of Animals (UCUCA)’s protocols. Shh-
Cre, Sox9CreER, Sox9Flox, β-CateninFlox, Rosa-rtTa, SftpC-rtTa, Lrp5/6Flox, and
Sox9-eGFP mice have all been previously described (35, 36, 45, 80–82). De-
scription of the Rosa26-tetO-Sox9 mice is currently under review elsewhere
(Philip A. Seymour, Hung Ping Shih, Richard Behringer, Mark Magnuson, and
Maike Sander). Briefly, the pTight tetO promoter driving bidirectional ex-
pression of Sox9 and mCherry was targeted to the Rosa26 locus. An active
rtTa causes transcription of both alleles to be driven independently from the
same promoter.

Doxycycline and Tamoxifen Administration. Doxycycline was administered in
thedrinkingwater at 2mg/mL, supplementedwith 2.5mg/mL sucrose started at
E9.5 or E15.5 until the time of harvest. Tamoxifen (50 μg/g) was dissolved in
corn oil and given via oral gavage once a day for 2 consecutive days (E11.5
and E12.5).

Lung Explant Cultures. Lung explant cultures were performed in vitro, as
previously described (83). E12.5 lungs were cultured on Nucleopore poly-
carbonate track-etch membranes for up to 72 h at 37 °C in a 5% CO2

incubator. Images of explants were taken on a Leica M125 stereomicroscope.
Branches were counted manually.

Migration Scratch Assay. Isolation of epithelial buds from the surrounding
mesenchyme of E12.5 lungs was previously described (50). Briefly, lung ep-
ithelial buds were placed on BD Matrigel hESC-qualified matrix (BD Bio-
sciences)–coated plates with DMEM/Ham’s F-12 supplemented with 50 U/mL
penicillin-streptomycin and 0.1% (vol/vol) FBS (Gibco). Epithelial buds grew
into colonies by 48 h at 37 °C in a 5% CO2 incubator. Lung bud cultures were
scratched with a micropipette tip, and images were taken on an Olympus
SZX16 microscope at 0, 3, and 6 h after the scratch. Scratch width was
measured with ImageJ software.

Immunohistochemistry and in Situ Hybridization. Immunostaining was carried
out as previously described (84, 85). Antibody information and dilutions can
be found in SI Appendix, Table S1. All immunofluorescence images were
taken on a Nikon A1 confocal microscope. All DAB images were taken on an
Olympus IX71 microscope. For section in situ hybridization, embryos were
collected in PBS and fixed overnight in 4% paraformaldehyde in PBS (PFA) at
4 °C. Embryos were then rinsed in PBS and immersed in 30% sucrose at 4 °C
overnight before embedding into optimal cutting temperature (OCT) media.

Frozen sections 12–16 μm in size were cut, and slides were stored at −80 °C.
In situ hybridization was performed as previously described (86, 87). Axin2,
Bmp4, and Shh in situ probes were previously described (88–90).

qRT-PCR. RNAwas extracted from E12.5 or E14.5 lungs, using Purelink RNAMini
Kit (Life Technologies). RNA quantity and quality were determined spectro-
photometrically, using a Nano Drop 2000 (Thermoscientific). Reverse tran-
scription was conducted using the SuperScript VILO kit (Invitrogen), according
to manufacturer’s protocol. Finally, qRT-PCR was carried out using Quantitect
Sybr Green MasterMix (Qiagen) on a Step One Plus Real-Time PCR system (Life
Technologies). For a list of primer sequences, see SI Appendix, Table S2.

Proliferation Quantification.Quantificationof BrdU-positive cells that colocalized
with Ecad, Sox2, and DAPI was counted with Metamorph cell counting software.

Transmission Electron Microscopy. E14.5 lungs were processed as previously
described (91). Using a Philips CM-100 electron microscope, 70-nm sections
were imaged.

FACS. E14.5 Sox9-eGFP and control lungs were minced and resuspended in
2 mg/mL Collagenase D (Roche) and 40 U TURBO DNase (Life Technologies)
for 2 min. This procedure was then repeated with 2× TrypLE SELECT (Life
Technologies) and DNase for 5 min at 37 °C. The cells were gravity filtered
through a 70-μm filter. Both Sox9-eGFP and control cells were sorted (SI
Appendix, Fig. S10)

Chromatin Immunoprecipitation Assay. FACS-sorted distal lung progenitor
cells were fixed with 1% (vol/vol) formaldehyde in PBS for 10 min. The re-
action was quenched with glycine and washed in 1× PBS. The Cell Signaling
SimpleChIP Enzymatic ChIP Kit was used as described by the manufacturer,
with the following modification: MNase was not used; rather, nuclei were
sonicated (Branson Sonifier 250) 10× for 30-s bursts at 25% duty, output 3.5
with 1 min on ice between bursts.

Cell Length Quantification. The height of the cells was measured from the
apical to basal surface of the cell indicated by Ecad stain. Cell height was
measured using ImageJ software.

Statistical Analysis. All data are shown as the mean of at least three in-
dependent biological replicates; error bars represent SEM. Statistical dif-
ferences between experimental and control groups were assessed with Prism
software, using multiple t tests. Results were considered statistically signifi-
cant at P < 0.05.
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