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In brief
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dispensable for murine lung
morphogenesis. Rather, the PCP
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in the mesenchyme for lung sacculation.
Vangl-mutant mesenchymal cells exhibit
altered cell morphologies, disrupting the
mesenchymal fluidity that promotes
sacculation.
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SUMMARY

The planar cell polarity (PCP) complex is speculated to function in murine lung development, where branch-
ing morphogenesis generates an epithelial tree whose distal tips expand dramatically during sacculation.
Here, we show that PCP is dispensable in the airway epithelium for sacculation. Rather, we find a Celsr1-in-
dependent role for the PCP component Vangl in the pulmonary mesenchyme: loss of Vangl/1/2 inhibits
mesenchymal thinning and expansion of the saccular epithelium. Further, loss of mesenchymal Wnt5a
mimics sacculation defects observed in Vangl2-mutant lungs, implicating mesenchymal Wnt5a/Vangl
signaling as a key regulator of late lung morphogenesis. A computational model predicts that sacculation re-
quires a fluid mesenchymal compartment. Lineage-tracing and cell-shape analyses are consistent with the
mesenchyme acting as a fluid tissue, suggesting that loss of Vangl1/2 impacts the ability of mesenchymal
cells to exchange neighbors. Our data thus identify an explicit function for Vangl and the pulmonary mesen-

chyme in actively shaping the saccular epithelium.

INTRODUCTION

During development of the mammalian lung, the pulmonary
epithelium undergoes dozens of rounds of stereotyped branch-
ing to form a complex airway tree." After branching is completed,
the lungs undergo the canalicular and saccular stages of devel-
opment. The pulmonary mesenchyme thins, while distal airways
widen dramatically to increase epithelial surface area, forming
saccules. Concurrently, the saccular epithelium differentiates
into specialized cell types, including type | and type Il alveolar
cells, preparing the lung to function after birth.>* Understanding
the processes that drive sacculation is essential for motivating
new strategies to treat defects associated with prematurity and
congenital abnormalities.

During sacculation, the mesenchyme between distal airways
thins to a roughly single-cell layer as the epithelium expands.
This rapid change in tissue shape results in an increase in epithe-
lial surface area that supports gas exchange postnatally.
Although the specific cellular mechanisms that underlie epithelial
expansion and mesenchymal thinning are unknown, decades of
studies have made clear that mechanical forces generated by
lumenal fluid pressure are an important driver of sacculation.
For example, fetal breathing movements, which begin at approx-
imately £16 in mice, lead to cyclic increases in fluid pressure and
promote sacculation.*® Conversely, sacculation is halted when
the pressure in the lung is reduced by leakage of amniotic fluid”
or by ablation of fetal breathing movements via loss of skeletal

muscle,® leading to lung hypoplasia. Pressure of the fluid within
the lung has a direct effect on the fate of alveolar epithelial cells
(AECs): those exposed to high pressure differentiate into type |
AECs (AEC1s), whereas those exposed to low pressure differen-
tiate into type Il AECs (AEC2s).° However, it is unknown whether
pressure also regulates mesenchymal thinning. One could posit
that a high lumenal fluid pressure may push mesenchymal cells
into a thin layer, as increasing the pressure of this fluid increases
the overall rate of lung development.'®"" Mesenchymal cells
might also play an active role in rearranging both themselves
and the surrounding extracellular matrix (ECM) to facilitate
saccular expansion.

The core planar cell polarity (PCP) complex was recently impli-
cated in the process of sacculation.’®'® The core PCP complex
consists of three transmembrane proteins (in mice, Celsr1-3,
Vangl1/2, and Fzd3/6'%) that localize asymmetrically along the
plane of a tissue and regulate oriented cell behaviors.”® To
generate asymmetry and relay polarity information, Vangl/Celsr
localize to the opposite side of the cell as Fzd/Celsr. The Celsr
cadherin repeats mediate the formation of PCP junctions be-
tween neighboring cells (Figure 1A). This asymmetric localization
is indicative of and required for PCP function. In vertebrates,
PCP regulates cytoskeletal organization and is required for
convergent-extension movements during gastrulation and neu-
ral tube closure.'*'*2° Similarly, PCP regulates the shape of
epithelial tubules in the developing kidney via convergent
extension.”’**? In the lung, the role of PCP is beginning to be
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Figure 1. Core PCP proteins are differentially expressed in sacculation-stage lungs
(A) Schematic illustrating the PCP complex in a planar epithelial tissue.

(B) Representative images of 10-um-thick sections of E17.5 lungs showing localization of Celsr1-3xGFP in proximal airways (Ecad), saccules (receptor for
advanced glycation end products (RAGE) and surfactant protein C (SPC)), airway smooth muscle (zSMA), and vasculature (CD31).

(C) Representative images of 10-um-thick sections of £17.5 lungs showing localization of tdTomato-Vangl2 or Vangl2 in proximal airways (Ecad), saccules (RAGE
and SPC), airway smooth muscle (¢SMA), and vasculature (CD31).

(D) Representative images of 10-um-thick sections of E17.5 lungs showing localization of Fzd6-3xGFP in proximal airways (Ecad), saccules (RAGE and SPC),
airway smooth muscle (¢SMA), and vasculature (CD31). Scale bars, 10 um.

(E) Schematic summarizing localization of core PCP proteins in the sacculation-stage lung.
See also Figure S1.

appreciated: at the cellular level, this complex regulates the why loss of PCP causes defects in late-stage lung development.
orientation of airway cilia,”® and sacculation and alveologenesis  Thus, the idea that the PCP complex regulates epithelial
are perturbed in PCP-mutant lungs.''*** However, itis unclear  widening during sacculation remains an attractive hypothesis.
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Here, we investigated the cellular mechanisms through which
the PCP complex influences sacculation. We demonstrate
that Celsr1 is expressed only in the lung epithelium and mesothe-
lium, while Vang/2 is expressed ubiquitously throughout the lung,
including in the pulmonary mesenchyme. We find severe saccu-
lation defects in the lungs of Vangl2 mutants, but not Celsr1 mu-
tants. Surprisingly, this phenotype is not reproduced when
Vangl1l and Vangl2 are depleted from the lung epithelium;
instead, sacculation defects arise from loss of Vangl1/2 in the
lung mesenchyme. We also show that loss of mesenchymal
Whnt5a mimics the sacculation defects observed in Vangl2-
mutant lungs, implicating Wnt5a/Vangl signaling in late-stage
embryonic lung development. Using a mathematical model of
sacculation, we predict that increasing the fluidity of the mesen-
chyme increases the extent of epithelial widening. Lineage-label-
ing experiments and cell-shape analyses suggest that mesen-
chymal cells actively exchange neighbors during sacculation,
and these cellular behaviors are likely perturbed in Vangl mu-
tants. Our data thus demonstrate that the pulmonary mesen-
chyme plays a key, active role in shaping the architecture of
the distal lung in a Vangl-dependent, Celsr-independent manner.
These findings add to a growing body of evidence suggesting
that PCP genes, whose functions are best understood in planar
epithelia, also play important roles in mesenchymal tissues to
facilitate morphogenesis.”’?42°

RESULTS

Core PCP components are expressed in different
patterns during sacculation

To investigate the expression and possible role for PCP compo-
nents during sacculation, we harvested £17.5 lungs from trans-
genic mice in which endogenous core PCP components are flu-
orescently tagged, allowing us to assess the localization of
Celsr1, Vangl2, and Fzd6 (Figure 1A).°° We investigated PCP
expression across multiple tissues within the lung, including
the proximal airways, developing saccules, airway smooth mus-
cle, and vasculature. As expected, Celsr1-3xGFP localizes pre-
dominantly to the airway epithelium and is absent from mesen-
chymal tissues and endothelium (Figure 1B). However, the
fluorescence intensity of Celsr1-3xGFP is reduced in the
saccular epithelium, suggesting that the expression of Celsr1
might be downregulated in these cells at this stage of develop-
ment (Figure 1B). Similarly, tdTomato-Vangl2 is highly expressed
in the proximal epithelium, with reduced expression in saccules
(Figure 1C). Surprisingly, we observe essentially ubiquitous
expression of Vangl2 in the pulmonary mesenchyme, where it
is membrane-localized in both the airway smooth muscle and
the mesenchyme adjacent to saccules (Figure 1C; Figure S1A).
Fzd6-3xGFP is expressed at high levels in the proximal epithe-
lium and endothelial cells but appears to be excluded from the
airway smooth muscle and saccule-adjacent mesenchyme
(Figure 1D).

To assess the expression of the other components of the
core PCP complex, we analyzed single-cell RNA sequencing
(scRNA-seq) data from E17.5 lungs®’ (Figure S1B). Like Celsr1,
Celsr2 is only expressed in the epithelium, whereas Celsr3 is
completely absent from the lung at this stage of development
(Figure S1C). Vangl1 is expressed in the same cell populations

¢ CellP’ress

as Vangl2, albeit to a lesser extent (Figure S1D). Finally, Fzd3
and Fzd6 are expressed in a small fraction of mesenchymal
cells, with higher expression in endothelial, hematopoietic,
and epithelial cells (Figure S1E). These data demonstrate that
while all core transmembrane PCP components are expressed
in the airway epithelium, Vangl1/2 are enriched in mesenchymal
populations in which Celsr1-3 and Fzd3/6 are largely absent.
Further, Fzd3/6 are expressed in the pulmonary endothelium in-
dependent of Vangl/1/2 and Celsr1-3. This compartment-spe-
cific expression of different core PCP genes suggests that
PCP components may have roles outside of core PCP complex
function.

Vangl2'"’'P but not Celsr1°m"¢rsh |ungs fail to undergo
sacculation

To characterize the role of PCP in the formation of saccules, we
took advantage of two dominant-negative PCP-mutant mouse
strains: the Celsr1°™" and Vangl2' lines."®*° Stable PCP com-
plexes cannot form in embryos homozygous for the Celsr1°rh
mutation due to a disruption in Celsr1’s cadherin-binding
domain, whereas the Vangl2- mutation impairs trafficking of
both Vangl1 and Vangl2 out of the endoplasmic reticulum.?®2°
Homozygosity in either of these alleles leads to loss of PCP func-
tion. Initially, we harvested lungs from control and PCP-mutant
embryos at E18.5 when sacculation is mostly complete. At this
stage of development, PCP mutants have complete craniorachi-
schisis (failure to close the neural tube) and severe axis-elonga-
tion defects.’??° To distinguish between direct effects from loss
of PCP and indirect effects from the open neural tube (ONT) and
axis-elongation defects, we took advantage of the incomplete
penetrance of the ONT phenotype in our Celsr1°"C™h jine, Spe-
cifically, we compared lungs from ONT Celsr1°"Crsh empryos
to those that presented with a closed neural tube (CNT), which
display no defects in axis elongation (unpublished observations).
In wild-type lungs, PCP proteins, including Celsr1, become
polarized in the tracheal epithelium beginning at £14.5.%° Despite
the CNT phenotype of the Celsr1€"Csh embryos, there is a
clear lack of Celsr1 polarization in the tracheas of these animals,
indicating loss of PCP function (Figures S2A-S2C). Analysis of
E18.5 ONT Celsr1°MCrsh embryos demonstrated two pheno-
typically distinct populations: ~40% of the embryos were pink
and had blood flow despite the embryonic abnormalities,
while the other ~60% were white and appeared to be either
dead or dying (Figure S2D). Lung tissue from white E18.5 ONT
embryos appeared highly abnormal by immunofluorescence
(Figure S2E) and so we excluded these samples from our subse-
quent analysis of ONT Celsr1°"Csh embryos (Figures S2F
and S2G).

To quantify the extent of sacculation, we acquired tiled,
confocal images of whole lung sections, which enabled us to
assess an entire lobe rather than a small sampling of images.
We generated a custom sacculation-analysis pipeline to mea-
sure both the area of individual saccules and the fractional
area of the lung section accounted for by saccules, which we
termed “saccule coverage” (Figure 2A). We found that both
the saccule coverage and average saccule area are slightly
reduced in lungs from ONT Celsr1°"C" embryos compared
with controls at £18.5 (Figures 2B-2E). However, we observed
no differences between lungs from CNT Celsr1Csh/Crsh
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Figure 2. Sacculation fails in Vangl2-?/'P but not Celsr1°"°rsh embryos

(A) Schematic illustrating metric used to quantify saccule coverage, where A denotes area; A, lllustration of an E18.5 saccule and the marker proteins used to
identify AEC1s and AEC2s.

(B) Representative tiled images (scale bars, 500 um) and insets (scale bars, 100 pm) of £18.5 lung sections from control, ONT, and CNT Celsr1°"C" |ungs;
fluorescence intensity includes signal from staining for SPC, RAGE, and Hoechst.

(C) Representative images of sections of distal lung tissue at £18.5 in control, ONT Celsr1*"C"" ‘and CNT Celsr1°"C"h Jungs; scale bars, 50 pm.

(D) Quantification of the percentage of lung area accounted for by saccules at £18.5 in control, ONT Celsr1°"Cs" (n = 6 control and n = 3 mutant lungs, p =
0.0066 via unpaired Student’s t test), and CNT Celsr1s"Cs" |ungs (n = 4 control and n = 4 mutant lungs, p = 0.5795 via unpaired Student’s t test); each data point
is one lung lobe.

(E) Quantification of average saccular lumenal area at £18.5 in control, ONT Celsr (n=6controland n = 3 mutant lungs, p = 0.0271 via unpaired Student’s
t test), and CNT Celsr1Crsh/Crsh lungs (n = 4 control and n = 4 mutant lungs, p = 0.2918 via unpaired Student’s t test); each data point is one lung lobe.

(F) Representative tiled images (scale bars, 500 um) and insets (scale bars, 100 um) of £18.5 lung sections from control and Vang/2"?"*7 lungs; fluorescence
intensity includes signal from staining for SPC, RAGE, and Hoechst.

(G) Representative images of sections of distal lung tissue at £18.5 in control and Vang/2*'? lungs; scale bars, 50 um.

(H) Quantification of the percentage of lung area accounted for by saccules at £18.5 in control and Vang/2-?"*F lungs (n = 6 control and n = 5 mutant lungs,
p < 0.0001 via unpaired Student’s t test); each data point is one lung lobe.

() Quantification of average saccular lumenal area at £18.5 in control and Vang/2-°"*? lungs (n = 6 control and n = 5 mutant lungs, p < 0.0001 via unpaired
Student’s t test); each data point is one lung lobe. Shown are mean + SD; * p < 0.05; ** p < 0.01; *** p < 0.0001. In all graphs, different shapes represent distinct
experimental replicates.

See also Figure S2.

1 Crsh/Crsh

embryos and controls (Figures 2B-2E). Furthermore, CNT
Celsr1€shCrsh pups are viable and can breathe after birth,
consistent with these animals achieving normal sacculation.
These data suggest that the slight reduction in sacculation
observed in the ONT Celsr1°"Csh embryos is a consequence
of gross abnormalities of the embryo rather than due to loss of
Celsr1 in the lung per se. In contrast, Vangl2-""*" lungs exhibit
severe sacculation defects (Figures 2F and 2G). At E18.5,
Vangl2-""*P lungs have significantly reduced saccule coverage
compared with controls (Figure 2H) and significantly smaller
saccule areas (Figure 2I). Thus, our data demonstrate a role
for Vangl, but not Celsr, in regulating sacculation of the embry-
onic mouse lung.

4 Developmental Cell 59, 1-15, May 20, 2024

Vangl1/2 is required in the mesenchyme for sacculation

Because Vangl1/2 are expressed in both mesenchymal and
epithelial compartments during sacculation, we took advantage
of tissue-specific knockouts to determine whether sacculation
requires Vangl1/2 in the epithelium, the mesenchyme, or
both. We generated ShhCre; Vangl1™"; Vangl2™" (epiCKO) em-
bryos, which have conditional deletion of Vang/1/2 in the airway
epithelium and show loss of PCP asymmetry (Figures S3A-
S3D). We also generated Dermo1Cre; Vangl1™"; Vangi2™"
(mesCKO) embryos in which broad expression of Cre in the
splanchnic mesoderm leads to conditional deletion of Vangl/1/
2 from the pulmonary mesenchyme but not the epithelium (Fig-
ure S3E).*%*" Of note, the Dermo1Cre allele and the Vangl2
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Figure 3. Sacculation requires Vangl/1/2 in the pulmonary mesenchyme but not the airway epithelium

(A) Representative tiled images (scale bars, 500 um) and insets (scale bars, 100 um) of E18.5 lung sections from control and epiCKO lungs; fluorescence intensity
includes signal from staining for RAGE and Hoechst and transgenic mTmG fluorescence.

(B) Representative images of sections of distal lung tissue at £18.5 in control and epiCKO lungs; scale bars, 100 pm.

(C) Quantification of the percentage of lung area accounted for by saccules at £18.5 in control and epiCKO lungs (n = 4 control and n = 7 mutant lungs, p = 0.0620
via unpaired Student’s t test); each data point represents one lung lobe.

(D) Quantification of average saccular lumenal area at £18.5 in control and epiCKO lungs (n = 4 control and n = 7 mutant lungs, p = 0.4020 via unpaired Student’s t
test); each data point represents one lung lobe.

(E) Representative tiled images (scale bars, 500 um) and insets (scale bars, 100 um) of £18.5 lung sections from control and mesCKO lungs; fluorescence intensity
includes signal from staining for RAGE and Hoechst and transgenic mTmG fluorescence.

(F) Representative images of sections of distal lung tissue at £18.5 in control and mesCKO lungs; scale bars, 100 um.

(G) Quantification of the percentage of lung area accounted for by saccules at £18.5 in control and mesCKO lungs (n = 5 control and n = 5 mutant lungs, p < 0.0001
via unpaired Student’s t test); each data point represents one lung lobe.

(H) Quantification of average saccular lumenal area at £18.5 in control and mesCKO lungs (n = 5 control and n = 5 mutant lungs, p < 0.0001 via unpaired Student’s
t test); each data point represents one lung lobe.

(I) Representative tiled images (scale bars, 500 um) and insets (scale bars, 100 pm) of E18.5 lung sections from control and inducible-mesCKO lungs; fluores-
cence intensity includes staining for RAGE and Hoechst and transgenic mTmG fluorescence.

(J) Representative images of sections of distal lung tissue at £18.5 in control and inducible-mesCKO lungs; scale bars, 100 um.

(K) Quantification of the percentage of lung area accounted for by saccules at £18.5 in control and inducible-mesCKO lungs (n = 3 control and n = 3 mutant lungs,
p = 0.0013 via unpaired Student’s t test); each data point represents one lung lobe.

(L) Quantification of average saccular lumenal area at £18.5 in control and inducible-mesCKO lungs (n = 3 control and n = 3 mutant lungs, p = 0.0076 via unpaired
Student’s t test); each data point represents one lung lobe. Shown are mean + SD; ** p < 0.01; *** p < 0.0001. In all graphs, different shapes represent distinct
experimental replicates.

See also Figure S3.

gene both reside on chromosome 1, so generating Dermo1Cre;
Vangl2™® embryos required meiotic recombination between the

functional in the epithelium
(Figures S3F and S3G).

in the mesCKO embryos

Vangl2 locus and the Dermo1Cre insertion site. As expected,
mesenchymal loss of Vangl/1/2 does not affect Celsr1 polarity
in the tracheal epithelium, indicating that the PCP complex is

We found that epiCKO lungs undergo sacculation and are
indistinguishable from controls at £18.5 (Figures 3A-3D). In
contrast, mesCKO lungs exhibit sacculation defects similar
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to those observed in Vangl2"®'P lungs, with significantly
reduced saccule coverage, smaller saccular areas, and a
thicker mesenchyme (Figures 3E-3H). Further, these defects
in saccule formation were associated with alterations in the
proportions of AEC populations: mesCKO lungs exhibit a
slight but significant decrease in the fraction of AEC2s (Fig-
ure S3H). To confirm that Vangl1/2 are specifically required
in the pulmonary mesenchyme during sacculation, we gener-
ated a second mesenchymal knockout line with an inducible
Cre (Tbx4-rtTA; Tet-O-Cre; Vangl1™": Vangl2™": inducible-
mesCKO) in which Cre expression is restricted to the pulmo-
nary mesenchyme.®’ We introduced doxycycline via drinking
water and intraperitoneal injection at £E14.5 to ensure loss of
Vangl1/2 protein by E16.5, as Vangl2 can remain stable at
the membrane for more than a day (unpublished observa-
tions). We found that inducible-mesCKO lungs have saccula-
tion defects at E18.5, phenocopying both the Vang/2-°t°
and mesCKO animals (Figures 31-3L). Notably, if a single func-
tional allele of Vangl1 or Vangl2 remained in the embryo (i.e.,
Vangl1™*; Vangl2™ or Vangi1™"; Vangl2™*), no defects were
observed and mice were viable postnatally; thus, Vang/1 and
Vangl2 compensate for each other in this tissue. To determine
whether the sacculation defects are caused by changes in cell
proliferation or apoptosis, we performed immunofluorescence
analysis for phospho-histone-3 and cleaved caspase-3 on
control and mesCKO lungs at £16.5-18.5. We found no differ-
ences in proliferation or apoptosis between controls and mu-
tants (Figures S3I-S3L). Altogether, these data suggest that
the sacculation defects observed in Vang/2-"’? embryos are
a consequence of a loss of Vangl function specifically in the
pulmonary mesenchyme during sacculation rather than due
to a requirement for Vangl or the PCP complex in the lung
epithelium.

Loss of Wnt5a in the pulmonary mesenchyme mimics
loss of mesenchymal Vangl1/2

In epithelia, Vangl2 functions in concert with Celsr1 to affect
diverse outcomes, ranging from convergent extension to ori-
ented ciliogenesis.’*?****® I|n the pulmonary mesenchyme,
however, our data show that Vangl2 acts independently of
Celsr1 to promote sacculation. Outside of its core PCP-binding
partners, Vangl2 has been reported to physically or genetically
interact with non-canonical Wnt receptor tyrosine kinases,
including Ror2, Ptk7, and Ryk.*>*' Analysis of scRNA-seq
data from E17.5 lungs®’ showed that Ror2, Ptk7, and Ryk are
all expressed in the mesenchyme (Figure 4A; Figure S1A). Of
these receptors, Ryk shows the strongest expression in the
lung during this developmental period, with highest expression
in the lung mesenchyme. Each of these receptors has been
hypothesized or shown to function downstream of Wnt5a, a
non-canonical Wnt ligand.*'™** Consistently, the scRNA-seq
analysis also shows that Wntba is expressed predominantly in
the lung mesenchyme at E17.5 and at lower levels in the epithe-
lium (Figure 4A). In many developmental contexts, including
tracheal morphogenesis and alveologenesis, a Wnt5a/Ror2/
Vangl signaling pathway has been implicated in mesenchymal
cell polarization and migration.?****>** Given that embryo-
wide loss of Wnt5a immediately prior to sacculation phenocop-
ies the defects observed in our Vang/1/2 mesCKO lungs,** we
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hypothesized that Wnt5a may be upstream of Vang/ function in
the sacculating lung.

To determine whether Wnt5a could play a role in Vangl1/2-
mediated epithelial expansion and mesenchymal thinning, we
generated epithelial (ShhCre; Wnt5a™™) and inducible-mesen-
chymal (Tbx4-rtTA; Tet-O-Cre; Wnt5a™") Wnt5a-knockout em-
bryos. Surprisingly, we found that loss of Wnt5a in the lung
epithelium has no effect on sacculation (Figures 4B-4E). In
contrast, inducible deletion of Wnt5a from the pulmonary
mesenchyme at E15.5 results in sacculation defects that
phenocopy loss of mesenchymal Vangl1/2 (Figures 4F-4l).
Examination of mesenchymal Vangl2 in lungs from inducible-
mesenchymal Wnt5a-knockout embryos revealed no signifi-
cant difference in Vangl2 fluorescence intensity or changes
in membrane localization (Figures S4A and S4B). Potentially,
this may indicate that Wnt5a regulates Vangl2 at the post-
translational level, similar to its role in the limb.*' We thus hy-
pothesize that Wnt5a may be part of a signaling pathway
through which Vangl functions in contexts where Celsr is
absent.

Mathematical modeling predicts a role for mesenchymal
cell rearrangements during sacculation

Our observation that Vangl is required in the mesenchyme for
sacculation was surprising, as the nonplanar organization of
mesenchymal cells is inconsistent with any obvious axis of
planar polarization. As a part of its role in the PCP complex,
Vangl promotes the asymmetric localization of cytoskeletal
components, leading to collective cell movements such as
convergent extension; in the absence of Vangl, the cytoskeletal
rearrangements that generate epithelial neighbor exchanges
are lost, and cells remain in place.?®?"*>~*% At earlier stages
of development, time-lapse imaging analysis has demonstrated
that the pulmonary mesenchyme is a highly motile and fluid tis-
sue.” Thus, we hypothesized that the mesenchyme might be
similarly fluid during sacculation and that the ability of mesen-
chymal cells to exchange neighbors might depend on expres-
sion of Vangl.

Because of its size, geometry, and need for blood flow and
lumenal pressure, time-lapse imaging of the late-stage embry-
onic mouse lung remains technically challenging. Therefore, to
test the validity of our hypothesis, we turned to mathematical
modeling. This approach allowed us to determine the relative
roles of mesenchymal fluidity and other known mechanical
forces during sacculation. In the model, the epithelial layer con-
sists of chains of cells represented as a curved line, simulating
two-dimensional (2D) saccules. The epithelial cells experience
cell-cell interactions as well as outward movements due to
lumenal pressure. The epithelium exhibits a “bending elastic-
ity,” which allows it to change shape in response to forces
from the pressure within the lumen (Figure 5A).°°%°%" We
approximated the mesenchyme as a packed field of cells; the
ability of the cells within this tissue to exchange neighbors de-
pends on its relative fluidity, which is related to both mesen-
chymal cell motility (specified by a polarity term) and the forces
of cell-cell interactions (specified by a mobility term [inverse of
the friction parameter]). The model also specifies the (indirect)
interactions between the epithelial monolayer and surrounding
mesenchymal cells, such that deformation of the epithelium is
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Figure 4. Loss of mesenchymal Wnt5a mimics loss of Vangl1/2 during sacculation

(A) scRNA-seq analysis of E17.5 lungs; data from Zepp et al.?” Cells are clustered into four main groups: immune, epithelial, hematopoietic, and mesenchymal
cells. UMAP projections show the relative expression of Ror2, Ptk7, Ryk, and Wnt5a.

(B) Representative tiled images (scale bars, 500 pum) and insets (scale bars, 100 um) of E18.5 lung sections from control and epi-Wnt5a-CKO lungs; fluorescence

intensity includes signal from staining for SPC, RAGE, and Hoechst.

(C) Representative images of sections of distal lung tissue at E18.5 in control and epi-Wnt5a-CKO lungs; scale bars, 100 um.

(D) Quantification of the percentage of lung area accounted for by saccules at E18.5 in control and epi-Wnt5a-CKO lungs (n = 4 control and n = 4 mutant lungs, p =
0.3994 via unpaired Student’s t test); each data point represents one lung lobe.

(E) Quantification of average saccular lumenal area at E18.5 in control and epi-Wnt5a-CKO lungs (n = 4 control and n = 4 mutant lungs, p = 0.0552 via unpaired
Student’s t test); each data point represents one lung lobe.

(F) Representative tiled images (scale bars, 500 um) and insets (scale bars, 100 um) of E18.5 lung sections from control and inducible mes-Wnt5a-CKO lungs;
fluorescence intensity includes signal from staining for SPC, RAGE, and Hoechst.

(G) Representative images of sections of distal lung tissue at £18.5 in control and inducible mes-Wnt5a-CKO lungs; scale bars, 100 pm.

(H) Quantification of the percentage of lung area accounted for by saccules at £18.5 in inducible mes-Wnt5a-CKO lungs (n = 5 control and n = 5 mutant lungs,
p < 0.0001 via unpaired Student’s t test); each data point represents one lung lobe.

(I) Quantification of average saccular lumenal area at E18.5 in control and inducible mes-Wnt5a-CKO lungs (n = 5 control and n = 5 mutant lungs, p < 0.0001 via
unpaired Student’s t test); each data point represents one lung lobe. Shown are mean + SD; *** p < 0.0001. In all graphs, different shapes represent distinct

experimental replicates.
See also Figure S4.

coupled to rearrangements in the mesenchyme. The initial size
and density of the saccules and the density of the mesen-
chymal cells were based on data collected from E16.5 wild-
type lungs (Figures S5A-S5F).

Because previous work has suggested that mechanical forces
from fluid pressure are required for sacculation to proceed, we
independently varied two parameters in the model: lumenal
pressure and mesenchymal fluidity. We found that when lumenal
pressure is low, the epithelium fails to expand, regardless of the
fluidity of the mesenchyme (Figures 5Bi, 5Bii, S5G, and S5H;
Videos S1 and S2). When both lumenal pressure and mesen-
chymal fluidity are high, the mesenchyme between adjacent
epithelial compartments thins and the simulated epithelium ex-
pands into saccules (Figure 5Biii; Video S3). However, when
lumenal pressure is high and mesenchymal fluidity is low, the
mesenchyme remains thick, and expansion of the epithelium is
constrained (Figure 5Biv; Video S4).

We found that under high-pressure, high-fluidity conditions,
sacculation in silico proceeds similarly to sacculation in vivo in
wild-type lungs (Figure 5C). The mesenchymal layer between
epithelial compartments is thinner at the final time point of
the simulation than at the initial time point, similar to the
changes in mesenchymal thickness observed in vivo from
E16.5-18.5. Importantly, simulations in which pressure is
high but fluidity is low result in smaller saccules and a thicker
mesenchyme, consistent with the morphological defects
that we observe when Vangl1/2 is depleted from the mesen-
chyme in vivo (Figure 5D). Consistently, decreasing the
fluidity of the mesenchyme decreases the average saccule
area in the simulation, even when the lumenal pressure is
high (Figure 5E). Our model therefore predicts that lumenal
pressure and a fluid mesenchyme are both essential for
sacculation and that loss of either leads to failure in this
morphogenetic process.
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Figure 5. Mathematical modeling predicts that sacculation requires fluidity of the mesenchyme

(A) Schematic of the parameters used to model the epithelium and mesenchyme.

(B) Phase diagram of final time point of simulations that independently vary lumenal fluid pressure and mesenchymal fluidity.

(C) Snapshots of the time course of sacculation in high-pressure, high-fluidity simulations and in wild-type lungs in vivo. Images of E16.5-17.5 lung sections
immunostained for Ecad (magenta) and counterstained with Hoechst (cyan); £18.5 lung sections immunostained for RAGE and SPC (both magenta), counter-

stained with Hoechst (cyan) (scale bars, 50 um).

(D) Snapshots of the time course of sacculation in high-pressure, low-fluidity simulations and in mesCKO lungs. Images of E16.5-17.5 lung sections immuno-
stained for Ecad (magenta), counterstained with Hoechst (cyan); £18.5 lung sections immunostained for RAGE and SPC (both magenta), counterstained with

Hoechst (cyan) (scale bars, 50 um).

(E) Quantification of the average saccule area at the final time point of high-pressure, high-fluidity and high-pressure, low-fluidity simulations.

See also Videos S1, S2, S3, and S4 and Figure S5.

Lineage tracing identifies a fluid mesenchymal cell
compartment

Our mathematical model predicts that a fluid mesenchymal
compartment is required for epithelial expansion and mesen-
chymal thinning during sacculation. Our model also predicts
that this fluidity results in both active rearrangements of neigh-
boring mesenchymal cells as well as dispersal of cells during
the process of sacculation (Figures 6A-6C). To test this predic-
tion experimentally, we used the Confetti lineage-tracing system
to assess the extent to which mesenchymal cells disperse during
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sacculation. We generated Tbx4-rtTA; Tet-O-Cre; Confetti mice
to lineage label individual mesenchymal cells and follow their
progeny through developmental time. In this system, exposure
to doxycycline promotes the random expression of one of four
fluorophores in a subset of cells within the pulmonary mesen-
chyme. After injecting a single low dose of doxycycline at
E14.5, we observed extremely rare groups of GFP* clonal popu-
lations at E16.5 (Figure 6D). To assess the extent to which
mesenchymal cells disperse during sacculation, we conducted
an experimental time course from E16.5-18.5 (Figure 6D). We



Please cite this article in press as: Paramore et al., Vang/-dependent mesenchymal thinning shapes the distal lung during murine sacculation, Devel-
opmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.03.010

Developmental Cell ¢? CellPress

B
100 0,0 = clone centroid

50
0

k.

-50 mt,,

20
100

v 2 ® 74
distance (a.u.)
30 *kkk

average distance
from centroid (um)

E14.5
=00 0,0 = clone centroid
doxycycline o 200 .
injection ___---=77" —_ "
s i 100 —
8 o il
c . . .
© t .
» -100 0
kS i IE16.5
-200 BE175
ME18.5

-300—
X T O 7 oy O
% % D% %

distance (um)

*%

(Mm)

250 ®2cellcl

cell clone
200 A 3-6 cell clone
150 1>6 cell clone
100 -
50

Tbx4-rtTA; Tet-O-Cre; Confetti

= =
T T
E16.5 E17.5 E18.5

average distance =

from centroid

Figure 6. Lineage tracing demonstrates a fluid mesenchymal compartment

(A) Snapshots of the time course of sacculation in high-pressure, high-fluidity simulation, with mesenchymal cells color-coded to highlight neighbor exchanges.
(B) Graphical representation of clonal cell positions at t1—txg in high-pressure, high-fluidity simulations; 0,0 is the centroid of each clone. Each dot represents one
cell; ten simulations are represented.

(C) Graph indicating the average distance of daughter cells from the centroid of their clonal population at t1—t,q in high-pressure, high-fluidity simulations; each dot
represents the average distance of all daughter cells from the centroid in one simulation (n = 10 simulations, p < 0.0001 via unpaired Student’s t test).

(D) Schematic illustrating experimental protocol for inducing sparse clonal populations, including representative images of clones from 300-um-thick sections of
Tbx4-rtTA; Tet-O-Cre; Confetti lungs at E16.5-18.5 (scale bars, 100 um; inset scale bars, 10 um).

(E) Graphical representation of clonal cell positions at E16.5-18.5 in control lungs; 0,0 is the centroid of each clone. Each dot represents one cell (n = 19 clones
from 6 distinct E16.5 lungs, n = 6 clones from 4 distinct E17.5 lungs, and n = 19 clones from 5 distinct £18.5 lungs).

(F) Graph indicating the average distance of daughter cells from the centroid of their clonal population at £16.5-18.5 in control lungs (n = 19 clones from 6 distinct
E16.5lungs, n = 6 clones from 4 distinct E17.5 lungs, and n = 19 clones from 5 distinct £18.5 lungs, p = 0.0039 via Mann-Whitney test comparing E16.5 and E18.5).
See also Figure S6.
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then determined the centroid position of each clonal population
and plotted the coordinates of all clonal cells with the centroid as
the origin (Figure 6E; Figures S6A-S6C). Although the median
number of cells per clone was 4 at both stages, cells in clones
at £E18.5 appeared much further apart than those at E16.5,
consistent with mesenchymal cell dispersal and a fluid compart-
ment (Figure 6E; Figure S6D). Measuring the average distance of
sister cells from the centroid of each clonal population demon-
strated that cells disperse over developmental time, consistent
with the predictions of our mathematical model (Figure 6F).

Because our lineage-labeling strategy generated mesen-
chymal clones both proximal and distal to the conducting air-
ways, we asked whether there were location-dependent differ-
ences in dispersal of the clones. Analysis of clonal dispersion
from E16.5-18.5 identified no obvious trends in the levels of
dispersal as a function of distance from the conducting airways
(Figures S6E-S6H). Given that clone dispersion does not
strongly correlate with anatomical location, we conclude that
mesenchymal cells throughout the lung are broadly capable of
dispersal. Together, our data indicate that the mesenchyme of
the sacculation-stage lung is fluid. We hypothesize that this
fluidity is necessary for mesenchymal thinning and the increase
in epithelial surface area during sacculation.

Vangl-mutant mesenchymal cells exhibit cell
morphologies inconsistent with a fluid compartment

Our lineage-tracing data are consistent with our mathematical
model, which predicts that the mesenchyme is a fluid compart-
ment during sacculation. We previously found that the fluidity
of the mesenchymal compartment correlates with elongated
and protrusive cell shapes in early-stage lungs more amenable
to time-lapse imaging analysis.***°> We therefore hypothesized
that, if the saccular mesenchyme is a fluid tissue, the
morphology of mesenchymal cells would be similarly elongated
at the sacculation stage in wild-type lungs.

To test this hypothesis, we used a Tbx4-rtTA; Tet-O-Cre;
Confetti mouse line and induced labeling of mesenchymal cells
at E14.5, which ensures that no pulmonary endothelial cells are
labeled.®> By performing immunofluorescence analysis for
Ecad, we ensured that only images of saccule-associated
mesenchymal cells were obtained, avoiding airway and vascular
smooth muscle. We then examined the shapes of saccule-asso-
ciated mesenchymal cells at E17.5. Near the saccules, mesen-
chymal cells exhibit an elongated morphology, often wrapping
around the epithelium (Figure 7A). This elongated morphology
is consistent with cell shapes observed in fluid or motile tissue
compartments.“®*? To determine whether the morphology of
mesenchymal cells is altered when Vangl/1/2 are depleted, we
introduced the Confetti allele into our inducible mesenchymal
Vangl1/2 knockout line (Tbx4-rtTA; Tet-O-Cre; Vangl1™"
Vangl2"™, Confetti), where any cell expressing a Confetti fluoro-
phore will also be mutant for Vang/1/2. Unlike cells from control
embryos, Vangl1/2-mutant mesenchymal cells adjacent to sac-
cules appear less elongated and less protrusive, resembling
blocks (Figure 7B). To quantitatively describe these changes in
cell morphology, we performed automated segmentation of
Confetti-labeled mesenchymal cells and analyzed four different
shape metrics: aspect ratio, shape factor, circularity, and the ra-
tio of cell area to the area of its convex hull. These cell-shape an-
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alyses showed that the Vangl/1/2-mutant cells significantly
differed from control cells in their morphology: mutant cells
have an increased circularity, a reduced aspect ratio, a lower
shape factor, and a higher ratio of area to convex hull area
(Figures 7C-7F), morphologies that are consistent with a less
fluid or motile state. These data indicate that loss of Vangl/ alters
mesenchymal cell morphology, which is consistent with our pre-
dictions of a less fluid compartment.

DISCUSSION

Sacculation is an integral part of embryonic development, gener-
ating the epithelial surface area required for gas exchange post-
natally. However, we still know relatively little about the cellular
mechanisms underlying this developmental process. Our data
demonstrate that neither Vang/1/2 nor Celsr1, core members
of the PCP complex, are necessary in the pulmonary epithelium
for sacculation. Rather, Vangl1/2 function is required in the
mesenchyme for mesenchymal thinning and epithelial expan-
sion, key morphogenetic events that drive sacculation. Thus,
we have identified a PCP-independent role for Vangl, where it
functions without its cognate partner Celsr to promote
morphogenesis.

Our findings indicate that Vangl may be part of a signaling
pathway downstream of Wnt5a, which is considered a non-ca-
nonical Wnt ligand that predominantly functions independently
of B-catenin.®® In general, loss of Wnt5a affects morphogenesis
of tissues rather than altering cell identity or specification.®®
Given the phenotypic similarities in Wnt5a-mutant and Vang/2-
mutant embryos, it has long been hypothesized that Wnt5a is
an upstream regulator of core PCP complex function. However,
our data suggest that, instead, Wnt5a may signal to Vangl in its
PCP-independent roles. Future studies are required to identify
a Wntb5a receptor, and to determine the molecular relay down-
stream of Wnt5a that may lead to Vangl activation in the pulmo-
nary mesenchyme.

Our data are consistent with previous reports of a sacculation
defect in the lungs of Vang/2-*"** mutants.’® In contrast to that
work, however, we found that most Celsr1° " mutant lungs
sacculate normally. Because we only observe sacculation defects
in lungs of the most phenotypically abnormal Celsr1sCrsh em-
bryos, we postulate that the previously reported sacculation de-
fects in Celsr1°"Crh embryos are secondary to defects in the
vascular system or embryonic demise. These data highlight the
need for caution in interpreting genetic manipulations that also
affect the gross morphology and viability of the embryo.

Our data are in apparent conflict with a previous report, which
concluded that the core PCP complex is required in the pulmo-
nary epithelium for normal alveolar development.®* Specifically,
the authors of that study used Sox9Cre to drive deletion of
Vangl1 and Vangl2, which led to a disruption in alveologenesis.
However, Sox9Cre is not an epithelial-specific driver in the
lung; in fact, Sox9 is expressed broadly in the developing pulmo-
nary mesenchyme, including prechondrocytes and mesen-
chymal cells adjacent to airways.®® The authors also conducted
similar experiments with the ShhCre driver but found no alveolo-
genesis defects and attributed this to inefficient depletion of
Vangl2 by ShhCre. In our hands, we observe complete loss of
Vangl2 protein with the ShhCre driver (Figure S3A). Further,
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Figure 7. Vangl2-mutant mesenchymal cells exhibit altered morphologies

(A) Representative optical sections from two separate E17.5 Tbx4-rtTA; Tet-O-Cre; Confetti lung lobes. 200-um-thick sections were immunostained for Ecad
(magenta) and imaged for RFP fluorescence (green) (scale bars, 25 um; inset scale bars, 5 um).

(B) Representative optical sections from two separate E17.5 Tbx4-rtTA; Tet-O-Cre; Vangl1™", Vangl2™; Confetti lung lobes. 200-um-thick sections were
immunostained for Ecad (magenta) and imaged for RFP fluorescence (green) (scale bars, 25 um; inset scale bars, 5 pm).

(C-F) Histograms of quantification for the circularity (p < 2.2e—16, Wilcoxon rank-sum test), aspect ratio (p = 5.953e—07, Wilcoxon rank-sum test), shape factor
(p <2.2e—16, Wilcoxon rank-sum test), and area/convex hull area (p < 2.2e—16, Wilcoxon rank-sum test) of mesenchymal cells from E17.5 Tbx4-rtTA; Tet-O-Cre;
Confetti (n = 894 cells from 4 lungs) and Tbx4-rtTA; Tet-O-Cre; Vangl1™"; Vangi2™™; Confetti lungs (n = 1,330 cells from 3 lungs).

epithelial-specific loss of PCP function in the lung is compatible
with survival: ShhCre; Vangl1/2™" mice, CNT Celsr1Crsi/Crsh
mice, Celsr14?’%% mice,*® and Celsr2“°’%© mice®® can all survive
to adulthood, indicating functional lungs. All together, these data
suggest that the phenotype of the Sox9Cre; Vang!1/2"" mice is
due to a loss of Vangl1/2 from the mesenchyme, not the lung
epithelium. This conclusion is consistent with the phenotypes
of our epithelial- and mesenchymal-specific knockouts of
Vangl1/2, which clearly demonstrate that Vangl1/2, and the
core PCP complex more broadly, are not required in the pulmo-
nary epithelium for lung morphogenesis. Rather, it appears that
the main morphogenetic role for the core PCP complex in the
lung is to regulate cilial development and orientation in the prox-
imal airways.**°°

Several studies have investigated how AEC differentiation and
the resulting cell-shape changes, particularly the flattening of
AEC1s, contribute to sacculation.”*”*® The requirement for
both fetal breathing movements*® and the resulting increase
in mechanical strain on the epithelium®°° have been well estab-
lished. However, this epithelial-centric focus on sacculation ig-

nores the physical barrier imposed by a thick mesenchymal layer
and has left open the question as to whether the mesenchyme
might play a more active role in facilitating this stage of morpho-
genesis. Our study unexpectedly finds that Vangl1/2 expressed
specifically in mesenchymal cells plays a role outside of the core
PCP complex to drive the formation of saccules. Saccule-asso-
ciated mesenchymal cells exhibit elongated and protrusive cell
shapes that are correlated with increased cellular motility and
tissue fluidity, but loss of Vangl completely disrupts this
morphology. Because Vangl is best known for regulating cyto-
skeletal organization rather than transcriptional output, we
postulate that Vangl1/2 regulates cellular motility to increase
mesenchymal fluidity, facilitating active thinning of the mesen-
chymal cell layer. Our data suggest that in the absence of Vang|
signaling, the forces from lumenal pressure alone are insufficient
to compress mesenchymal cells into the thin layer observed in
wild-type lungs at £18.5. Rather, we predict that Vangl is part
of a complex regulating mesenchymal motility and that a fluid
population of mesenchymal cells is essential for normal
sacculation.
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Early in vertebrate development, the core PCP complex facil-
itates convergent extension during gastrulation and neural tube
closure.'®'845 gpecifically, PCP complex proteins are required
in mesodermal and neuroectodermal tissues,**":%%" which are
planar sheets of cells with some mesenchymal properties at
these early stages. During organogenesis, the PCP complex
has been primarily described in sheets of epithelial cells but is
also known to function in planar mesenchymal tissues, such as
the chondrocytes of the developing limb.*" In these planar tis-
sues, PCP protein complexes are asymmetrically aligned along
a single axis (Figure 1A). In contrast, here we show a role for a
single PCP component, Vangl1/2, in a complex, nonplanar,
three-dimensional (3D) mesenchymal tissue that is shaped simi-
larly to a highly perforated block of Swiss cheese. In such a tis-
sue, there is no single plane of cells. In retrospect, it is logical
that core PCP complex function would be dispensable in the pul-
monary mesenchyme, as forming a single planar axis of asym-
metrically localized protein complexes is physically impossible.

Our study generates exciting new questions that will be inves-
tigated in future work. For example, is the fluidity of the mesen-
chyme a result of directional or random motility? In our
mathematical model, mesenchymal cells move randomly under
high-pressure, high-fluidity conditions, which is sufficient for
saccule expansion. Our in vivo work suggests that mesenchymal
fluidity is regulated by Vangl downstream of Wntb5a, and future
work will identify how Wnt5a may regulate Vangl function in the
lung. Excitingly, a recent study investigating the role of Wntba
in tracheal smooth muscle (TSM) demonstrated that, whereas
wild-type TSM cells wrap circumferentially around tracheal
epithelium, Wnt5a-null TSM cells fail to migrate toward the
epithelium, despite maintaining the ability to randomly migrate
in an ex vivo culture system.** That work suggests that Wnt5a
may be specifically required for directional motion in TSM cells.
Perhaps a similar mechanism is at play here, and Vangl regulates
not just mesenchymal fluidity but directed motility as well. If so,
an important next step will be to understand whether Vangl is
asymmetrically localized or asymmetrically activated in pulmo-
nary mesenchymal cells.

Limitations of the study

We believe that a major strength of this study is that all biological
experiments were performed in developing lungs, aiding our un-
derstanding of how the PCP complex and Vangl1/2 regulate
sacculation in vivo. However, the physiological complexity of
the late-stage embryonic lung and the genetics of the system
limited our experimental approaches: we were unable to com-
plete the genetic crosses necessary to determine directly via
lineage tracing how depletion of Vangl1/2 affects mesenchymal
motility, so we had to rely on a morphological proxy. Finally,
although the sacculation phenotype from the mesenchymal
Whnt5a knockout experiments phenocopy the defects observed
in mesenchymal Vangl1/2 knockout lungs, direct biochemical
evidence is required to definitively place Wntba upstream of
Vangl in a signaling cascade.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

SPC (rabbit) Millipore, Cat# ab3786 RRID: AB_91588
RAGE (rat) R&D, Cat# MAB1179 RRID: AB_2289349
Ecad (rat) Invitrogen, Cat# 14-3249-82 RRID: AB_1210458
Ecad (rabbit) Cell Signaling, Cat# 3195 RRID: AB_2291471
Celsr1 (guinea pig) Custom (Danelle Devenport) N/A

Vangl2 (rat) Millipore, Cat# MABN750 RRID: AB_2721170
GFP (chicken) Abcam, Cat# ab13970 RRID: AB_300798
RFP (rabbit) [recognizes tdTom] Rockland Inc, Cat# 600-401-379 RRID: AB_2209751
aSMA (mouse) Sigma, Cat# a5228 RRID: AB_262054
CD31 (rabbit) Abcam, Cat# ab28364 RRID: AB_726362

Sox9 (rabbit)

Millipore

Cat# AB5535; RRID: AB_2239761

Phospho-Histone-3 (rabbit) Upstate (Millipore), Cat# 06-570 RRID: AB_310177
Cleaved Caspase-3 (rabbit) Cell Signaling, Cat# 9661S RRID: AB_2341188
Alexa Fluor® 488 donkey anti-rat Invitrogen, Cat# A-21208 RRID: AB_141709
Alexa Fluor® 594 donkey anti-rat Jackson ImmunoResearch, Cat# 712-585-150 RRID: AB_2340688
Alexa Fluor® 647 donkey anti-rat Jackson ImmunoResearch, Cat# 712-605-153 RRID: AB_2340694
Alexa Fluor® 488 donkey anti-rabbit Jackson ImmunoResearch, Cat# 711-545-152 RRID: AB_2313584
Alexa Fluor® 555 donkey anti-rabbit Invitrogen, Cat# A-31572 RRID: AB_162543
Alexa Fluor® 647 donkey anti-rabbit Invitrogen, Cat# A-31573 RRID: AB_2536183
Alexa Fluor® 488 donkey anti-chick Jackson ImmunoResearch, Cat# 703-545-155 RRID: AB_2340375
Alexa Fluor® 647 donkey anti-guinea pig Jackson ImmunoResearch, Cat# 706-605-148 RRID: AB_2340476
Alexa Fluor® 555 donkey anti-mouse Invitrogen, Cat# A-31570 RRID: AB_2536180
Chemicals, peptides, and recombinant proteins

Fish gelatin Sigma, Cat# G7765 N/A

Bovine serum albumin Sigma, Cat# A7906 N/A

Triton X-100 Sigma, Cat# X100 N/A

Normal donkey serum Sigma, Cat# D9663 N/A

ProLong™ Gold Antifade Mountant Thermo Fisher, Cat# P36930 N/A

Doxycycline hyclate Sigma, Cat# D9891 N/A

Hoechst Invitrogen, Cat# H1399 N/A

Deposited data

E17 mouse lung single cell RNA (Zepp et al.)?” GSE149563

sequencing data

Code for computational model
of sacculation

Deposited on Zenodo

https://zenodo.org/records/10779328

Experimental models: Organisms/strains

Vangl2-?

Celsr1¢rh

Shi htm 1(EGFP/cre)Cjt

Tw istztm 1.1(cre)Dor

Tox4-rtTA

tet-O-Cre

Vangl1 flox (Vangl1t™-Nat)

The Jackson Laboratory

Elaine Fuchs, Jen Murdoch, originally
published in Curtin et al.™®

The Jackson Laboratory
The Jackson Laboratory

Gift from Wei Shi, originally published
in Zhang et al.*?

The Jackson Laboratory
The Jackson Laboratory

el Developmental Cell 59, 1-15.e1-e5, May 20, 2024

JAX: 000220
MGI: 2668337

JAX: 005622
JAX: 008712

N/A

JAX: 006234
JAX: 019518

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Vangl2 flox (Vangl2!™m2 1Mdea) The Jackson Laboratory JAX: 025174
Wht5a flox (Wnt5a'™"- K The Jackson Laboratory JAX: 026626
mTmG reporter: The Jackson Laboratory JAX: 007676
(Gt(ROSA)26S0 AM4(ACTB-tdTomato, —EGFP)LLIO)

Confetti reporter: The Jackson Laboratory JAX: 017492

(Gt(ROSA)zesortm 1(CAG-Brainbow?2. 1)Cle)

Oligonucleotides (Genotyping Primers)

Allele being genotyped
Cre (used for all lines)
Vangl1 flox

Vangl2 flox

Celsr1°™" (PCR)
Celsr1°™" (sequencing)
Vangl2 WT allele
Vangl2-?

Tbx4-rtTA

Whnt5a flox

GFP (for Confetti genotyping)

Forward Primer
GCATTACCGGTCGATGCAACGAGTGATGAG
ACATGATCACACCAATTCTGTCCA
TCCTGTCCCTGAGTCCCAAATG
TGCTACAGACCGTGACTCAG
GGTGGGGATGATGGAGATGG
CAAACAGTGGACCTTGGTGTG
CAAACAGTGGACCTTGGTGTA
GGAAGGCGAGTCATGGCAAGA
GGTGAGGGACTGGAAGTTGC
ACGGCCACAAGTTCAGC

Reverse Primer
GAGTGAACGAACCTGGTCGAAATCAGTGCG
CTGGACTCACACTCTACCTCAATGGCA
CTACTCCAGCCTGCGCCAACCTTA
TGCCCTCCACGATCTGATAC

TGGCAGAAATGTGTCAGGG
TGGCAGAAATGTGTCAGGG
AGGTCAAAGTCGTCAAGGGCAT
GGAGCAGATGTTTATTGCCTTC
CGTCGCCGATGGGGGTGTTCT

Software and algorithms

Imaris Oxford Instruments https://imaris.oxinst.com/

MATLAB Mathworks https://www.mathworks.com/?s_tid=gn_logo

R Studio Program and code from Team® and https://posit.co/download/rstudio-desktop/
Villaneueva and Chen®®

Seurat Originally published in Butler et al.®* https://satijalab.org/seurat/

FlJI Program and code from Schindelin et al.®® https://imagej.net/software/fiji/

llastik Program and code from Berg et al.®® https://www.ilastik.org

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Danelle
Devenport (danelle@princeton.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e Single-cell RNA-sequencing data analyzed in this manuscript are deposited at GEO and are publicly available. Accession
numbers are listed in the key resources table. Microscopy data reported in this paper will be shared by the lead contact
upon request.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. Links for access are listed
in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse lines and breeding

All procedures involving animals were approved by Princeton University’s Institutional Animal Care and Use Committee (IACUC).
Mice were bred and maintained under standard laboratory conditions receiving food and water ad libitum in an AAALAC-accredited
facility in accordance with the NIH Guide for the Care and Use of Laboratory Animals. This study was compliant with all relevant
ethical regulations regarding animal research. Embryos of both sexes were used for all experiments. All strains were maintained
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on a BI6 background unless otherwise stated. Celsr1-3xGFP, Fzd6-3xGFP, and tdTomato-Vangl2 mouse lines were used to assess
the localization of core PCP proteins during lung development.?® Vangl2-*"* embryos®” and Celsr1°"Csh embryos’® were used to
determine how loss of PCP function affects sacculation. The Celsr1"C™" strain was maintained on a mixed (BI6 and C3H) back-
ground. ShhCreGFP; Vangl1™": Vangi2 ™": Rosa26mTmG/Rosa26mTmG embryos were used to conditionally delete Vangi1/2 from
the lung epithelium.®®~"° Dermo1Cre; Vangl1 ™"; Vangi2 ™"; Rosa26mTmG/Rosa26mTmG embryos were used to conditionally delete
Vangl1/2 from the pulmonary mesenchyme.*?-! Tbx4-rtTA; Tet-O-Cre; Vangl1 ™"; Vangl2 "": Rosa26mTmG/Rosa26mTmG embryos
were used to conditionally delete Vang/1/2 from the pulmonary mesenchyme in an inducible manner.** To induce full Vang/1/2 dele-
tion, both doxycycline-medicated water (0.5 mg/mL) and an intraperitoneal injection (0.1 mg doxycycline/1 g weight) were adminis-
tered to pregnant dams at E14. Tbx4-rtTA; Tet-O-Cre; R26R-Confetti”' embryos were used for lineage-labeling and cell-shape anal-
ysis. Tbx4-rtTA; Tet-O-Cre; Vangl1 ™: Vangl2 ™": R26R-Confetti embryos were used for cell-shape analysis. ShhCreGFP; Wnt5a ™"
embryos were used to conditionally delete Wnt5a from the lung epithelium.”? Tbx4-rtTA; TetO-Cre; Wnt5a ™" embryos were used to
conditionally delete Wnt5a from the pulmonary mesenchyme in an inducible manner; doxycycline was administered in water at E15
as described above. Mouse strains and relevant genotyping primers are detailed in the key resources table.

METHOD DETAILS

Immunofluorescence analysis

Lungs and tracheas were dissected from embryos in PBS and fixed in 4% paraformaldehyde (PFA). All tracheas were fixed for 1 h at
4°C, washed with PBS, incubated overnight in blocking buffer composed of 4% normal donkey serum, 1% bovine serum albumin
(BSA), and 1% fish gelatin in PBT2 (PBS with 0.2% Triton X-100), washed with PBS, incubated with primary antibody overnight,
washed with PBS, and incubated with secondary antibody overnight. Tracheas were then washed and mounted on a slide for imag-
ing in Prolong Gold. E13.5 lungs were fixed for 30 min at 4°C. E16-18.5 lungs were fixed for 1 h at 4°C. Lungs were washed in PBS and
taken through a sucrose gradient before embedding in OCT. 10-um-thick and 200-pum-thick frozen sections were obtained from sam-
ples using a Leica CM3050S cryostat. 10-um-thick sections were washed in PBT3 (PBS with 0.3% Triton X-100), washed in PBS,
incubated in blocking buffer for 1 h at room temperature, and then incubated in blocking buffer with primary antibody overnight.
Slides were then washed in PBS and incubated with secondary antibody for 3 h and mounted in Prolong Gold. 200-um-thick floating
sections were washed in PBT3, washed in PBS, incubated in blocking buffer overnight at 4°C, and then incubated in blocking buffer
with primary antibody overnight. Sections were then washed in PBS and incubated with secondary antibody overnight at 4°C. Sec-
tions were then washed in PBS and mounted in Prolong Gold. Antibodies used for staining are detailed in the key resources table.

Computational model of sacculation
To test the role of mesenchymal fluidity during sacculation, we created a 2D agent-based model of particles (cells) undergoing Brow-
nian motion, as described by their center of mass. The model combines epithelial and mesenchymal compartments in which cells are
reduced to their center points and packed such that they do not overlap. The motion of a cell in each compartment is affected by its
interactions with neighboring cells and fluctuations in the system. The equations of motion for the positions of cells in both compart-
ments are considered in the overdamped limit, which is commonly used to describe biological systems where the inertial effects are
much smaller than the effects from intracellular interactions or the fluctuations in the system.

We modeled the mesenchyme as a collection of cells, where each cell is reduced to its center and is driven by a Langevin-like
equation in continuous time. The equation of motion for a mesenchymal cell i is described as follows:

Z—f = upFr" (Equation 1)

where X; is the position of cell /, u,, is the motility coefficient for the mesenchymal population, and I?,f" is the sum of all forces acting
upon the ith mesenchymal cell

Fm = faﬁ,+zl_¢f§/’.”e’a°”"” (Equation 2)

The term f,n; models the internal cellular processes that drive a mesenchymal cell to move in the direction of its polarity, and the

interaction between the ith cell and its nearest neighbors® "¢ is defined as:
—interacti di\ % — X; .
Fiereeten = kf <—”> 7(_' - ) (Equation 3)
do |X,' — X/'|

A
f(g) _ 51 + (Ew;off) . (gcmoﬁ))" for 0<£ < Zupor

0 for g > gcutoff
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where I?,-,- is the force between ith and jth mesenchymal cells (repulsive at short distances and attractive at longer distances),
k describes the strength of the interaction force, and dj is the distance between the cells calculated as d; = |X; — X;|. The optimal
value dy = r; +r; is the optimal distance between two cells. To simplify the model, we fixed the optimal distance to dy = 1 (Figure 5A).
Cell-cell interactions are also assumed to occur indirectly between the mesenchyme and the epithelium using the same force defined
in Equation 3, so that the deformation of the epithelial tissue is coupled to that of the surrounding mesenchyme. The parameters
are oo =1.63, A = 2, and k =1.

The polarity vector n; = (cos 9, sin ¥;) is modeled as a Gaussian white rotational noise:

% = &(t) (Equation 4)
where ;(t) is a white noise with zero mean (£;(t)) = 0 and correlations (Ef(t)gj(t’» = 2D;6;;6(t — t'). D, measures the average magni-
tude of the stochastic force and is a rotational diffusion coefficient.

We modeled the structure of the epithelium as a 2D chain of cells distributed in a single layer that initially conformed to the circum-
ference of a saccule. The equation of motion for an epithelial cell i is described as:

Z—i = pFe (Equation 5)

!
where p, is the motility coefficient for the epithelium, and I?,? denote the summations of the forces acting upon the ith epithelial cell

I?ie — f:sending + Zi#/’ F;teraction + I?ﬁ)ressure (E qu ation 6)

The forces are considered to mimic the deformation of the epithelium observed experimentally. The effect of bending is incorpo-

rated to align the cells and obtain a smooth outline of the epithelium®”>~"® as follows
—pendi 0 — 6;_ 0 — 01 _ .
[Fpending. - bend (%ﬁ,‘,1 + %n;) (Equation 7)
[Xi — X1 [Xi — Xi1l

where 6; represents the angle between the vectors X; — X; 1, Xiz1 — X;, Njis a unit vector normaltox;,1 — X; (g - rotation), and kbend js
the bending elasticity coefficient. Interactions between epithelial cells were modeled using Equation 3.

Expansion of the epithelium in response to lumenal fluid pressure®’>~® was modeled by incorporating an outward force on the
epithelial cells as

Frressure — - kPrESS(AL 4 4+ 1) (Equation 8)

where kP"®Srepresents its magnitude.

Although the output of the simulations represents the epithelium as a continuous line, the simulated tissue is comprised of discrete
cells whose interactions are within a distance &0 =1.63 (see pink curve Figure 5A). In vivo, epithelial surface areaincreases because
of cell-shape changes; to simplify the model, the increase in epithelial surface area in silico is accounted for by increased epithelial
cell division instead. Cell proliferation was implemented computationally by measuring the distance between two adjacent cells. If the
distance is larger than d = 0.5, one cell is added in between two pre-existing epithelial cells. This approach allowed us to model the
growth and deformation of the epithelium.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of Celsr1 polarity

Celsr1 polarity was calculated using Packing Analyzer V2 software’” as previously described.”® The software measures the axis and
magnitude (nematic order) of junctional polarity. Cells were segmented using the E-cadherin signal. The angles were plotted in a cir-
cular histogram using the polar plot function in MATLAB. The magnitude of polarity and orientation of average Celsr1 polarity were
overlaid as a line on top of the histogram, where the length of the line and its orientation reflect the magnitude and direction of Celsr1
polarity.

Single-cell RNA-sequencing (scRNA-seq) analysis

We analyzed a previously published scRNA-seq dataset (GSE149563)°” generated from £17.5 mouse lungs. This analysis was car-
ried out using the Seurat package.®® The data were first filtered to exclude cells with fewer than 500 genes, more than 30,000 unique
molecular identifiers (possible multiplets), and greater than 10% mitochondrial DNA (dying cells). Following the Seurat pipeline, we
then normalized the data, identified variable features, scaled gene expression for each cell, ran principal components analysis, and
identified neighbors and clusters. We then generated uniform manifold approximation and projection (UMAP) plots and extracted
cluster markers to identify cell types. Clusters from the E17.5 lung dataset representing distinct cell types were annotated based
on the most highly expressed genes in each cluster. We then examined the expression patterns of genes of interest by color-coding
the UMAP and comparing cell-level expression of these genes in different cell clusters.
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Sacculation analysis

Tiled 20x images of entire lung sections were acquired on a Nikon A1RSi confocal microscope. Sections were imaged for RAGE,
SPC, and Hoechst, or for mTmG, RAGE, and Hoechst when applicable. To calculate the area of tissue, the image was first binarized
using FIJI°® such that non-tissue regions were labeled in white. After binarization, this image was negated and the sum of the white
(tissue) pixels was calculated, giving the value of the area of the tissue.

To calculate the area and perimeter of each saccule from a given image, the image was first binarized where the saccules were
labeled in white. The area and perimeter were then calculated for each saccule using the ‘regionprops’ function in MATLAB. This
value was then converted to units of pm?. Any saccule smaller than 50 pm? (for images with no transgenic mTmG) or 25 um? (for im-
ages with transgenic mTmG) was filtered out and discarded from further analysis.

Quantification of VangI2 intensity

60x images of lung sections were acquired on a Nikon A1RSi or Nikon AXR confocal microscope. Sections were imaged for Vang|2
and Ecad or for Vangl2, phalloidin, and Sox9. Ecad signal or phalloidin and Sox9 signal were used to identify and mask Vangl2 signal
from the epithelial compartment. Using FIJI, the corrected total mesenchymal Vangl2 fluorescence was calculated as follows:

integrated density of mesenchymal region — (area of mesenchymal region « mean gray value of background region)

Lumenal areas were used to identify the mean gray value of background region, as they lack Vangl2 protein. Three images were
quantified per lung; each lung’s corrected total mesenchymal Vangl2 fluorescence represents the average of all images per lung.

Lineage-tracing analysis

For each cell of each clone (simulated and in vivo), the center point was determined by identifying the xy coordinates using FIJI. The
center point was then graphed using a custom MATLAB script where, for each clone, the clone centroid was calculated by the mean
of each point. The distance from the center of each cell to its clone centroid was calculated as the Euclidean distance. Plots were then
generated where each center point of each cell of a clone was subtracted by the centroid of that clone. These clone-centroid sub-
tracted points were then overlayed on top of each other and color coded by embryonic stage.

Mesenchymal cell-shape analysis

Images of RFP-labeled saccule-associated mesenchymal cells were obtained only from the saccular regions of the lung; mesen-
chyme adjacent to conducting airways was not imaged to avoid including airway smooth muscle cells in this analysis. Saccule-adja-
cent mesenchymal cells were segmented and binarized using the ilastik 2-stage autocontext workflow,® using the signal from cyto-
plasmic RFP* mesenchymal cells. Segmented images were then analyzed in MATLAB by labeling each connected component using
the bwlabel function. The segmented cell metrics of perimeter, area, convex hull area, circularity, and major and minor axis lengths
were then calculated using the regionprops function. Area/convex hull area was calculated as the ratio between area and convex hull
area. Aspect ratio was calculated as the ratio of the major and minor axis lengths. Shape factor was calculated as the ratio of the
perimeter and the square root of the area. Histograms were then generated using R and the ggplot2 package.®*®
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