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Introduction

An average human lung is composed of approximately 143 m?
(~1500 ft?) of gas-exchange surface area (1). Approximately 95%
of this surface is generated during the last step of lung develop-
ment termed alveologenesis, in which millions of septa subdivide
the walls of gas-exchange units to form about 480 million alveoli.
In premature infants, the process of alveologenesis is either trun-
cated or eliminated, disrupting septa formation, which leads to
poor gas exchange. Each year in the United States, an estimated
10,000 to 15,000 premature infants with severe abnormalities
of gas exchange are diagnosed with bronchopulmonary dysplasia
(BPD), a condition that requires prolonged ventilatory support and
is often linked with long-term morbidities such as increased sus-
ceptibility to respiratory infections (2).

The process of alveologenesis has been extensively studied
using mice, in which alveologenesis initiates on P3 and contin-
ues until P39 (3, 4). The alveolar surface is commonly depicted
in 2D sections, where secondary septa appear as fingers that pro-
trude into the lumen. The tip of the “finger” is often positive for
a-smooth muscle actin (a-SMA), a product of the actin o2 (Acta2)
gene and a marker for secondary crest myofibroblasts. A reduction
in myofibroblasts, as was detected in PDGFa- and PDGF receptor
o-mutant (Pdgfa- and Pdgfra-mutant) lungs, or our genetic ablation
of myofibroblasts through expression of diphtheria toxin in these
cells, disrupted septa formation (5-9). These data demonstrate
that myofibroblasts are essential for secondary septa formation.
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A majority (~95%) of the gas-exchange surface area is generated through septa formation during alveologenesis. Disruption
of this process leads to alveolar simplification and bronchopulmonary dysplasia (BPD), a prevalent disorder in premature
infants. Although several models have been proposed, the mechanism of septa formation remains under debate. Here we
show that inactivation of myosin light chain kinase (MLCK), a key factor required for myofibroblast contraction, disrupted
septa formation, supporting the myofibroblast contraction model of alveologenesis. The alveoli simplification phenotype
was accompanied by decreased yes-associated protein (YAP), a key effector in the Hippo mechanotransduction pathway.
Expression of activated YAP in Mick-mutant lungs led to partial reversal of alveolar simplification. In the adult, although Mick
inactivation did not lead to simplification, it prevented reseptation during compensatory regrowth in the pneumonectomy
model. These findings revealed that myofibroblast reactivation and contraction are requisite steps toward regenerating the
gas-exchange surface in diseases such as BPD and chronic obstructive pulmonary disease (COPD).

Several models that were largely based on a 2D presentation
of secondary septa as fingers were proposed to depict how these
fingers form. One model proposed that they arise through cellular
repulsion from the alveolar wall into the lumen (10). A second mod-
el proposed that they arise through sprouting and growth of the tips
(11). A third model proposed that these fingers arise through bal-
looning of the alveolar wall, leading to septa elongation at the basal
end, away from fixed luminal tips (12). In contrast, our recent 3D
imaging analysis depicted secondary septa as ridges that underlay
thinly stretched, long myofibroblasts (13). These myofibroblasts
join together in a pattern of interconnected rings. This 3D pattern
resembles a “fishnet,” which was first articulated in 1970 by Emery
on the basis of an observation of histological sections of human
alveoli (14).
of confocal images and propose that myofibroblasts constitute the
“strings” of the fishnet. In this model, the network is elaborated as
new myofibroblasts are added. More important, coordinated con-
traction of the myofibroblasts either tightens the net and /or holds it
in place against air pressure on alveolar walls, leading to the rise of

We renewed this model based on 3D reconstruction

septal ridges that are directly over the strings relative to areas that
are in between strings (13).

To directly test this revised model and identify the fundamental
mechanism of septa formation, we focused on myofibroblast con-
traction, a hallmark characteristic of differentiated myofibroblasts.
Akey prediction for this model postulates that preventing myofibro-
blast contraction should lead to a failure in septa formation. In many
other tissue settings, myofibroblast contraction is regulated by a net-
work of signaling pathways directed to control the molecular motor
myosin (15). Phosphorylation of myosin light chain (MLC) activates
actomyosin Mg-ATPase, resulting in the sliding of actin-myosin fil-
aments and force generation. The extent of MLC phosphorylation,
which is regulated by the counteracting activity of myosin light
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Figure 1. Mick inactivation leads to decreased myofibroblast contrac-
tion. (A) Timeline of dox treatment and analysis of Pdgfra™ tetO-Cre
Rosa™™ pups for assessment of cell morphology. (B-G) Representative
images of reconstructed 70-um z-stacks of GFP pattern (green) in the
alveolar region of lungs at P8 (B-D) and P15 (E-G). (H) Quantification for
images in B-G. ****P = 0,0000005 (n = 20 cells per stage selected from 3
samples at P8 and 2 samples at P15). (I) Timeline of dox-mediated gene
inactivation and analysis. (J-M) Representative immunofluorescence
staining for MLCK (J and K) and p-MLC (L and M) in the alveolar region of
control and mutant lungs at P8. (N) Western blot analysis of lung tissues
using antibodies against MLCK, B-actin, p-MLC, and MLC. (0) Western
blot quantification indicated that MLCK levels were decreased in mutant
compared with control lungs at P8. ####P = 0.000033 (n = 3). (P) Western
blot quantification indicated a decrease in the ratio of p-MLC to MLC
levels in mutant compared with control lungs at P8. *P = 0.0133 (n = 3).
(Q-V) Representative collagen gel images for no cells, control Pdgfra®*-
positive myofibroblasts and mutant Pdgfra®-positive myofibroblasts

at 0 hours and 48 hours. (W) Quantification for images in Q-V. 7P <
0.0001, control versus Thx4-rtTA tetO-Cre Mick™" at 24 hours (n = 3);
1P < 0.0001, control versus Tbx4-rtTA tetO-Cre Mick™ at 48 hours

(n = 3); ""P < 0.0001, control versus Thx4-rtTA tetO-Cre MIck™ at 72
hours (n = 3). Scale bars: 50 um (B, E, and J-M), 10 um (C, D, F, and G),
and 1 mm (Q-V). Data represent the mean + SEM. P values were deter-
mined by 2-tailed Student’s t test (H, 0, and P) and 2-way ANOVA with
Tukey’s method to adjust for multiple comparisons (W).

chain kinase (MLCK) and myosin light chain phosphatase (MLCP),
is thought to be the primary determinant for the production of con-
traction. In support of this, smooth muscle-specific inactivation of
the Mick gene (also termed Mylk) resulted in impaired gut and air-
way smooth muscle contraction (16, 17).

In this study, we show that inactivation of Mick in the lung
mesenchyme disrupted myofibroblast contraction. This led to
a drastic halt of septa formation. Furthermore, we found that
yes-associated protein (YAP), the core transcription factor in the
Hippo pathway, is regulated by MLCK and in turn functions in par-
allel with MLCK to control alveologenesis. Last, in a pneumonec-
tomy (PNX) model of compensatory alveolar regrowth, inactiva-
tion of Mick also disrupted reseptation, suggesting the possibility
that stimulation of reappearance and coordinated contraction of
secondary crest myofibroblasts in the adult may be a strategy to
drive new septa formation.

Results

Dynamic myofibroblast morphology during alveologenesis. To study
the role of secondary crest myofibroblasts during alveologenesis,
we first analyzed their shape and size. Previously, we generated
the mouse line featuring knockin of Pdgfra™™, which is active in
myofibroblasts during alveologenesis (7). Using this mouse line in
combination with tzetO-Cre and the Rosa™™¢ reporter, we outlined
the membranes of myofibroblasts with myristoylated GFP (ref. 18
and Figure 1, A-G). Low-dose doxycycline (dox) injection was giv-
en on P1 for sparse labeling of cells, and the lungs were analyzed
on P8 and P15. Myofibroblast lengths were significantly shorter on
P15 compared with lengths on P8 (Figure 1H), consistent with con-
traction of these cells.

Inactivation of Mick reduced myofibroblast contraction. To identi-
fy the mechanism underlying myofibroblast contraction, we inacti-
vated Mick, a key node in smooth muscle cell contraction. This was
carried out specifically in the lung mesenchyme using the Thx4-
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rtTA tetO-Cre driver (19). To ensure robust inactivation, dox food
was administered starting on E9.5, shortly after lung bud initiation,
until P8, the peak of alveologenesis and time of analysis (Figure 1I).
We used an anti-MLCK antibody and found that MLCK staining
was substantially diminished in Mick-mutant lungs (Figure 1, ] and
K). This was corroborated by Western immunoblot analysis, which
showed that MLCK protein levels were significantly reduced in the
mutant (Figure 1, N and O). Phosphorylated MLC (p-MLC), a pri-
mary downstream target of MLCK activity, was also decreased in
the mutant lung (Figure 1, L-N and P). To determine whether inac-
tivation of Mick resulted in impaired myofibroblast contraction,
we FACS purified GFP* myofibroblasts from P7 Pdgfra®™* lungs
of control mice or mice on a Mlck-mutant background (20). These
cells were embedded in collagen gels and cultured for 72 hours
and the resulting gel size measured. Gels containing Mlck-mutant
myofibroblasts showed statistically significant attenuation of con-
traction compared with control cells (Figure 1, Q-W). For in vivo
validation, we inactivated Mick using the Pdgfra™™ tetO-Cre driv-
er with the Rosa™™¢ reporter. Myofibroblast lengths were signifi-
cantly longer in Mick-mutant lungs than those in control lungs on
P8 (Supplemental Figure 1, A-G; supplemental material available
online with this article; https://doi.org/10.1172/]JCI132189DS1).
Together, these data suggest that Mick is required for alveolar myo-
fibroblast contraction.

Inactivation of Mick disrupted septa formation. To determine
the role of Mick at the tissue level during lung development, we
inactivated Mick by administering dox starting on E9.5. By E13.5,
Mick lungs had a normal branching pattern (Supplemental Figure
1H), despite the efficient MLCK inactivation shown by antibody
staining (Supplemental Figure 1, I and ]), suggesting that Mick is
not required for branching morphogenesis. Mick pups were via-
ble, and mutant lungs had alveolar simplification starting on P3,
a phenotype that was more pronounced by P8 (Figure 2, A-L).
Quantification by mean linear intercept (MLI) analysis indicated
that the MLI of Mlck-mutant lungs was not significantly differ-
ent from that of the controls on P1 (Figure 2C). But by P3, P4,
and P8, mutant lungs showed a 27%, 57%, and 133% increase,
respectively, in relative MLI compared with control lungs (Figure
2, F, I, and L). To complement this genetic approach, we treated
WT pups with ML-7, an inhibitor of MLCK, from P1 to P7. ML-7-
treated lungs showed alveolar simplification by P8 compared
with vehicle-treated lungs (Figure 2, M-0), consistent with find-
ings from the Mick-mutant lungs. To determine cellular changes
that accompanied alveolar simplification in Mick-mutant lungs,
we assayed for the pattern of cell type-specific markers by a
genetically encoded fluorescence marker or immunofluores-
cence staining. By P8, the myofibroblast marker PDGFRa-GFP,
the pericyte marker PDGFRB, the alveolar type 1 epithelial cell
marker PDPN, the alveolar type 2 epithelial cell marker SPC, the
macrophage marker IsoB4, the endothelial cell marker ICAM2,
and the lipofibroblast marker ADRP all appeared normal in pro-
portion to simplification in mutant lungs as compared with con-
trol lungs (Supplemental Figure 1, K-V).

To determine the status of myofibroblast cells, we tested for
the expression of a-SMA, a myofibroblast marker. In 2D sections
of control lungs, we detected densely populated a-SMA signal,
primarily at the tips of secondary septa. However, in Mick-mutant
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Figure 2. Inactivation of Mick disrupts alveologenesis. (A-K) Representative H&E-stained sections from the alveolar regions of control (A, D, G, and ))
and mutant (B, E, H, and K) mouse lungs on P1, P3, P4, and P8. (C, F, I, and L) Quantification of alveolar simplification by MLI on P1 (P = 0.3336 [NS], n = 3),
P3 (*P =0.0326, n = 3), P4 (*P = 0.0368, n = 3), and P8 (***P = 0.0001, n = 4). (M and N) Representative H&E-stained sections from the alveolar regions of
PBS control- and ML-7-treated mouse lungs on P8. (0) Quantification of alveolar simplification by MLI (*##P = 0.0003, n = 4). Data represent the mean +
SEM. P values were determined by 2-tailed Student’s t test. Scale bars: 50 um.
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Figure 3. Inactivation of Mick leads to abnormal
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lungs, a-SMA signal was sparse, possibly as a result of simplifica-
tion (Figure 3, A and B). This difference in pattern is more compre-
hensively depicted in 3D (13). In control lungs on P8, we found that
a-SMA signal was in tightly packed rings at the alveolar entrance.
Many of these rings were interconnected with each other to give
rise to a “fishnet” under the alveolar surface (Figure 3C). Howev-
er, in Mick-mutant lungs, thicker and more disorganized a-SMA
cables underlay not just the alveolar entrance ring, but also other
regions of the alveolar wall (Figure 3D). These changes in 0-SMA
pattern were accompanied by an altered elastin pattern, the key

| -

myofibroblast and elastin patterns. (A and B)
Representative immunofluorescence staining for
a-SMA (red) in sections of the alveolar region showing
localization of myofibroblasts on P8. (C and D) Recon-
structed 70-um z-stacks of immunofluorescence
staining for a-SMA (red) in the alveolar region of lungs
on P8. a-SMA staining in the Mick-mutant lung was
less tightly organized compared with control lung.

(E and F) Representative immunofluorescence stain-
ing for elastin (red) in sections of the alveolar region
on P8. (G and H) Reconstructed 70-um z-stacks of
immunofluorescence staining for elastin (red) in the
alveolar region of lungs on P8. Elastin staining in the
Mick-mutant lung was disorganized compared with
control lung. Scale bars: 50 um.

extracellular matrix molecule in alveologenesis,
as observed in the 2D section and in a more pro-
nounced manner in the 3D reconstruction (Fig-
ure 3, E-H). In contrast to tight fibers that under-
lay alveolar entrance rings in the control, in the
mutant, elastin fibers were frayed and extended
to other regions of the alveolar walls.

Inactivation of Mick in phase 1 but not phase 2
of alveologenesis led to alveolar simplification. Our
previous results suggested that myofibroblast
behavior may be distinct in the 2 phases of alve-
ologenesis (13). In the first phase (P3-P14), myo-
fibroblasts express a-SMA fibers, and the elastin
network is remodeled from dispersed thin fibers
into thick fibers that surround alveolar entrance
rings (13). In the second phase (P15-P39), there
is no alveolar a-SMA signal, whereas the elastin
fiber matrix continues to increase in complexity
through addition of smaller intervening fibers
that underlie new septal ridges. To determine
when Mick is required, we inactivated Mlck at
different time points. First, a single dose of
dox injection was administered on P1, before
the start of alveologenesis, and the lungs were
analyzed on P8 (Figure 4A). These Mick-mutant
mice exhibited simplified alveoli (Figure 4, B,
C, and H), abnormal a-SMA patterns (Figure 4,
D and E), and disorganized elastin fibers (Fig-
ure 4, F and G), recapitulating the phenotypes
in mutants with embryonic inactivation of the
gene. Second, 3 daily dox injections were given
from P15 to P17, and the lungs were analyzed
on P40 (Figure 4I). These late Mlck-mutant lungs were histologi-
cally indistinguishable from control lungs (Figure 4, J, K, and N),
even though anti-MLCK staining showed a clear decrease in Mick
expression in the mutant lungs, indicative of efficient inactivation
(Figure 4, L and M). These results showed that Mick is required in
phase 1 but not phase 2 of alveologenesis.

Inactivation of Mick led to decreased TGF-p signaling. We next
sought to determine whether any signaling pathways are disrupt-
ed that may mediate alveolar simplification in Mlck-mutant lungs.
TGF-B signaling has been linked to myofibroblast contraction
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Figure 4. Mick requirement for septa formation is restricted to phase 1 but not phase 2 of alveologenesis. (A) Timeline of dox-induced gene inactivation and
analysis in phase 1. All data and images are from P8 lungs. (B and C) Representative H&E-stained sections. (D-G) Representative immunofluorescence stain-
ing for a-SMA (D and E) or elastin (F and G) showing abnormal patterns in the mutant lungs. (H) Quantification of alveolar simplification by MLI. *P = 0.0223
(n=3). (I) Timeline of dox-induced gene inactivation and analysis in phase 2. All data are from P40 lungs. () and K) Representative H&E-stained sections.

(L and M) Representative immunofluorescence staining for MLCK (red) in the alveolar region showing efficient inactivation in mutant lungs. (N) Quantification
of alveolar density by MLI. P = 0.24 (n = 3). Data represent the mean + SEM. P values were determined by 2-tailed Student’s t test. Scale bars: 50 um.
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and alveologenesis (21-23). We first tested whether TGF-p path-
way components were altered in Mick-mutant lungs. Quantitative
PCR (qPCR) analysis revealed that several of these genes were
significantly downregulated in Mick-mutant lungs (Supplemental
Figure 2A). Furthermore, we observed a decrease in staining for
p-SMAD3, a reporter of TGF-f activity, in Mick-mutant lung com-
pared with control lungs (Supplemental Figure 2, B, C, E, and F).
Western immunoblot analysis also showed that p-SMAD3 protein
levels were significantly reduced in Mlck-mutant lungs compared
with levels in control lungs (Supplemental Figure 2, L and M). To
test whether the decrease in TGF- signaling contributes to alve-
olar simplification in Mlck-mutant lungs in vivo, we induced over-
expression of Tgfp1 in the mesenchyme by introducing a tetO-Tg-
fB1 allele into the Mick mutant (24). We found an increase in
p-SMAD3 staining, indicating an effective boost of TGF-p activity
(Supplemental Figure 2, D and G). Despite this, the alveolar sim-
plification phenotype was not attenuated (Supplemental Figure 2,
H-K). Although these results do not rule out the possibility that a
decrease in TGF-P signaling can contribute to the alveolar simpli-
fication phenotype in Mick-mutant lungs, they do not indicate a
significant role for this signaling.

Mick-mutant lungs exhibited decreased YAP. The Hippo path-
way plays a key role in mechanotransduction. YAP and tran-
scriptional coactivator with PDZ-binding motif (TAZ) are central
transcription effectors in Hippo signaling. Cell contractility and
actin filament assembly stimulate activation and/or transloca-
tion of YAP and TAZ to the nucleus (25, 26). Previous studies have
shown that in vitro inhibition of MLCK in cultured NIH3T3 and
mesenchymal stem cells (MSCs) leads to reduced nuclear YAP
(27, 28). To determine whether MLCK regulates YAP in alveolar
myofibroblasts in vivo, we first performed immunostaining. We
found that YAP staining was substantially diminished in Mick-
mutant lungs (Figure 5, A and B). This was corroborated by West-
ern immunoblot analysis, which showed that YAP protein levels
were significantly reduced in Mick-mutant lungs (Figure 5, C and
D). Furthermore, qPCR analysis showed that Yap mRNA lev-
els were also reduced in Mick-mutant lungs (Figure 5E). To test
whether YAP downregulation contributes to alveolar simplifica-
tion, we first inactivated Yap and Taz in myofibroblasts using the
Pdgfrar™ tetO-Cre combination driver (hereafter referred to as Yap
Taz mutants) (7). Administration of dox from E9.5 to E18.5 did not
lead to a change in lung size or histology (Supplemental Figure 3,
A-D). However by P8, the Yap Taz mutant lungs had phenotypes
similar to those of Mlck-mutant lungs, including simplified alve-
oli (Figure 5, F-H and M), abnormal a-SMA patterns (Figure 5,
Iand ), and decreased p-MLC antibody staining (Figure 5, K and
L). Western immunoblot analysis also showed that p-MLC protein
levels were significantly reduced in Yap Taz-mutant lungs (Fig-
ure 5, N and O). Similar to Mlck, inactivation of Yap Taz in phase
1 of alveologenesis led to simplified alveoli (Supplemental Figure
3, E-H). In a collagen contraction assay, myofibroblasts from Yap
Taz-mutant lungs showed attenuated contraction compared with
that seen in control cells (Supplemental Figure 3, I-M).

Overexpression of YAP attenuated alveolar simplification in
Mick-mutant lungs. To determine whether the decrease in YAP
contributed to alveolar simplification in the Mick-mutant lung in
vivo, we overexpressed an activated form of YAP in the mesen-
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chyme of Mick-mutant lungs by combining a tetO-YapS*~trans-
genic line with the Mlck mutant (29). Similar to what we observed
in Thx4-rtTA tetO-Cre Mick"f-mutant lungs, inactivation of Mick
specifically in myofibroblasts using Pdgfra™™ tetO-Cre led to sim-
plified alveoli (Figure 6, A and B), decreased YAP staining (Figure
6, D and E), abnormal a-SMA patterns (Figure 6, G and H), and
decreased p-MLC staining (Figure 6, ] and K). Western immuno-
blot and qPCR analyses also confirmed that, like in Thx4-rtTA
tetO-Cre Mlck™# mutant lungs, YAP protein and mRNA levels were
significantly reduced in Pdgfra™™ tetO-Cre Mick# lungs compared
with controls (Supplemental Figure 4, A-C). Furthermore, overex-
pression of the activated form of YAP alone using Pdgfra™™ mice
on a WT background did not alter alveologenesis (Supplemental
Figure 5, A-C). We found that overexpression of YAP in the lungs
of mice on the Pdgfra™™ tetO-Cre Mick”'-mutant background
partially attenuated alveolar simplification, corrected a-SMA pat-
terns, and rescued p-MLC levels without affecting MLCK inacti-
vation (Figure 6, C, F, I, and L-P). Together, these in vivo results
suggest that the decrease in YAP expression was a significant con-
tributor to impaired alveologenesis in Mick-mutant lungs.

Inactivation of Mlick disrupted septa formation in PNX-induced
lung regrowth. PNX, the surgical removal of 1 or more lung lobes,
triggers compensatory regrowth in the remaining lobes, with
increased cell proliferation and formation of new alveolar units.
Elucidation of the molecular mechanisms has focused on signal-
ing pathways that promote the proliferation and differentiation of
AT2s after PNX (30-33). However, little is known about the mech-
anisms that regulate mesenchymal control of new septa formation
after PNX. In a WT lung, consistent with prior findings (34), we
induced o-SMA in the alveolar mesenchyme of PNX lungs 6 days
after resection (Supplemental Figure 6, A and B), indicating reac-
tivation of myofibroblast properties.

Next, to determine whether MLCK-mediated myofibroblast
contraction is required for PNX-induced reseptation, mice were
injected with daily doses of dox at P40-P42 and were sacrificed
on P49 for assessment of baseline phenotypes (Supplemental Fig-
ure 6C). We found that following adult inactivation of Mlck, the
mutant lungs were histologically indistinguishable from the con-
trol lungs (Supplemental Figure 6, D-F), despite efficient inactiva-
tion as demonstrated by MLCK antibody staining (Supplemental
Figure 6, G and H).

We performed PNX 7 days after the last injection of dox, and
the mice were sacrificed either 6 or 21 days after surgery (Fig-
ure 7A, Supplemental Figure 7A, and Supplemental Figure 8A).
On day 6 after resection, compared with sham-operated control
lungs, PNX-operated control lungs showed a slight but statisti-
cally significant increase in p-MLC staining intensity, whereas
PNX-operated Mlck-mutant lungs had decreased p-MLC staining
intensity, suggesting that alveolar stretch leads to MLCK-depen-
dent increases in MLC phosphorylation (Supplemental Figure 7,
A-E). Interestingly, compared with sham-operated control lungs,
PNX-operated Mick-mutant lungs exhibited similar AT2 cell pro-
liferation rates and AT1/AT?2 cell ratios compared with PNX-oper-
ated control lungs (Supplemental Figure 8, A-M). Consistent with
these results, PNX-treated Mick-mutant lungs underwent similar
volume gains during compensatory lung regrowth (Figure 7, B and
C). However, the expanded right lungs were exceedingly simpli-
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fied in PNX-treated Mlck-mutant lungs compared with control
lungs (Figure 7, D-]). These data demonstrate that Mick is essential
for reseptation following PNX.

Discussion

Alveologenesis is the final step of lung development and is
responsible for the construction of approximately 95% of the
gas-exchange surface area. This expansion is achieved by repeat-
ed formation of septal ridges that subdivide saccules into alveo-
li. In this study, we investigated the fundamental mechanism of
septa formation. Our findings demonstrated that MLCK-medi-
ated myofibroblast contraction was critical for septa formation
not only in alveologenesis but also during alveolar regrowth fol-
lowing PNX. Furthermore, we found that YAP, the core transcrip-
tional effector of the Hippo pathway, was regulated by MLCK
during septa formation. YAP in turn worked together with MLCK
to control MLC phosphorylation, myofibroblast contraction, and
septa formation (Figure 7K).

Our model showing that contraction of the “fishnet” involves
interconnected myofibroblasts is a departure from convention-
al models of septa formation. The previous models, based on 2D
depictions of the septal crest as a finger-like protrusion, proposed
that septa arise either through repulsion of cells into the alveo-
lar lumen or through extension of the tip or base (6, 10-12). To
our knowledge, no repulsion factor has been identified to date.
Although retinoic acid and FGF signaling have been discussed as
forming a signaling gradient in the extension models (sprouting
at the tip or elongation at the base), it remains unclear how their
primary role in elastogenesis translates into directing septal growth
(11, 12, 35). Regardless of the lack of clear molecular mechanisms
to support these models, the “fishnet” pattern offers a more accu-
rate illustration of the 3D alveolar architecture (13). This led us to
hypothesize that coordinated contraction of the a-SMA* myofibro-
blast “strings” of the net would either drive the ridges underlaid by
the net into the lumen and/or provide tensile force to hold against
air pressure that pushes on the alveolar surface. Through either or
both modes, the alveolar surface underlaid by string-like myofi-
broblasts would form the alveolar entrance ring. Concomitantly,
the surface area at the “pores” of the net would evaginate to form
the wall and base of the alveoli. Our finding that MLCK-mediated
myofibroblast contraction is essential for septa formation identi-
fied a core element that drives this morphogenesis event and, we
believe, offers the first direct support for a model of alveologenesis.

Data from our group and others have also shown that a-SMA
staining signal was detectable in the alveolar mesenchyme in
phase 1 (P3-P14) but not phase 2 (P15-P39) of alveologenesis (13).
This restricted pattern of a-SMA expression correlated with the
requirement for Mick in phase 1 but not phase 2 of alveologenesis.
These findings indicate fundamental mechanistic differences in
how new septa arise in the 2 phases of alveologenesis. It remains
unclear what drives septa formation in phase 2. Continued elab-
oration of the vasculature and/or fine-tuning of the elastin fiber
network represent possible mechanisms.

Our finding that YAP/TAZ functions downstream of MLCK
provides a link between Hippo pathway-mediated mechano-
transduction to phosphorylation of MLC, myofibroblast contrac-
tion, and alveologenesis. Given that the alveoli are constantly
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under expansion/contraction with each inhalation/exhalation
cycle, this link to mechanotransduction is significant. Previ-
ous studies have shown that Hippo pathway genes control lung
morphogenesis in the epithelium (36-40) and pericytes (41).
Here we show that inactivation of Yap Taz using Pdgfra™™ tetO-
Cre led to simplified alveoli, demonstrating a requirement for
Yap Taz in myofibroblasts. Epithelium-specific inactivation of
Yap led to decreased p-MLC, presumably because of decreased
expression of contractility factors such as Arhgefl7 that resulted
in disruption of branching morphogenesis (39). We show that
myofibroblast-specific inactivation of Yap Taz led to decreased
p-MLC in the mesenchyme. YAP regulation of p-MLC can occur
in a MLCK-independent manner, as supported by restoration of
p-MLC levels when activated Yap was expressed in Mick-mutant
lungs. We speculate that YAP may regulate p-MLC through regu-
lation of enzymes such as Rho-associated protein kinase (ROCK)
or MLCP (39). Overexpression of activated Yap in Mick-mutant
lungs also partially attenuated simplification, mechanistically
connecting YAP and MLCK as 2 factors that act in parallel to pro-
mote MLC phosphorylation and septa formation.

PNX has been widely used in the lung to study the molecu-
lar mechanisms that control alveolar regeneration. Much of the
attention has been focused on regrowth of the alveolar epithelium.
Our data indicate that although myofibroblast contraction is not
required for the gross volume expansion of the remaining lobes, it
is essential for reseptation to “fill in” the expanded alveolar sacs.
Stimulating new septa formation has remained the ultimate goalin
the march to restore gas-exchange surface in diseases such as BPD
and chronic obstructive pulmonary disease (COPD). Our findings
indicate that, aside from retaining or regenerating myofibroblast
progenitors, stimulating them to regain contractile property is crit-
ical. MLCK- and YAP-based promotion of MLC phosphorylation
suggests an entry point to address this challenge.

Methods

Mice. Thx4-rtTA (19), tetO-Cre (42), Mick" (16), Yap" (43), Taz" (44),
tetO-Yaps74 (29), Pdgfra™™ (7), Pdgfra™ (20), Rosa”"™¢° (18), and
tetO-TgfB1 (24) mice have all been previously described. Noon of the day
on which a virginal plug was detected was considered to be EO.5. The
day on which the mice were born was considered as PO. Prenatal reverse
tet transcriptional activator (rtTA) activity was induced by dox adminis-
tration starting at different gestational periods by feeding dox food to
pregnant females (625 mg/kg; TestDiet). In postnatal pups and adult
mice, rtTA activity was induced by intraperitoneal injection of dox (100
mg/kg body weight). For low-dose sparse labeling, rtTA activity was
induced by intraperitoneal injection of dox (10 mg/kg body weight).
ML-7 (MilliporeSigma) was intraperitoneally injected daily from P1 to
P7 atadose of 2.5 mg/kg.

Histology and immunofluorescence staining. For histological anal-
ysis, postnatal mouse lungs were gravity inflated and fixed overnight
with 4% paraformaldehyde diluted in PBS, and samples were embed-
ded in paraffin for sectioning. Sections were stained using a standard
H&E protocol. Quantification of lung simplification was performed
using the MLI method as previously described (35). At least 3 lungs
with 3 evenly spaced sections from each lung were used to calculate
the MLI for mutant or control samples at each stage. All experiments
were repeated using multiple litters.
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Figure 6. Overexpression of activated YAP using Pdgfra'™ in Mlck-mutant lungs partially rescues phenotypes. (A-L) Representative images of stained
sections from the alveolar regions of P8 lungs showing that Yap overexpression in Mick-mutant lungs attenuated multiple phenotypes, including alveolar
simplification (A-C), YAP staining intensity (D-F), a-SMA patterns (G-1), and p-MLC staining intensity (J-L). (M-0) Representative immunofluorescence
staining for MLCK (red) in the alveolar region of P8 lungs showed a similar extent of MLCK inactivation in the Mick-mutant lungs with or without Yap over-
expression. (P) Quantification of alveolar simplification by MLI. *P = 0.0366, control versus Pdgfra™ tetO-Cre Mick™/? tetQ-Yap>'#* (n = 3); **P = 0.0035,
Pdgfra'™ tetO-Cre Mick™f versus Pdgfra™ tetO-Cre MIckf/f tetQ-Yap'¥* (n = 3); ***P = 0.0003, control versus Pdgfra™ tetO-Cre Mick™" (n = 3). Scale bars:
50 pum. Data represent the mean + SEM. P values were determined by 1-way ANOVA with Tukey’s method to adjust for multiple comparisons.
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Mick-mutant PNX (n = 4). (D-F) Representative H&E-stained sections from alveolar regions showing extensive simplification in the mutant lung following
PNX. (G-1) Representative immunofluorescence staining for MLCK (red) in the alveolar region, showing clear loss of MLCK in the mutant lung. (J) Quantifi-
cation of alveolar simplification by MLI. P = 0.9186 (NS), control sham versus control PNX (n = 4); *P = 0.0109, control PNX versus Mick-mutant PNX (n = 4);
**p = 0.0061, control sham versus Mick-mutant PNX (n = 4). (K) During alveologenesis, MLCK functions in part through regulation of YAP and controls MLC
phosphorylation, myofibroblast contraction, and septa formation. Data represent the mean + SEM. P values were determined by 1-way ANOVA with Tukey’s
method to adjust for multiple comparisons. Scale bars: 50 um.

Immunofluorescence staining was performed following stan-
dard protocols, and stained sections were mounted using VECTA-
SHIELD medium with DAPI (Vector Laboratories). For 3D immu-
nofluorescence staining or detection of endogenous fluorescence

signal, lungs were cut into 70-pm-thick sections, and z-stacks were
collected using a Zeiss 880 Airyscan confocal microscope and then
processed as 3D images using IMARIS analysis software (Bitplane,
Switzerland) with no averaging. For E-cadherin whole-mount immu-
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nohistochemical staining, whole E13.5 embryos were fixed overnight
in 4% paraformaldehyde diluted in PBS, and samples were stained
as whole mounts using an InmPACT SG Immunohistochemistry Kit
(Vector Laboratories, SK-4705) following standard protocols. The
following primary antibodies were used: MLCK (MilliporeSigma,
M7905, 1:200), p-MLC (Abcam, ab2480, 1:200), a-SMA (Millipore-
Sigma, F3777, 1:400), elastin (Abcam, ab21600, 1:500), YAP (Cell
Signaling Technology, 4912, 1:100, recognizing both phosphory-
lated and nonphosphorylated forms), PDPN (Developmental Stud-
ies Hybridoma Bank, 8.1.1, 1:500), SPC (Seven Hills Bioreagents,
WRAB-9337, 1:200), ICAM2 (BD, 553325, 1:200), PDGFR (Cell
Signaling Technology, 3169, 1:200), IsoB4 (MilliporeSigma, L2895,
1:200 ), ADRP (Abcam, ab52356, 1:200), p-SMAD3 (Millipore-
Sigma, 07-1389, 1:200), Ki67 (Invitrogen, Thermo Fisher Scientific,
14-5698-82, 1:200), HOPX (Santa Cruz Biotechnology, sc-30216,
1:200), and E-cadherin (Cell Signaling Technology, 3195s, 1:100).
The following secondary antibodies were used: goat anti-rabbit CY3
(Jackson ImmunoResearch, 111-165-144, 1:200), goat anti-mouse
CY3 (Jackson ImmunoResearch, 115-165-003, 1:200), goat anti-
rat CY3 (Jackson ImmunoResearch, 112-165-003, 1:200), and goat
anti-Syrian hamster FITC (Jackson ImmunoResearch, 107-095-142,
1:200). A tyramide amplification system (Thermo Fisher Scientific,
B40935) was used for the immunofluorescence staining experiment
with the YAP antibody.

qPCR. Total RNA was extracted from lungs using TRIzol
(Invitrogen, Thermo Fisher Scientific) and an RNeasy Mini RNA
Extraction Kit (QIAGEN). RNA was reverse transcribed using the
iScript Select cDNA Synthesis Kit (Bio-Rad). qPCR was performed
using SYBR Green (Bio-Rad). Transcripts of target genes were nor-
malized to Actb transcript levels. Data are shown as the average of a
minimum of 3 biological replicas. The qPCR primers used are listed
in Supplemental Table 1.

Western blot analysis. Lung tissues were homogenized in RIPA
buffer supplemented with Complete Protease Inhibitor Cocktail tab-
lets (Roche) and PhosSTOP Phosphatase Inhibitor Cocktail tablets
(Roche). Protein samples were homogenized on a QIAGEN TissueLy-
ser IT and run on a 4%-12% SDS-PAGE gel, and then transferred onto
PVDF membranes. The PVDF membranes were blocked in TBST
with 5% dried milk powder or BSA (with 0.1% Tween-20) for at least 1
hour, incubated in the primary antibody overnight, and then incubat-
ed with the secondary antibody for 1 hour. Quantification was carried
out using the Image Studio Lite software system (LI-COR Bioscienc-
es). The following primary antibodies were used: YAP (Cell Signaling
Technology, 4912, 1:2000), B-actin (Novus Biologicals, NB600501,
1:5000), MLC (Cell Signaling Technology, 3672, 1:2000), p-MLC
(Abcam, ab2480, 1:2000), SMAD2 and SMAD?3 (Cell Signaling Tech-
nology, 8685, 1:2000), and p-SMAD3 (MilliporeSigma, 07-1389,
1:2000). The secondary antibodies used were: RDye 680RD donkey
anti-mouse IgG (LI-COR, 925-69072, 1:10,000) and IRDye 800CW
donkey anti-rabbit IgG (LI-COR, 925-32213, 1:10,000). Three bio-
logical replicates were performed for each antibody.

Collagen gel contraction assay. Pdgfra® myofibroblasts were sort-
ed from Pdgfra®® mice on a control or Mick-mutant background
using flow cytometry as previously described (7). For Yap Taz-
mutant lungs, cells were stained using CD140a (PDGFRa), phyco-
erythrin (PE) (eBioscience, 12-1401-81, 1:100). Briefly, minced lung
was placed in 2 U/mL Dispase (STEMCELL Technologies) digestion
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solution and incubated in a 37°C shaker with frequent agitation for
30 minutes. Cell solution was filtered through a 40-mm cell strainer
(BD Falcon), and RBC lysis buffer (Abcam) was used to remove blood
cells. Cell pellets were resuspended in FACS buffer, and cell sorting
was performed on a FACSAria II (BD Biosciences). Sorted cells were
collected in DMEM plus 10% FBS, and 5 x 10* cells were mixed with
62.5 pL rat collagen 1 (Cultrex, 5 mg/mL) and seeded onto a 48-well
plate. The following day, the gels were carefully transferred onto a
24-well plate with 500 pL media per well and then imaged using
a dissecting microscope with a camera every 24 hours for 3 days.
Areas of collagen gel size were analyzed with Image] (NIH).

PNX. Procedures were performed as previously described (45).
Briefly, 8-week-old mice were anesthetized with ketamine (100
mg/kg) and xylazine (10 mg/kg) and then intubated and ventilated
using a miniventilator (Kent Scientific). The chest wall was incised at
the fourth intercostal space, and the left lung lobe was gently lifted
from the chest, tightly ligated at the hilum with silk, and resected.
The chest incision was then carefully sutured. Mice were discon-
nected from the ventilator when autonomous breathing recovered.
Sham-operated animals underwent an identical procedure without
removal of the left lobe.

Statistics. Comparisons between 2 groups were made using a
2-tailed, unpaired Student’s ¢ test. Comparisons between 3 groups
were made using a 1-way ANOVA with Tukey’s method to adjust for
multiple comparisons. Comparisons between 3 groups under 2 or more
conditions were made using a 2-way ANOVA with Tukey’s method or
Sidak’s method to adjust for multiple comparisons. All analyses were
performed with GraphPad Prism 8 (GraphPad Software). Data are
presented as the mean * SEM, and results were considered statistical-
ly significant if P was less than 0.05.

Study approval. This study was approved by the UCSD Animal
Care and Use Committee and conformed to the Guide for the Care and
Use of Laboratory Animals (National Academies Press, 2011). All ani-
mals were handled according to approved IACUC protocols (516187)
at UCSD. The mice were housed and all experimental procedures
were performed in an American Association for Accreditation of Lab-
oratory Animal Care-accredited laboratory animal facility at UCSD.
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