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Respiratory distress syndrome (RDS), which is induced by insufficient
production of surfactant, is the leading cause ofmortality in preterm
babies. Although several transcription factors are known to be
involved in surfactant protein expression, themolecular mechanisms
and signaling pathways upstreamof these transcription factors have
remained elusive. Here, using mammalian Hippo kinases (Mst1/2,
mammalian sterile 20-like kinase 1/2) conditional knockout mice, we
demonstrate that Mst1/2 kinases are critical for orchestration of
transcription factors involved in surfactant protein homeostasis and
prevention of RDS.Mice lackingMst1/2 in the respiratory epithelium
exhibited perinatal mortality with respiratory failure and their lungs
contained fewer type I pneumocytes and more immature type II
pneumocytes lacking microvilli, lamellar bodies, and surfactant pro-
tein expression, pointing to peripheral lung immaturity and RDS. In
contrast topreviousfindingsofYAP (Yes-associatedprotein)-mediated
canonical Hippo signaling in the liver and intestine, loss of Mst1/2
kinases induced the defects in pneumocyte differentiation in-
dependently of YAP hyperactivity. We instead found that Mst1/2
kinases stabilized and phosphorylated the transcription factor
Foxa2 (forkhead box A2), which regulates pneumocyte maturation
and surfactant protein expression. Taken together, our results
suggest that the mammalian Hippo kinases play crucial roles in
surfactant homeostasis and coordination of peripheral lung differ-
entiation through regulation of Foxa2 rather than of YAP.

non-canonical Hippo pathway | lung development

Peripheral lung immaturity and deficiency of pulmonary sur-
factant cause many intractable pulmonary diseases. Deficit of

surfactant because of preterm birth or genetic disorders of surfac-
tant homeostasis induce respiratory distress syndrome (RDS) in the
newborn period (1). Dysregulation of these genes also underlies the
pathogenesis of many chronic lung diseases that have been con-
sidered idiopathic, such as interstitial lung disease, pulmonary al-
veolar proteinosis, and others (2). Elucidating the mechanism
underlying regulation of surfactant would be very helpful for un-
derstanding the molecular basis of refractory lung diseases of both
infants and adults.
Alveoli are composed of type I and type II pneumocytes. The type

II pneumocyte is the progenitor cell of the type I pneumocyte and
plays a central role in physiological pulmonary functions, especially
surfactant production (3). Type I pneumocytes contact alveolar
capillaries and participate in gas exchange. Lung morphogenesis in
mice is a dynamic process that can be divided into embryonic
[embryonic day (E) 9–11.5], pseudoglandular (E11.5–16.5), cana-
licular (E16.5–17.5), saccular [E17.5 to postnatal (PN) day 5], and
alveolar (PN5–28) stages. During canalicular and saccular stages in
late gestation, peripheral lungs containing type I and II pneumo-
cytes fully differentiate in preparation for postnatal respiration (4).
Many transcription factors, including Foxa2 (forkhead box A2),

TTF-1 (thyroid transcription factor-1)/Nkx2.1 (NK2 homeobox 1),
and C/EBPα (CCAAT/enhancer binding protein-α), are known to

be involved in surfactant production and homeostasis during late
gestation (1, 4–7). Mice containing a mutation of TTF-1 or a de-
letion of Foxa2 or C/EBPα display immature type II pneumocytes
and lack type I pneumocytes without an alteration in branching
morphogenesis, resulting in RDS (8, 9). Foxa2, TTF-1, and C/EBPα
reciprocally interact to regulate transcriptional targets of surfac-
tant synthesis and peripheral lung maturation (5). Some upstream
regulators, such as Nfatc3 (nuclear factor of activated T cells,
cytoplasmic 3) and protein kinase A were identified (10, 11), but
so far the mechanism regulating peripheral lung maturation and
surfactant homeostasis are poorly understood and complex.
Mammalian sterile 20-like kinase 1 and 2 (Mst1/2) are upstream

kinases involved in the Hippo pathway, the unique signaling path-
way involved in organ development and cancer (12). Interestingly,
Mst1/2- and 45kD WW domain protein (WW45)-knockout mice
show a tendency to accumulate undifferentiated progenitor cells
(13, 14). For example, liver-specific ablation of Mst1/2 causes an
increase in the number of hepatocytes and facultative progenitor
cells (oval cells) (15). Intestine-specific ablation of Mst1/2 also
results in intestinal progenitor cell proliferation and subsequent
colonic tumorigenesis (16, 17). The phenotypes of these organs
are attributed to hyperactivity of Yes-associated protein (YAP),
an oncogenic downstream effector molecule of the Hippo path-
way. These studies suggest the interesting possibility that Yap-
mediated Hippo signaling pathway, the so-called canonical Hippo
pathway, works as critical inhibitor of epithelial progenitor cell
proliferation in epithelial organs. Whether this paradigm is ap-
plicable to other epithelial organs is not yet clear. Recent studies
have also demonstrated the role of Mst1/2 kinases in a YAP-
independent mechanism, the so-called noncanonical Hippo path-
way. For example, Mst1 suppresses lymphoma development by
promoting faithful chromosome segregation, independently of
YAP (18). Mst1/2 kinases also execute a variety of functions with
multiple partners, such as Foxo1, Foxo3, Akt, and Aurora B, in
different biological contexts (19–22).
We have now generated conditional double-knockout mice

(dKO) in whichMst1 andMst2were deleted in the developing lung
epithelium. Our results revealed that Mst1/2 acts through modu-
lation of Foxa2 to play a critical role in the regulation of peripheral
lungmaturation and surfactant homeostasis with use of thesemice.
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Results
Lung-Specific Mst1/2-dKO Mice Succumb to RDS and Die in the
Perinatal Period. Mst1/2-null mice lacking both Mst1 and Mst2
genes begin dying in utero at embryonic day 8.5 because of defects
in placental development and yolk sac/embryonic vascular pat-
terning (21). To investigate the role ofMst1/2 in lung development,
we crossedMst1fl/fl;Mst2−/−mice withNkx2.1-Cre mice to generate
the lung-specific Mst1/2-knockout mouse, Mst1fl/fl;Mst2−/−;Nkx2.1-
Cre, hereafter termedMst1/2-dKO.Mst2−/−mice did not show any
noticeable developmental or immunological defects (15). We
confirmed the efficient deletion of Mst1 in the Mst2-null lung tis-
sues (Fig. S1 A and B). LacZ staining showed that Nkx2.1 Cre was
expressed in lung epithelial cells (Fig. S1C).Mst1/2-dKOmicewere
born at normal Mendelian ratio. Lung size and dry lung weight
were comparable between Mst1/2 dKO mice and control mice at
E15.5 and E18.5 (Fig. 1A and Fig. S2). However,Mst1/2-dKOmice
exhibited a markedly sick appearance at birth and almost all mice
died within the first 15 d after birth (Fig. S1D). At PN10, Mst1/
2-dKO lung showed severe accumulation of inflammatory cells
in the alveolar space and bronchiole with multiple atelectasis and

emphysematous lesions (Fig. 1C and Fig. S3A), suggesting the
Mst1/2-dKO mice died because of respiratory failure.
We then determined the onset of aberrant phenotype fromE15.5

to E18.5. Until E17.5, there were no significant differences between
the lungs of Mst1/2-dKO mice and control mice (Fig. 1B). At that
time, embryonic markers such as Sox9 (sex-determining region Y
box 9, a marker for distal lung progenitor cells) and Sox2 (marker
for proximal lung progenitor cells) were also normally expressed in
Mst1/2 dKO lungs (23) (Fig.1D, and Fig. S4 A and B). However,
alveoli of Mst1/2-dKO lungs at E18.5 and PN1 showed a re-
markably reduced aerated space compactedwith immature-looking
cuboidal cells (Fig. 1 B and C). At around PN5,Mst1/2-dKO lungs
displayed spontaneous infiltration of inflammatory cells and hya-
line membrane formation, which are characteristics typical of RDS
in preterm infants (1), at which point the destruction of lung be-
came aggravated (Fig. 1C). No bacteria and fungi were detected in
lung sections or in cytospins of bronchoalveolar lavage fluid, ruling
out the possibility of infection (Fig. 1C and Fig. S3B).
We determined whether Mst1 and Mst2 affect cell proliferation

and apoptosis by performing BrdU labeling and TUNEL assays,

Fig. 1. Mst1fl/fl;Mst2−/−;Nkx2.1-Cre mice exhibit perinatal mortality with RDS. (A) Representative lungs of E15.5, E18.5, PN1, and PN10 of control and Mst1/2-
dKO mice. (Scale bar, 0.5 cm.) (B) Lung section from E15.5, E16.5, E17.5, and E18.5 of control and Mst1/2-dKO mice were stained with H&E, revealing that
branching morphogenesis is normal in Mst1/2-dKO mice. (C) Lung sections from PN1, PN5, and PN10 mice were fixed and stained with H&E. (D) Evaluation of
cell proliferation and apoptosis by immunodetection of Brdu and TUNEL assay, respectively, in sections of control and Mst1/2-dKO mice at E17.5. Distal
progenitor marker (Sox9) and proximal progenitor marker (Sox2) were costained. (E) Ki67 and epithelial cell marker (E-cadherin) were costained to reveal the
proliferation rates of epithelial cell and nonepithelial cell. TUNEL staining was performed to evaluate the apoptosis at E18.5. Mean ± SD was determined from
three embryos per group. *P < 0.05. (Scale bars in B–E, 50 μm.)
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respectively, at E17.5. Proliferation and cell death in the Mst1/2-
dKO mice lungs did not appeared significantly altered until E17.5
(Fig. 1D and Fig. S4C). The percentages of proliferating pro-
genitor cells expressing Sox2 or Sox9 were similar between control
and Mst1/2-dKO mice at E17.5 (Fig. 1D and Fig. S4D). However,
E18.5Mst1/2-dKO lungs showed a markedly increased number of
proliferative cells and mildly diminished cell death (Fig. 1E and
Fig. S4E). To confirm the increase of epithelial cell specific pro-
liferation at E18.5, we costained the lung sections with Ki67 and E-
cadherin (E-Cad). The percentage of Ki67+ cells among E-Cad+

epithelial cells was higher in Mst1/2 dKO versus control lungs at
E18.5. In contrast, the percentage of Ki67+ cells among E-Cad−

mesenchymal cells was similar in Mst1/2 dKO and control lungs
(Fig. 1E). These observations suggest that the lung phenotype of
Mst1/2 dKO mice is a result of the cell-autonomous effects of
Mst1/2 deletion.

Deletion of Mst1/2 in Lung Epithelial Cells Causes Abnormal Lung
Maturation: Impaired Surfactant Homeostasis and Delayed Differen-
tiation of Type I and II Pneumocytes. Given that deregulated matu-
ration of the lung gives rise to perinatal lethality andRDS (1), which
were observed inMst1/2-dKO mice (Fig. 1 B and C), we examined
differentiation markers to assess the degree of lung maturation.
Normal maturation was observed in control lungs, which showed
well-differentiated type II cells expressing the markers surfactant
protein-B (SP-B) and prosurfactant protein-C (proSP-C), and type
I cells, which were stained by T1α protein (Fig. 2A). In contrast,
alveolar sacs in Mst1/2-dKO lungs at E18.5 were compacted with
cuboidal cells lacking SP-B and proSP-C expression (Fig. 2A).
These Mst1/2-dKO cuboidal cells seemed to be immature type II
pneumocytes that did not fully mature to produce surfactant

proteins normally. Staining for T1α demonstrated decreased
numbers of squamous type I cells in Mst1/2-dKO lungs (Fig. 2A).
However, the distribution and proliferation of CC10-expressing
Clara cells and acetylated-tubulin expressing ciliated cells were
similar between Mst1/2-dKO and control mice (Fig. 2A and Fig.
S4F). These data suggested that proliferating E-Cad+ epithelial
cells were mainly immature type II pneumocytes lacking SP-B and
proSP-C expressions rather than airway epithelial cells. We did not
see any abnormal proliferation of mesenchymal cells expressing
smooth muscle actin (SMA) inMst1/2-dKO lungs. Vascularization
was normal inMst1/2-dKOmice (Fig. S4G). We also examined the
expression of mesenchyme-originated signaling factors, such as
Fgf10 (fibroblast growth factor 10) and its targets, Spry2 (Sprouty
homolog 2) and Bmp4 (Bone morphogenetic protein 4), and other
cardinal factors of morphogenesis, includingWnt7b and Shh (Sonic
Hedgehog) at E15.5 and E18.5 (23). The unaltered expressions of
Fgf10, spry2, Bmp4, and Shh reflect that the effects of Mst1/2 de-
letion are cell autonomous, and not secondary result of a change in
fundamental developmental pathway (Fig. S5).
Transmission electronic microscopy (TEM) confirmed that

Mst1/2-dKO mice have immature type II pneumocytes and few
squamous type I pneumocytes. These immature type II pneumo-
cytes lacked apical microvilli and lamellar bodies (Fig. 2B). Scan-
ning electronic microscopy (SEM) also indicated much more filling
of alveoli surfaces with cuboidal type II pneumocytes in Mst1/2-
dKO mice compared with control mice (Fig. 2B). To further con-
firm these phenotypes of Mst1/2-dKO lungs, we measured the
mRNA levels of several lung differentiation markers. A quantita-
tive RT-PCR (qRT-PCR) analysis revealed a significant reduction
in the levels of SP-A, SP-B, SP-C, SP-D, ABCA3 (lamellar body
marker), and T1α mRNA in Mst1/2-dKO mice, but no change in

Fig. 2. Mst1/2-dKO mice exhibit defects in pulmonary surfactant protein expression and peripheral lung maturation. (A) SP-B, proSP-C, and T1α staining were
decreased in lungs of E18.5 Mst1/2-dKO mice, whereas CC10 protein was unaltered. (Scale bar, 200 μm.) (B) Ultrastructure of lung epithelial cells in E18.5
control andMst1/2-dKO lungs. TEM (Upper andMiddle) showed squamous type I cells (arrowhead, Upper) and cuboidal type II cells (arrow, Upper) containing
lamellar bodies (arrow, Middle) and microvilli (arrowhead, Middle) in the lungs of control mice. Type I cells were rarely observed in the lungs of Mst1/2-dKO
mice. SEM (Lower) showed alveolar space. Arrowhead indicates type II cells. (Scale bars, 5 μm.) (C) MLE-12 mouse lung epithelial cells were infected with
lentivirus encoding scrambled shRNA (control) or Mst1/Mst2 shRNA. Mst1/2-knockdown cells and control cells were immunostained for SP-B (red) and proSP-C
(red) and counterstained with DAPI (blue, Upper andMiddle) (Scale bar, 20 μm). (Lower) TEM of MLE-12 cells. (Scale bar, 5 μm.) (D and E) qRT-PCR of total RNA
from E18.5 Mst1/2-dKO lungs. *P < 0.05. (F) Quantification of mRNA levels in control and Mst1/2-knockdown MLE-12 cells. *P < 0.05.
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the expression of CC10 (Fig. 2 D and E). Taken together, these
findings demonstrate that the absence of Mst1 and Mst2 results in
defective peripheral lung differentiation, characterized by impair-
ments in alveolarization and delayed differentiation of type I and
type II pneumocyte, finally causes RDS-like phenotype.

Mst1/2 Knockdown Decreases the Expression of SP-B and SP-C in MLE-
12 Cells. To confirm the hypothesis that Mst1 and Mst2 are indeed
required for peripheral lung maturation and intrinsic surfactant
protein production, we performed in vitro studies using MLE-12
(murine lung epithelial) cells expressing surfactant proteins (24).
Consistently, depletion of Mst1/2 with small-interfering (hairpin)
RNA (shRNA) suppressed the expression of SP-B and proSP-C
(Fig. 2C). TEM revealed that the numbers of lamellar bodies, mi-
crovilli, and internal cellular organelles weremarkedly decreased in
Mst1/2 knockdown MLE-12 (Fig. 2C), suggesting that these cells
had become defective type II pneumocytes that cannot produce
surfactant normally. Consistently, there was a significant reduction
in the levels of SP-B, SP-C, and ABCA3 mRNA in Mst1/2
knockdown MLE-12 cells (Fig. 2F).

Mst1/2 Regulate Maturation of Type II Pneumocytes and Surfactant
Production Independently of YAP/TAZ (transcriptional coactivator
with PDZ-binding motif). We next investigated the mechanism by
which Mst1 and Mst2 regulate surfactant protein production and
maturation of type II pneumocytes.Wefirst tested the hyperactivity
of YAP in lung tissues, because deletion ofMst1/2 in the liver and
intestine induced hyperactivity of YAP with decrease in its phos-
phorylation (15, 16). Unexpectedly, the lung tissue of Mst1/2-dKO
mice did not exhibit the hyperactivity of YAP or TAZ (transcrip-
tional coactivator with PDZ-binding motif, a YAP paralog); in-
stead, both phosphorylated and unphosphorylated forms of YAP
were decreased (Fig. 3 A and B). The level of CTGF (connective
tissue growth factor), which is a direct target of YAP/TAZ, was also
decreased in Mst1/2-dKO lungs, indicating reduced YAP activity
(Fig. 3A). In agreement with Mst1/2-dKO mice data, depletion of
Mst1/2 in MLE-12 cells did not increase the level of YAP/TAZ or

CTGF (Fig. 3A). In fact, siRNA-mediated knockdown of YAP and
TAZ in MLE-12 cells did not affect the expression of SP-B or SP-C
(Fig. 3C). Taken together, thesefindings indicate thatMst1 andMst2
control the maturation of the type II pneumocytes and surfactant
protein production by a cell-autonomous mechanism, independently
of canonical Hippo signaling pathway through YAP/TAZ.

Mst1/2 Regulate Production of Surfactant Proteins Through Foxa2.
We next searched the potential partners to interact with Mst1/2
during peripheral lung maturation. As noted above, many mutant
mice exhibit lung immaturity and RDS-like phenotype similar to
that ofMst1/2-dKOmice. Among them, TTF-1, Foxa2, and C/EBPα
are critical transcription factors for surfactant homeostasis. Be-
cause Mst1 phosphorylates Foxo1/3 in the forkhead domain (19,
25), which is highly conserved in Foxa2, it is possible that Mst1/2
may regulate Foxa2 during lungmaturation. Thus, we checked the
expression of Foxa2 inMst1/2-dKO mice.Mst1/2-dKO lung tissue
exhibited remarkably reduced expression of Foxa2 (Fig. 4 A and
B), with no significant alteration of TTF-1 or C/EBPα (Fig. S6).
Considering both the similarity in lung phenotypes between

Foxa2-null mice andMst1/2-dKOmice and the reduction of Foxa2
expression in Mst1/2-dKO lungs, it is possible that the perinatal
phenotype ofMst1/2-dKOmay be related to the decrease in Foxa2
expression. To confirm the functional relationship betweenMst1/2
and Foxa2, we first checked for alterations of endogenous Foxa2
expression by Mst1/2 in A549 cells, which originate from type II
pneumocytes. Consistent with in vivo data, Mst1/2 knockdown
decreased the expression of endogenous Foxa2 and Mst1 over-
expression increased that of Foxa2, but mRNA levels of Foxa2 did
not change significantly (Fig. 4 C and D). To confirm the role of
Foxa2 in Mst1/2-mediated surfactant production, we tested the
effects of Foxa2 overexpression in Mst1/2-knockdown MLE-12
cells. Expectedly, overexpression of Foxa2 partially rescued the

Fig. 3. Mst1/2 regulate expression of surfactant proteins independently of
the Hippo pathway. (A) Western blot of E18.5 lung lysates and MLE-12 cell
lysates. Expression of Mst1, Mst2, Lats1, YAP, p-YAP (S127), TAZ, and CTGF
were analyzed. MLE-12 mouse lung epithelial cells were infected with lenti-
viruses encoding scrambled (control) or Mst1/Mst2 shRNA. (B) Lung sections of
control andMst1/2-dKOmice at E18.5were stainedwith antibodies toYAPand
TAZ. (Scale bar, 200 μm.) Insets, 4× magnification. (C) MLE-12 cells were
transfected with control, YAP, or TAZ siRNA. SP-B, and SP-C mRNA were
measured by qRT-PCR. *P < 0.05.

Fig. 4. Deletion/knockdown of Mst1 and Mst2 decreases Foxa2 expression
in mouse lungs and A549 cells. (A) Decreased Foxa2 expression in Mst1/2-
dKO lungs at E18.5. (B) Lung sections from E18.5 control and Mst1/2-dKO
mice were stained with an antibody against Foxa2. (Scale bar, 100 μm.) (C)
A549 cells were infected with lentivirus encoding scrambled shRNA (control)
or Mst1/Mst2 shRNA. Western blot revealed that Mst1/2 knockdown de-
creased endogenous Foxa2 expression. The level of mRNA of Foxa2 did not
changed significantly (P = 0.7). (D) A549 cells were infected with empty
(control) or Mst1-HA–expressing retrovirus. Western blotting for HA and
Foxa2 showed that overexpression of Mst1 increased endogenous Foxa2
expression. The level of mRNA of Foxa2 was not changed significantly (P =
0.4). Mst1-overexpressing and control cells were immunostained for Foxa2
(red) and counterstained with DAPI (blue). (Scale bar, 20 μm.) (E) Mst1/2-
knockdown MLE-12 cells were infected with empty (control) or Foxa2-
expressing retrovirus. SP-B and SP-C mRNA levels were quantified by qPCR.
Foxa2 expression partially rescued the deficiency of SP-B and SP-C in Mst1/2-
knockdown MLE-12 cells. *P < 0.05, **P < 0.01.
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decrease in SP-B and SP-C in Mst1/2-knockdown MLE-12 cells
(Fig. 4E), suggesting that Mst1/2 regulate surfactant protein pro-
duction through Foxa2.
Next, we tested whether Mst1/2 affect the protein stability of

Foxa2. With protein synthesis inhibited by cycloheximide, over-
expression ofMst1 in A549 cells significantly increased the protein
stability of Foxa2 (Fig. 5A). Next, we tested whether Mst1/2 phos-
phorylate Foxa2 because Mst1/2 are known to regulate Foxo1/3
activities through phosphorylation. In vitro kinase assays showed
that the forkhead domain of Foxa2 was phosphorylated byWT, but
not kinase-dead, Mst1 (Fig. 5B). However, unlike Mst1/2, large
tumor suppressor 2 (Lats2) and their scaffold proteinMob1 did not
phosphorylate the forkhead domain of Foxa2 (Fig. S7). These data
support that Mst1/2 regulates Foxa2 independently of canonical
Hippo pathway.
Finally, to further characterize the contribution of Foxa2 in the

Mst1/2-dKOmice phenotype, we analyzed the some representative
Foxa2 target genes in Mst1/2-dKO mice. Published microarray
data of Foxa2-null mice showed significant alteration of genes
regulating antioxidant production (Sod3, Gstm5, and Mt1), lipid
homeostasis (Abca3, Fabp5, Scd1, and Pon1), and innate host
defense (Chi3l1, Hc, and Sftpa) (8). The qRT-PCR results showed
that, like Foxa2-null mice, Mst1/2 dKO mice have decreased ex-
pression of genes related to innate host defense, such asChi3l1 and
Hc, and genes regulating lipid homeostasis, including Fabp5 and
Abca3. These data suggested that the deregulation of Foxa2
contributes, at least in part, to the phenotype ofMst1/2 dKOmice.
It was notable that some genes of antioxidant production including
Sod3, Mt1, and Gstm5 were also decreased in contrast to the
results of Foxa2 null mice (Fig. S8 and Table S1). We speculate

thatMst1/2 can affect the differentiation of type II pneumocytes by
itself or through other mediators, such as Foxo1/3, which regulate
antioxidant production (21, 25).

Discussion
Deletion of Mst1/2 in the developing lung epithelium resulted in
deregulated differentiation of type II pneumocytes and diminished
production of surfactant proteins. These lung phenotypes are
consistent with the RDS symptoms of human preterm babies (1).
The immature type II pneumocytes were characterized by a lack of
apical microvilli, lamellar bodies, and surfactant protein expres-
sion. Depletion of Mst1/2 in MLE-12 cells also caused a decrease
in the expression of SP-B and SP-C.
Mst1/2 deletion in lung epithelial cells caused deregulated

maturation of type II pneumocytes in the absence of YAP hy-
peractivity. These findings were surprising, given that Mst1/2 de-
letion has been found to increase the proliferation of intestinal
and liver epithelial cells through YAP activation (15, 16, 26). In
the liver and intestine, Mst1/2 functions mainly through YAP in
the canonical Hippo pathway (12). However, in the context of the
developing lung, Mst1/2 coordinates peripheral lung maturation,
at least in part, through the transcription factor Foxa2 (Fig. 5C).
We also evaluated the phenotype of WW45fl/fl;Nkx2.1-Cre mice.
Whereas deletion of WW45 in the liver and intestine caused ex-
pansion of epithelial cells and eventually development of tumors,
a phenotype similar to that of Mst1/2 mutant mice (13, 26, 27),
lung-specific deletion of WW45 caused no abnormalities during
development or in adults (Fig. S9). These data also support the
suggestion thatMst1/2 regulates lungmaturation through Foxa2 in
the noncanonical Hippo pathway which is independent of YAP.
TAZ-null mice show abnormal alveolarization during lung
development, which causes airway enlargement, mimicking em-
physema in adult mice (28). However,TAZ-null mice, unlikeMst1/
2-dKOmice, express SP-C normally and lack an obvious RDS-like
phenotype. Thus, the phenotype of Mst1/2-dKO mice is likely
caused by a mechanism more complex than a simple decrease in
TAZ. It is interesting to note that, unlike the liver and intestine,
lung-specific deletion ofMst1/2 leads to reduction of YAP protein
levels. It is possible that the lung context changed by Mst1/2 de-
letion (for example, altered mechanical strain or cell density) may
affect the expression of YAP and TAZ. Future studies will be
needed to investigate the exact mechanisms of YAP/TAZ regu-
lation in developing lung.
Importantly, several studies have revealed the roles of the non-

canonical Hippo pathway independent of YAP. In neural cells,
Mst1 directly phosphorylates a conserved site in the forkhead do-
main of FoxO1/3 and thereby induces apoptosis (25). The Mst1-
FoxO pathway is also important for protecting blood-naïve T cells
from reactive oxygen species (19). Our study also confirmed that
Mst1 phosphorylates the forkhead domain in Foxa2 (Fig. 5B) and
increases Foxa2 protein stability. It is conceivable that the mam-
malian Hippo kinases Mst1/2 regulate other transcription factors
with forkhead domain through phosphorylation as part of a non-
canonical Hippo signaling pathway, but further mechanistic and
functional studies will be needed to verify this in a specific cellular
context. Foxa2 null mice and Mst1/2-dKO mice exhibit similar
phenotype in the point of RDS. This similarity highlights the pos-
sibility that the decrease in Foxa2 expressionmay be responsible for
the phenotypes inMst1/2-dKOmice.More specifically,Mst1/2-dKO
mice have many overlapping features, including immature type II
pneumocytes, disorganized lamellar bodies, and a lack of type
I pneumocytes. However, some features, such as goblet cell hy-
perplasia and decreasedCC10 expression, are present only in Foxa2
mutant mice (6, 8). We think that these differences are caused by
the fact that Mst1/2 dKO mice have decreased but retained Foxa2
expression. In addition, because theRDS phenotype ofMst1/2 dKO
mice was fully penetrant, some postnatal phenotypes like goblet cell

Fig. 5. Mst1 increases the stability of Foxa2 protein and phosphorylates the
forkhead domain of Foxa2. (A) A549 cells were infected with empty (control)
or Mst1-HA–expressing retrovirus. The stability of endogenous Foxa2 protein
with and without Mst1 overexpression was measured in cells in which new
protein synthesis was inhibited with cycloheximide (30 μg/mL). Cells were
harvested at the indicated times after addition of cycloheximide and analyzed
for Foxa2 by Western blotting. Relative protein levels were compared with
0-h time points. (B) In vitro kinase assays. Anti-Flag immunoprecipitates pre-
pared from 293T cell lysates expressing Flag-tagged WT or kinase-dead (KD)
MST1were assayed for kinase activity. GST fusedwith the forkhead domain of
Foxa2 was used as a substrate. After autoradiography, the membrane was
stained with Fast Green to reveal substrate input (Lower). *Ig heavy chain. (C)
Schematic model of Mst1/2 and Foxa2 regulation of peripheral lung matu-
ration. Mst1/2 and Foxa2 regulate type 2 pneumocytes to differentiate and
produce lamellar bodies, surfactant, and microvilli. The differentiation of
type II pneumocytes to type I pneumocytes requires Mst1/2 and Foxa2 signals.
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hyperplasia could not be efficiently observed. Postnatal deletion of
Mst1/2 in lung may be required to accurately address these issues.
The transcription factor TTF-1 has been shown to be involved

in lung development and is a target of rat Mst2 kinase (29). An
in vitro study reported that Foxa2 regulates TTF-1 expression,
but it was also reported that Foxa1−/−;Foxa2Δ/Δ mice exhibit no
change in TTF-1 expression (7). Consistent with this latter study,
we found that, although Foxa2 expression was markedly de-
creased in the lungs of Mst1/2-dKO mice, TTF-1 expression was
not changed (Fig. S6).
Regulation of type II pneumocyte differentiation is important,

not only in the developmental stage but also during tumorigenesis
and lung regeneration after injury (3). However, lung develop-
mental problems of mutant mice were ultimately fatal, preventing
us from assessing effects ofMst1/2 deletion in adult animals, such as
adult interstitial lung disease and tumorigenesis. A recent study
revealed that K-Ras–induced distal lung adenocarcinomas origi-
nate from type II pneumocytes (30). It will thus be interesting to
investigate the functions of Mst1 and Mst2 at the point of type II
pneumocyte differentiation in K-Ras–induced lung tumorigenesis
and lung regeneration after injury.
In conclusion, deletion of Mst1/2 from the respiratory epithe-

lium caused deregulation of peripheral lung differentiation, pre-
vented maturation of type II pneumocytes, reduced surfactant
proteins, and decreased type I pneumocytes, causing RDS at the
perinatal stage. The identification of Mst1/2 as unique regulators
of peripheral lung differentiation may aid in the development of
new strategies for early diagnosis and effective treatment of many
peripheral lung diseases, such as RDS, interstitial lung disease,
and lung cancer.

Materials and Methods
Generation Mst1fl/fl; Mst2−/−;Nkx2.1-Cre Mice. The generation of Mst1fl/fl;
Mst2−/−;Nkx2.1-Cre mice is described in SI Materials and Methods. Mouse
care and experiments were performed in accordance with procedures ap-
proved by the Korea Advanced Institute of Science and Technology-Animal
Care and Use Committee.

Histological and Electron Microscopy Analysis. Lung tissue was fixed in 10%
(vol/vol) formalin for paraffin sections and in 4% (wt/vol) paraformaldehyde
for preparation of frozen sections. Sections (4-μm thickness) were stained
with H&E or were subjected to immunohistochemical analysis using standard
protocols. Detailed protocols and information on antibodies used for
staining are presented in SI Materials and Methods. Electron microscopy
analyses of lung and cell samples were performed according to standard
protocols as previously described (14). Detailed procedures for electron mi-
croscopy analysis are described in SI Materials and Methods.

Cell Proliferation and Apoptosis. Cell proliferation was analyzed by staining
for Ki67 (Novocastra), and apoptosis was evaluated using an In Situ Cell Death
Detection kit (Roche), as described previously (14).

Immunoblot Analysis. Lung tissues were homogenized in Proprep lysis buffer
(iNtRON Biotechnology) containing protease and phosphatase inhibitors.
Lysates were centrifuged at 15,000 × g for 15 min at 4 °C, and the resulting
supernatants were analyzed by immunoblotting. The antibodies used for
detection are described in SI Materials and Methods.

qRT-PCR Analysis and in Vitro Kinase Assay. Total RNA was isolated from lung
tissues using Riboex (Geneall) according to themanufacturer’s protocol. Real-
time reactions were performed as described previously (25). The relative
concentration of mRNA was normalized to the concentration of GAPDH
mRNA in each sample. GAPDH mRNA was quantified using the primers 5′-
CTT CAC CAC CAT GGA GGA GGC-3′ and 5′-GGC ATG GAC TGT GGT CAT
GAG-3′ primers. Other primer sequences and in vitro kinase assays are de-
scribed in SI Materials and Methods and Tables S2–S4.

Foxa2 Protein Stability. Cycloheximide was added to the cells at a final con-
centrationof 30μg/mL. The cellswereharvestedat the indicated times following
cycloheximide treatment, and protein extracts were prepared. The protocols
were performed as previously described (31), with some modifications.

Statistical Analysis. Quantitative data are presented as means ± SDs unless
indicated otherwise. Differences between means were evaluated using Stu-
dent’s unpaired test. A P value < 0.05 was considered statistically significant.
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