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VANGL2 is a component of the planar cell polarity (PCP) pathway, which regulates
tissue polarity and patterning. The Vangl2Lp mutation causes lung branching defects
due to dysfunctional actomyosin-driven morphogenesis. Since the actomyosin network
regulates cell mechanics, we speculated that mechanosignaling could be impaired
when VANGL2 is disrupted. Here, we used live-imaging of precision-cut lung slices
(PCLS) from Vangl2Lp/+ mice to determine that alveologenesis is attenuated as a
result of impaired epithelial cell migration. Vangl2Lp/+ tracheal epithelial cells (TECs)
and alveolar epithelial cells (AECs) exhibited highly disrupted actomyosin networks and
focal adhesions (FAs). Functional assessment of cellular forces confirmed impaired
traction force generation in Vangl2Lp/+ TECs. YAP signaling in Vangl2Lp airway
epithelium was reduced, consistent with a role for VANGL2 in mechanotransduction.
Furthermore, activation of RhoA signaling restored actomyosin organization in
Vangl2Lp/+, confirming RhoA as an effector of VANGL2. This study identifies a pivotal
role for VANGL2 in mechanosignaling, which underlies the key role of the PCP pathway
in tissue morphogenesis.

Keywords: VANGL2, planar cell polarity, mechanosignaling, cell migration, focal adhesion, traction force, RhoA,
YAP signaling

INTRODUCTION

The planar cell polarity (PCP) pathway is a non-canonical Wnt pathway, best known for controlling
the collective polarization of cells across the plane of a cell sheet, a phenomenon referred to as PCP.
In Drosophila, the mutually exclusive location of Vangl/Pk and Fz/Dsh/Diego complexes at the
proximal and distal side within a cell gives rise to PCP (Goodrich and Strutt, 2011). More broadly,
across different organisms, this core set of protein components govern diverse developmental
processes through regulation of directed cell migration (DCM) (Henderson et al., 2018). In DCM,
groups of cells within the tissue plane adopt multicellular polarization and move in a cohesive
manner with the coordination of RhoA-mediated actomyosin contractile activity at the rear and
Rac1/Cdc42-induced pushing force at the front, while maintaining cell–cell contacts (Friedl and
Gilmour, 2009; Mayor and Carmona-Fontaine, 2010). Our previous studies have shown that the
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PCP pathway is required for embryonic lung and kidney
development (Yates et al., 2010a,b, 2013). More recently, it
has been shown that the PCP pathway plays a central role
in alveologenesis and adult lung homeostasis (Poobalasingam
et al., 2017; Zhang et al., 2020) and is important for normal
repair of the lung epithelium following injury (Poobalasingam
et al., 2017). Both embryonic and adult PCP mouse mutants
display abnormal actomyosin distribution (Yates et al., 2010b;
Poobalasingam et al., 2017). Although PCP is known to regulate
actin cytoskeleton remodeling through its downstream effector
RhoA (Munoz-Soriano et al., 2012; Davey and Moens, 2017;
Henderson et al., 2018), the function of the PCP pathway in
mechanosignaling, the process by which mechanical cues can
rapidly trigger signaling mechanisms that lead to cytoskeletal re-
organization and modulation of cell shape or movement, has not
been determined.

The actin cytoskeleton consists of polymerized actin filaments
(F-actin), which serve as a scaffold for non-muscle myosin II
to form the actomyosin contractile system. Mechanical stresses
can activate RhoA, which promotes the formation of stress
fibers and stimulates the phosphorylation of myosin light chain
2 (MLC2) through Rho-associated kinase (ROCK) (Sun et al.,
2016). The intracellular actin cytoskeleton is linked to focal
adhesions (FAs) via proteins such as paxillin, talin, and vinculin.
These FA complexes mediate bidirectional signaling between
cell and extracellular matrix (ECM) via the mechanosensitive
transmembrane integrin proteins and the intracellular actin
filaments (Mitra et al., 2005; Hopkins et al., 2019). During
migration, increased mechanosignaling leads to integrin
clustering at FAs, which triggers the autophosphorylation of
FA kinase (FAK). This in turn stimulates the recruitment of FA
proteins such as paxillin and vinculin to further reinforce the FA
maturation (Hamadi et al., 2005; Mitra et al., 2005).

Given the role of the PCP pathway in DCM and our previous
observations of disrupted actomyosin network in the lungs (Yates
et al., 2010b; Poobalasingam et al., 2017), we hypothesized
that VANGL2 could play a key role in mechanosignaling.
Interestingly, a previous study described a link between the
PCP/WNT5A-Frizzled-DVL pathway with YAP (Park et al.,
2015), a mechanotransducer that converts mechanical stimuli
into biochemical signals by regulating gene expression in
response to mechanical cues (Jaalouk and Lammerding, 2009).
Moreover, YAP deficiency caused lung branching defects (Lin
et al., 2017), similar to that of Vangl2Lp.

The Looptail mutant mouse (Vangl2Lp) carries a missense
mutation, S464N, in the Vangl2 gene. Vangl2Lp is a dominant
negative mutation that not only impairs the transport of mutant
VANGL2 from endoplasmic reticulum to the Golgi but also
blocks wildtype (WT) VANGL2 protein being trafficked to
membrane, thereby resulting in loss of function. The dominant
nature of the Vangl2Lp mutation has been well established in
mouse genetic studies and in vitro cell systems (Kibar et al.,
2001; Murdoch, 2001; Gao et al., 2011; Belotti et al., 2012;
Yin et al., 2012; Seo et al., 2017). Although homozygotes die
around birth, heterozygotes are viable as adults but display
a number of phenotypes including looped tails which led to
their name and lung defects (Yates et al., 2010b; Poobalasingam

et al., 2017). In addition to disruption of VANGL2, the Looptail
mutation also affects additional PCP components such as
Prickle2 (Pryor et al., 2014), Frizzled3 (Montcouquiol et al.,
2006), and its homolog Vangl1 (Yin et al., 2012) making this
a powerful tool for studies of the Wnt/PCP pathway. Thus,
using Vangl2Lp, we assessed whether VANGL2 dysfunction affects
normal cellular mechanics and mechanosignaling. Real-time
imaging of Vangl2Lp/+ precision-cut lung slices (PCLSi) and
wound-healing assays with primary lung epithelial cells reveal
that VANGL2 is required for normal alveologenesis and wound
repair via its role in DCM. We provide mechanistic evidence
that VANGL2 disruption affects FA complexes, stress fiber
formation, and MLC2 activation, leading to defective intracellular
contractility via RhoA signaling. These abnormalities result
in impaired traction force generation and deficiency of the
mechanotransducer YAP. This study demonstrates that VANGL2
has an important role in mechanosignaling, which underlies
the key functions of PCP pathway in regulating tissue
morphogenesis and repair.

RESULTS

Live Imaging of Alveologenesis in
Vangl2Lp/+ PCLS Reveals Impaired Cell
Migration
Using the PCLSi technique recently established by our team
(Akram et al., 2019a), we investigated whether the alveologenesis
defects we previously reported in Vangl2Lp/+ mice were due to
impaired cell migration (Poobalasingam et al., 2017).

Precision-cut lung slices (300 µm thick) from WT and
Vangl2Lp/+ P3 littermate lungs were labeled with FITC-
conjugated epithelial cell-specific marker EpCAM and time-lapse
live imaging of ex vivo alveologenesis was conducted for
13 h (Supplementary Figure S1A). EpCAM specifically
labeled epithelial cells but not macrophages within PCLS, as
confirmed by dual staining of EpCAM and CD11c (macrophage
marker) (Supplementary Figure S1B). Time-lapse image
sequences were subsequently analyzed to track and quantify
epithelial cell motility.

Disruption of Vangl2 significantly inhibited mean net
epithelial cell migration (a total linear migration of a cell from
“start point” to the “end point” in 13 h) compared to WT control
PCLS (1.88 vs 2.50 µm respectively; p = 0.0001) (Figures 1A–C
and Supplementary Videos 1, 2). A large proportion of epithelial
cells were relatively sessile and migrated less than 2 µm both
in WT and Vangl2Lp/+ lung slices. However, the number of
highly motile epithelial cells which migrated between 5 and
11 µm was more than double in WT PCLS compared to that
of Vangl2Lp/+ littermates (12 vs 5%, respectively; p = 0.0007)
(Figure 1D). MTT metabolic assays confirmed that viability was
equally maintained in WT and Vangl2Lp/+ slices at the end of
time-lapse imaging (Figure 1E).

In addition to live imaging, we compared alveologenesis in
PCLS from WT and Vangl2Lp/+ P3 mice cultured in serum-free
DMEM for 72 h. Lung slices were then embedded in paraffin,
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FIGURE 1 | Alveolar epithelial cell migration is disrupted in Vangl2Lp/+ mice during ex vivo alveologenesis. (A) Traces of individual cell tracking over 13 h in a single
field from wildtype and Vangl2Lp/+ P3 mouse PCLS. (B) Deconvolved widefield 3D z-stack images extracted from 13 h time-lapse videos (Supplementary Videos
1, 2) of wildtype (top panels) and Vangl2Lp/+ (bottom panels) P3 PCLS labeled with EpCAM-FITC. (C) Mean net epithelial cell migration over 13 h of time-lapse
imaging of P3 PCLS. n = 3 independent experiments using three separate mice for each group; at least three fields were quantified from each lung slice from each
mouse per group per experiment. Each dot represents mean net epithelial cell migration per field. Mann–Whitney U-test, ***p = 0.0001. (D) Individual net cell
migration in wildtype and Vangl2Lp/+ P3 PCLS after 13 h of time-lapse imaging (each dot represents a single cell). A total of 1248 cells in wildtype and 1635 cells in
Vangl2Lp/+ P3 PCLS were tracked. Cells fall within the area highlighted in pink were highly motile and migrated between 5 and 11 µm. n = 3 independent

(Continued)
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FIGURE 1 | Continued
experiments using three separate mice for each group. Mann–Whitney U-test, ***p = 0.0007. (E) MTT cell viability assay comparing wildtype and Vangl2Lp/+ P3
PCLS at the end of 13 h time-lapse; n = 3 independent experiments using three separate mice, with duplicate slices per condition per experiment; Mann–Whitney
U-test. (F) H&E-stained sections from P3 PCLS at 0 and 72 h ex vivo culture of wildtype (top panels) and Vangl2Lp/+ (bottom panels) mice. Airspace count (G) and
mean linear intercept (Lm) (H) obtained from H&E sections of P3 PCLS of wildtype and Vangl2Lp/+ mice at 0 and 72 h; n = 3 independent experiments using three
separate mice, three H&E sections from each PCLS from each mouse were quantified per group per experiment. Each dot represents counts per field; one-way
ANOVA with Tukey’s post hoc test, ***p < 0.001, *p < 0.05. All data are presented as mean ± SEM.

cut into 3 µm sections, and stained with hematoxylin and
eosin (H&E) for imaging and subsequent morphometric analyses.
Alveologenesis was compared by quantifying the number of
airspaces and mean linear intercept (Lm). A smaller Lm value
indicates more alveoli. In WT PCLS, the number of airspaces
per square millimeter (mm2) area increased by 31% (171 vs
225 airspaces/mm2 at 0 and 72 h, respectively; p < 0.001),
and the Lm values decreased (74.07 vs 62.84 µm at 0 and
72 h, respectively; p < 0.05) after 72 h of culture (Figures 1F–
H), indicating that alveologenesis continued ex vivo (Pieretti
et al., 2014; Akram et al., 2019a). By contrast, the number of
airspaces and Lm values remained unaltered in Vangl2Lp/+ lung
slices after in vitro culture for the same duration (178 vs 163
airspaces/mm2; Lm: 77.58 vs 74.49 µm at 0 and 72 h, respectively)
(Figures 1F–H). MTT assays confirmed that cell viability was
unaffected in WT and Vangl2Lp/+ PCLS after 72 h of culture
(Supplementary Figure S1C). Taken together, our data show that
functional deficiency of Vangl2 perturbs alveolar epithelial cell
(AEC) migration, thereby hindering postnatal alveologenesis.

Vangl2 Is Required for Wound Repair and
Directed Cell Migration
Next we investigated cell migration and repair capacity in
Vangl2Lp/+ primary lung epithelial cells. We isolated tracheal
epithelial cells (TECs) from WT and Vangl2Lp/+ mice and
cultured them to confluence before inflicting a scratch wound in
the cell monolayers and comparing the wound-healing capacity
in WT and Vangl2Lp/+ TECs. The percentage of wound area
healed was reduced by 20% in Vangl2Lp/+ TECs (63.24% in
Vangl2Lp/+ vs 85.36% in WT; p = 0.029) (Figures 2A,B) or
(0.75 vs 1.00 Vangl2Lp/+ relative to WT TECs; p = 0.029)
(Figures 2A,C).

Given the role of the PCP pathway in establishing cell polarity
during DCM (Amano et al., 1996), we then assessed whether
impaired cell migration in Vangl2Lp/+ TECs may be attributed
to aberrant cell polarity at the leading edge of a scratch wound.
Cells were fixed at 20 h post-scratch and immunostained with
Golgi marker GM130 to distinguish polarized and non-polarized
cells as previously described (Etienne-Manneville and Hall, 2001;
Cory, 2011; Poobalasingam et al., 2017). Interestingly, Golgi
apparatus appeared randomly localized in Vangl2Lp/+ TECs at
the leading edge compared with leading WT TECs, which showed
a higher proportion of cells with the Golgi facing the direction of
migration (Figure 2E). Quantitative analysis of GM130 position
demonstrated that around 62% of the WT TECs at the leading
edge were polarized compared with only 44% in Vangl2Lp/+

TECs (p = 0.029) (Figure 2F). These data confirmed that in

primary lung epithelial cells, VANGL2 plays a role in wound
repair following injury by regulating cell polarity during DCM.

VANGL2 Dysfunction Leads to Highly
Disrupted Actin Cytoskeleton and Focal
Adhesions
To investigate whether impaired cell mechanics were associated
with the cell migration defects in Vangl2Lp/+ lungs, we first
investigated actin cytoskeleton organization and FA integrity in
adult WT and Vangl2Lp/+ epithelial cells. Phalloidin stained stress
fibers throughout WT TECs (Figure 3A). In contrast, Vangl2Lp/+

TECs exhibited diffuse and highly disrupted actin filaments
that were sparsely distributed and barely visible (Figure 3B).
Cortical actin was visible in both WT and Vangl2Lp/+ TECs.
These microscopic changes in actin distribution within adult
Vangl2Lp/+ epithelial cells are consistent with our previous
findings of aberrant actin distribution and regulation in whole
embryonic homozygous and heterozygous Vangl2Lp lung tissues
(Poobalasingam et al., 2017).

Immunostaining for the FA protein, paxillin, in WT TECs
demonstrated a high number of elongated FAs at the tips of stress
fibers and small dot-like FAs at the cell periphery (Figure 3A).
This was strikingly different from Vangl2Lp/+ TECs, in which
FAs were markedly reduced and large FAs capping stress fibers
were rarely present (Figure 3B). Quantification of both mean
FA size and FA density (total FA area normalized to total
cell area) revealed a substantial reduction in Vangl2Lp/+ TECs
(p < 0.01) (Figures 3C,D). Similarly, compared to WT cells
(Figure 3E), AECs isolated from Vangl2Lp/+ mutant mice also
exhibited highly disordered actin cytoskeleton (Figure 3F) and a
dramatic reduction in both mean FA size and density (p < 0.01)
(Figures 3G,H). Immunostaining with pan-cytokeratin, an
epithelial cell marker, was performed for TECs and AECs in each
experiment to confirm the purity of epithelial cell populations
(Supplementary Figure S2).

To further validate our findings, we conducted VANGL2
knockdown by siRNA transfection in human AECs (A549).
The siRNA knockdown efficiency was assessed by qRT-PCR,
as shown in Supplementary Figure S3A. In agreement with
the findings described above, VANGL2-depleted A549 cells
recapitulated overt anomalies in both actin cytoskeleton and
FAs (Figures 4A–D). These morphological aberrations resembled
A549 cells treated with different actomyosin inhibitors: para-
nitroblebbistatin (blebbistatin; an inhibitor of non-muscle
myosin II ATPase activity) (Képiró et al., 2014), ROCK
inhibitor, Y-27632 (Uehata et al., 1997), and actin polymerization
inhibitor, cytochalasin D (Schliwa, 1982) (Figures 4E–N). Scratch
assays conducted in A549 cells treated with blebbistatin or
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FIGURE 2 | Cell polarity and wound-healing are impaired in Vangl2Lp/+ TECs. (A) Representative images showing wildtype (left panels) and Vangl2Lp/+ TECs (right
panels) at 0 and 20 h post-scratch. Wound edges are indicated by green lines. (B) Percentage of wound healed measured at 20 h post-scratch in wildtype and
Vangl2Lp/+ TECs. n = 4 independent experiments; TECs from three mice were pooled for each group per experiment; three technical replicates for each group per
experiment; each dot represents mean percentage of wound healed per experiment. Mann–Whitney U-test, *p = 0.029. (C) Wound-healing rate in Vangl2Lp/+

relative to wildtype control. n = 4 independent experiments. Mann–Whitney U-test, *p = 0.029. (D) Schematic to illustrate polarized or non-polarized cells at leading
edge as determined by the 120◦ arc drawn from the center of a nucleus (blue) facing the direction of migration (arrow). Golgi (red) that are located within the 120◦ arc
(+) were considered as polarized, whereas cells with the entire or majority of the Golgi localized outside the 120◦ arc were classed as non-polarized. Arrow shows
the direction of migration and dotted line indicates the wound edge. (E) Immunostaining for Golgi marker GM130 (red) in fixed wildtype and Vangl2Lp/+ TECs at 20 h
post-scratch. Nuclei were labeled with DAPI (blue). Dotted line indicates the wound edge. (F) Percentage of polarized cells at 20 h post-scratch in wildtype and
Vangl2Lp/+ TECs. n = 4 independent experiments; TECs from three mice were pooled for each group per experiment; three technical replicates for each group per
experiment; each dot represents mean percentage of wound healed per experiment. Mann–Whitney U-test, *p < 0.05. All data are presented as mean ± SEM.

cytochalasin D also showed significantly impaired cell migration
(Supplementary Figures S3B–E) as shown in primary Vangl2Lp

TECs (Figure 2). Altogether, these results suggest that disrupted
FAs and actin cytoskeleton in VANGL2-deficient cells contribute
to impaired cell migration.

Since FAK is known to be one of the major kinases that
regulate the formation and maturation of FAs (Hamadi et al.,
2005), we next investigated whether phosphorylated FAK (pFAK;

active form) is affected in Vangl2Lp/+ TECs. Immunostaining
for pFAK-Y397 revealed an altered pFAK pattern in Vangl2Lp/+

TECs (Figure 4O). However, it was technically challenging
to obtain sufficient materials from primary cells to quantify
pFAK levels by western blotting, therefore, given the similar
phenotype observed in both Vangl2Lp/+ primary cells and
VANGL2-depleted A549s, lysates from control- or VANGL2-
siRNA-treated A549 cells were used to quantify pFAK and total
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FIGURE 3 | VANGL2 dysfunction leads to highly disrupted actin cytoskeleton and focal adhesions. Representative images showing wildtype (A) and Vangl2Lp/+

(B) TECs labeled with phalloidin (magenta) to visualize F-actin and paxillin (green) to stain focal contacts. Nuclei were stained with DAPI (gray). Quantification of focal
contact density (C) and mean focal contact size (micron2) (D) in wildtype and Vangl2Lp/+ TECs. n = 3 independent experiments; TECs from three mice were pooled
for each group per experiment; two technical replicates for each group per experiment; images from at least three fields were taken per technical replicate; each dot
represents mean value per technical replicate. Mann–Whitney U-test, **p < 0.01. Representative images showing wildtype (E) and Vangl2Lp/+ (F) AECs labeled with
phalloidin (magenta) and paxillin (green). Nuclei were labeled with DAPI (gray). Quantification of focal contact density (G) and mean focal contact size (micron2) (H) in
wildtype and Vangl2Lp/+ AECs. n = 3 independent experiments; AECs from one mouse per group for each experiment; two technical replicates for each group per
experiment; at least three fields were taken per technical replicate; each dot represents mean value per technical replicate. Mann–Whitney U-test, **p < 0.01. All
data are presented as mean ± SEM.
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FIGURE 4 | A549 treated with actomyosin inhibitors phenocopy actin cytoskeleton and focal adhesion aberrations following siRNA knockdown of VANGL2.
Representative images showing A549 transfected with (A) control siRNA or (B) VANGL2 siRNA. A549 labeled with phalloidin (magenta) to visualize F-actin and
paxillin (green) for focal contacts. Nuclei were stained with DAPI (gray). Quantification of focal contact density (C) and mean focal contact size (micron2) (D) in control
siRNA- or VANGL2 siRNA-treated A549 cells. n = 4 independent experiments; two technical replicates for each group per experiment; each dot represents mean
value per experiment. Mann–Whitney U-test, ∗p < 0.05. Representative images showing control A549 without treatment (E), A549 treated with 25 µM blebbistastin

(Continued)
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FIGURE 4 | Continued
for 30 min (F), 10 µM Y-27632 for 1 h (I), or 0.5 µM cytochalasin D for 30 min (L), and their corresponding focal contact density and mean focal contact size
quantification (G,H,J,K,M,N). No morphological difference was observed in the DMEM-DMSO control or DMEM only control cells so only representative control cell
images are shown. Cells were stained with phalloidin (magenta) and paxillin (green). Nuclei were stained with DAPI (gray). (O) Representative images showing
wildtype and Vangl2Lp/+ TECs stained with pFAK-Y397 (green). Nuclei were stained with DAPI (gray). Representative western blots show the levels of pFAK-Y397
(green), total FAK (red), reference protein GAPDH (green) (P), and quantification of pFAK levels normalized to total FAK levels (Q). See Supplementary Figure S4 for
whole western blot. n = 3 independent experiments. All data are presented as mean ± SEM.

FAK levels. Our results showed a slight reduction in normalized
pFAK levels following VANGL2-siRNA knockdown. However,
the difference was not significant (p = 0.16) (Figures 4P,Q and
Supplementary Figure S4).

VANGL2 Disruption Inhibits
Phospho-MLC2-Mediated Traction Force
Generation
Phosphorylated MLC2 (pMLC2) induces actomyosin
contractility and enables cells to generate forces required
for cell adhesion and cell motility (Amano et al., 1996; Pandya
et al., 2017). Thus, we next interrogated whether MLC2 activation
is affected in Vangl2Lp/+ TECs. Dual staining of pMLC2 and
phalloidin demonstrated high levels of pMLC2 intermittently
distributed along the F-actin bundles in WT TECs (Figure 5A).
In contrast, a marked reduction in pMLC2 was observed
in Vangl2Lp/+ TECs, with an overall decreased formation
of actomyosin bundles (Figure 5B). Relative fluorescence
intensity (RFI) analysis revealed a significant decrease in pMLC2
in Vangl2Lp/+ TECs compared with their WT counterparts
(p = 0.029) (Figure 5C).

To determine whether the abnormal actomyosin organization
may affect the ability of Vangl2Lp/+ TECs to exert forces
on substrates, we measured traction forces applied by TECs,
using elastic micropillars. TECs were seeded on an array
of elastic polydimethylsiloxane (PDMS) micropillars coated
with rat-tail collagen I and the deflection of each pillar,
which was proportional to cellular traction force was assessed
(Figure 5D). Our results showed that traction forces were
predominantly distributed around the cell periphery, in both
WT and Vangl2Lp/+ TECs (Figures 5E,F). Quantitative analysis
of the mean maximum forces exerted on the pillars indicated
that Vangl2Lp/+ TECs generated significantly less traction forces
(mean: 322 pN, median: 276 pN) compared with WT TECs
(mean: 582 pN, median: 487 pN) (p < 0.001) (Figure 5G). These
data demonstrate that functional VANGL2 is required for the
formation of optimal actomyosin networks that drive traction
force generation.

Rho Activator Restores Actomyosin
Organization in Vangl2Lp/+

Planar cell polarity is known to regulate actin cytoskeleton
remodeling through its downstream effector RhoA signaling
(Munoz-Soriano et al., 2012; Davey and Moens, 2017; Henderson
et al., 2018). Thus, we next investigated whether exogenous
activation of RhoA signaling could rescue the actomyosin
defects in adult Vangl2Lp/+. Vangl2Lp/+ TECs were treated with
Rho activator II, CN03, for 3 h. Immediately after treatment,

cells were fixed and labeled with phalloidin and anti-pMLC2
antibody. Untreated Vangl2Lp/+ TECs were used as a control
(Figure 5H). Confocal images showed that CN03 treatment led
to striking changes in actomyosin organization in Vangl2Lp/+

TECs. CN03 treatment markedly increased the formation of
stress fibers and pMLC2 expression was considerably enhanced
(Figure 5I), demonstrating that actomyosin defects caused
by VANGL2 disruption can be ameliorated by exogenously
activating RhoA signaling.

Reduced YAP Signaling in Vangl2Lp

Mutant Lungs
Nuclear YAP is used as a read-out of active mechanosignaling
and recent data have shown that YAP deficiency has profound
effects on lung development (Lin et al., 2017). In order
for cells to process the mechanical signals, intracellular
mechanotransducers, such as YAP, that can detect and respond
to mechanical cues play an essential role. To determine
whether YAP signaling is affected in Vangl2Lp lungs, we next
performed immunohistochemistry of YAP on embryonic E18.5
WT, heterozygous, and homozygous Vangl2Lp lung sections
and compared the percentage of airway epithelial cells that
were positive for nuclear (active) YAP. Interestingly, as shown
in Figures 6A–C, the percentage of cells with nuclear YAP
was significantly decreased in the airways of Vangl2Lp/+

(18.38%; p < 0.001) and Vangl2Lp/Lp (11.97%; p < 0.001)
lungs compared with WT control (30.71%). To determine
whether reduced active nuclear YAP is also associated with
increased cytoplasmic sequestration of non-active, phospho-YAP
in Vangl2Lp lung sections, immunofluorescence of pYAP (Ser127)
was performed on embryonic E18.5 WT, heterozygous, and
homozygous Vangl2Lp lung cryosections. RFI analysis revealed
a significant increase in cytoplasmic pYAP in the airways
of Vangl2Lp/Lp lungs compared with WT control (p < 0.05)
(Supplementary Figure S5). RFI of pYAP was also higher in
Vangl2Lp heterozygous lungs, though this did not reach statistical
significance (Supplementary Figure S5). Consistent with our
previous findings (Yates et al., 2010b; Poobalasingam et al., 2017),
lung architectural defects were also observed in Vang2Lp/+ and
Vang2Lp/Lp lungs. Nuclear YAP was also present in a proportion
of mesenchymal cells. However, due to the altered architecture
in Vangl2Lp lungs, this was difficult to quantify and therefore
restricted our quantification to the airways only.

As well as examining YAP at the protein level, we assessed the
transcript levels of known YAP target genes: Ctgf (connective
tissue growth factor) (Zhao et al., 2008), Cyr61 (cysteine rich
angiogenic inducer 61) (Choi et al., 2015), and Ankrd1 (ankyrin
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FIGURE 5 | VANGL2 regulates MLC2 activation and force generation via RhoA signaling. Representative images showing wildtype (A) and Vangl2Lp/+ (B) TECs
stained with pMLC2 (green) and phalloidin (magenta). Nuclei are shown in gray (DAPI). (C) Quantification of pMLC2 relative fluorescence intensity (RFI) in Vangl2Lp/+

relative to wildtype (presented as mean ± SEM). n = 3 independent experiments; TECs from three mice were pooled for each group per experiment; two technical
replicates for each group per experiment; at least three fields were taken per technical replicate. Mann–Whitney U-test, *p < 0.05. (D) Schematic representation of
the elastic micropillars used to measure cellular traction forces. Cells were seeded on a rat-tail collagen I coated array of micropillars and incubated at 37◦C with 5%
CO2 for 24 h. Individual pillar deflection from its original position in the array (1x) is tracked via time-lapse microscopy and converted to traction force based on the
pillar spring constant (k = 1.36 nN/µm). Heat maps of the traction forces distribution in a representative wildtype (E) and Vangl2Lp/+ (F) TEC. Cell boundary is
outlined in white. (G) Quantification of the mean maximum traction forces exerted by wildtype (n = 75 cells) and Vangl2Lp/+ TECs (n = 92 cells) on the micropillars
(presented as mean ± SEM). n = 2 independent experiments; in each experiment, tracheas from three separate mice were pooled for each group; two technical
replicates for each group per experiment; each dot represents mean maximum traction force per cell. Two-tailed unpaired Student’s t-test, ***p < 0.001.
Representative images showing Vangl2Lp/+ TECs without treatment (H) and Vangl2Lp/+ TECs treated with Rho activator, CN03 (I). TECs were stained with pMLC2
(green) and phalloidin (magenta). Nuclei were stained with DAPI (gray). n = 3 independent experiments; TECs from three mice were pooled for each group per
experiment; two technical replicates for each group per experiment.
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FIGURE 6 | Reduced YAP signaling in embryonic Vangl2Lp airways and WNT5A rescues cell migration defects in Vangl2Lp/+. (A,B) Representative images show
immunostaining for YAP in E18.5 wildtype, heterozygous Vangl2Lp/+, and homozygous Vangl2Lp/Lp mouse lungs. Sections were counterstained with hematoxylin.
Negative controls with primary antibody omitted are shown. Insets (B) show the morphology of airway lumen. Arrows indicate nuclear YAP staining. (C) Percentage
of nuclear YAP-positive cells in the airways. n = 3 mice per group; eight airways were quantified per mouse; a total of 1389 cells (wildtype), 1381 cells (Vangl2Lp/+),
and 995 cells (Vangl2Lp/Lp) were analyzed (presented as mean ± SEM); one-way ANOVA with Tukey’s post hoc test, ***p < 0.001. Histograms show transcript levels
for YAP target genes: Ctgf, Cyr61, and Ankrd1 in E18.5 wildtype vs Vangl2Lp/Lp (D) and adult wildtype vs Vangl2Lp/+ lungs (E). n = 3 independent experiments;

(Continued)
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FIGURE 6 | Continued
three mice per genotype; each experiment was run in triplicate. Data are presented as mean ± SEM; Mann–Whitney U-test, *p < 0.05, **p < 0.01, ***p < 0.001.
(F) Representative images showing untreated and WNT5A-treated Vangl2Lp/+ TECs at 0 and 20 h post-scratch. Wound edges are indicated by green lines.
Percentage of wound healed 20 h after wound scratch in untreated Vangl2Lp/+ TECs and Vangl2Lp/+ TECs treated with WNT5A (G) and wound-healing rate in
WNT5A-treated Vangl2Lp/+ TECs in relative to untreated Vangl2Lp/+ TEC controls (H). Data are presented as mean ± SEM. n = 4 independent experiments; TECs
from three mice were pooled for each group per experiment; three technical replicates for each group per experiment; each dot represents mean percentage of
wound healed per experiment. Mann–Whitney U-test, *p < 0.05. (I) Immunostaining for Golgi marker (GM130; red) in fixed untreated and WNT5A-treated
Vangl2Lp/+ TECs 20 h post-scratch to determine cell polarity at leading edge. Nuclei were labeled with DAPI (blue) and dotted line indicates the wound edge.
(J) Percentage of polarized cells 20 h post-scratch in untreated and WNT5A-treated Vangl2Lp/+ TECs (presented as mean ± SEM). n = 4 independent experiments;
TECs from three mice were pooled for each group per experiment; three technical replicates for each group per experiment. Mann–Whitney U-test.

repeat domain-containing protein 1) (Choi et al., 2015) by qRT-
PCR, using total RNA extracted from E18.5 and adult WT and
Vangl2Lp mutant lungs. In agreement with our immunostaining
data, qRT-PCR results showed a significant reduction in
transcript levels of Ctgf (p < 0.001), Cyr61 (p < 0.05), and Ankrd1
(p < 0.01) in embryonic (E18.5) Vangl2Lp/Lp lungs (Figure 6D).
However, in adult Vangl2Lp/+ lungs, where only heterozygous
tissue was available due to neonatal lethality of homozygotes, only
Cyr61 transcript levels were significantly decreased compared to
WT littermate lungs (p < 0.05) (Figure 6E). There was a slight
reduction in Ctgf and Ankrd1 levels but the difference in these
genes was not statistically significant in the adult (Figure 6E).
These results suggest that YAP signaling is dysfunctional in
Vangl2Lp mutant lungs.

WNT5A Rescues Cell Migration Defects
in Vangl2Lp/+ TECs
WNT5A is a known ligand for the PCP pathway (Qian et al.,
2007; Komiya and Habas, 2008; Witze et al., 2008) and plays a
key role in both alveologenesis and the response to lung injury
(Poobalasingam et al., 2017; Nabhan et al., 2018; Li et al., 2020).
However, it is still unclear which downstream Wnt pathway(s)
respond to WNT5A following injury to facilitate repair.

Thus, we tested whether addition of exogenous WNT5A
would improve cell migration in Vangl2Lp/+ TECs. Interestingly,
scratch assay results demonstrated that treatment with WNT5A
consistently increased the percentage of wound area healed
(80.3%) compared with untreated Vangl2Lp/+ TECs (66.8%)
(Figures 6F,G). Relative wound-healing rate showed a 1.21-
fold increase in WNT5A-treated Vangl2Lp/+ TECs (p = 0.0434)
(Figure 6H). Next, we tested whether the effect of WNT5A on
cell migration was due to restoration of cell polarity. Analysis of
the GM130 staining revealed that WNT5A treatment increased
the percentage of polarized cells at the leading edge (54.38% cells
were polarized) compared with 35.94% in untreated Vangl2Lp/+

TECs. However, the difference was not statistically significant
(p = 0.0571) (Figures 6I,J).

DISCUSSION

Our previous work has shown that the PCP pathway is
important for development, homeostasis, and repair of the lungs,
highlighting the fundamental role of this pathway in lung biology
(Yates et al., 2010b, 2013; Poobalasingam et al., 2017). In various
tissues, planar polarity is regulated by molecular gradients of

key molecules, for example, Frizzled, or by physical forces, for
example, the anisotropic forces that regulate PCP and wing
blade shaping in Drosophila (Gao et al., 2011; Aw et al., 2016;
Henderson et al., 2018). Mechanical forces play an essential role
in branching morphogenesis during lung development, helping
to shape the airway epithelium (Kim and Nelson, 2012; Varner
et al., 2015). Similarly, cyclic mechanical strain associated with
mechanical or spontaneous ventilation is a key determinant of
survival in patients with injured lungs. Moreover, dysregulation
of mechanical forces can have detrimental effects on lung
function leading to tissue injury and disease (Kim and Nelson,
2012; Waters et al., 2012; Varner et al., 2015).

Mechanobiology is concerned with how cells sense and
translate forces to regulate cell behaviors like morphogenesis and
migration by converting mechanical stimuli into biochemical
signals through mechanoregulators. Both mechanosignaling and
PCP signaling result in modulation of the actin cytoskeleton
but how these two pathways are connected at the molecular
level is not understood. A growing number of studies have
begun to discern the importance of mechanoregulators like YAP
in lung development and repair. In particular, YAP is critical
for lung branching morphogenesis in utero while TAZ deletion
affects post-natal alveologenesis leading to an emphysema-
like phenotype in adult mice (van Soldt et al., 2019; Isago
et al., 2020). YAP and TAZ also regulate regeneration of the
adult mouse lungs in response to Streptococcus pneumoniae-
mediated injury (Lacanna et al., 2019). Here we have shown
that mechanoregulation of the planar polarity pathway via
Vangl2 is integral to PCP driven cell behaviors such as DCM
and morphogenesis.

Our previous data showed that perturbed VANGL2 function
in Vangl2Lp/+ mice leads to disorganization of the actin
cytoskeleton, resulting in alveologenesis defects (Poobalasingam
et al., 2017). Zhang et al. (2020) recently reported similar
alveologenesis defects in different Vangl2f /f conditional mouse
mutants, further supporting the role for PCP pathway in
lung development. In this study, we used live imaging to
show conclusively that VANGL2 has an important role in
cell migration. Reduced movement of AECs and impaired
alveologenesis was evident in Vangl2Lp/+ PCLS compared to
WT. To dissect the cellular mechanisms underlying this reduced
cell migration, we used primary TECs and AECs isolated from
adult WT and Vangl2Lp/+ mice, as well as siRNA intervention in
A549 cells. We demonstrated using in vitro wound-healing assays
that Vangl2Lp/+ TECs exhibited reduced DCM. In Vangl2Lp/+

TEC monolayers, cells at the leading edge of the wound did
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not display coordinated polarity. In migrating cells, crosstalk
between PCP proteins and cytoskeletal components is required
for polarized organization of the cytoskeleton that underlies
front-rear polarity (Raman et al., 2018). The Vangl2Lp mutation is
known to affect trafficking of VANGL2 protein to the membrane
(Gao et al., 2011; Seo et al., 2017) and we have previously shown a
reduction in β-catenin at the cell membranes in Vangl2Lp/+ lungs
(Poobalasingam et al., 2017). Membrane associated β-catenin is
important to maintain proper actin cytoskeleton structure and
cell tension (Abreu-Blanco et al., 2012), together with the data
shown in this manuscript our findings indicate that VANGL2
dysfunction disrupts the actin cytoskeleton and thereby affects
the polarization of the cytoskeleton required for DCM.

Mechanosensing, the process by which cells assess their
environment to respond to mechanical cues, relies on the
formation of FAs, through which cells can apply force generated
by actomyosin-mediated contractility (Evans and Calderwood,
2007; Geiger et al., 2009). Our results demonstrated that VANGL2
regulates FA size and density, a phenotype that is likely to affect
mechanosignaling. To measure the traction forces generated
by Vangl2Lp/+ cells as a functional readout of the underlying
cytoskeletal defects leading to the FA changes in Vangl2Lp/+ cells,
we employed micropillar arrays. These arrays are composed of
uniformly spaced needle-like microposts of user-defined rigidity
that allow discrete attachment of a cell. This enables sensitive
quantification of traction force by measuring the deflection
of pillars, using a simple mathematical model as shown in
Figure 5D (Yang et al., 2011; Chronopoulos et al., 2016). We
demonstrated significantly reduced cellular traction force when
VANGL2 function is disrupted.

We also showed that addition of a Rho activator restored
MLC2 activation and actomyosin organization in Vangl2Lp/+

cells, confirming that VANGL2 regulates actomyosin contractility
via its effector RhoA. This is in line with previous work showing
inhibition of ROCK (a downstream effector of RhoA) by selective
inhibitor Y-27632 leads to reduced MLC2 phosphorylation
(Unbekandt et al., 2014). Altogether, our findings demonstrate a
direct role for VANGL2, a core PCP component, in the regulation
of traction force generation for the first time. The correlation
between FA size and magnitude of force exerted at the FA has
been a longstanding debate, previous studies having shown either
a positive linear (Balaban et al., 2001; Schwarz et al., 2002; Goffin
et al., 2006) or inverse relationship (Beningo et al., 2001), as well
as more complicated findings that suggest positive correlation
is limited to early FA growth and is diminished in mature FAs
(Stricker et al., 2011). Our findings in this study have shown a
concomitant decrease in FA size and traction force in Vangl2Lp/+

TEC, which support a positive correlation between FA size and
force applied at FA.

Park et al. (2015) previously found that YAP/TAZ can act
as downstream effectors of the non-canonical/PCP pathway
in mediating cell migration and osteogenic differentiation via
Frizzled and ROR. Our study has discovered that Vangl2Lp is
associated with reduced nuclear (active) YAP and increased
cytoplasmic phospho-YAP (non-active) in the lung epithelium.
Since YAP provides a read-out of mechanosignaling activity
(Dupont et al., 2011; Wada et al., 2011; Dobrokhotov et al., 2018),

our data provide evidence that VANGL2 has an active role in
mechanosignaling.

Narrow or collapsed airway lumens are a feature of genetically
modified mouse mutants of the PCP pathway (Yates et al., 2010b;
Poobalasingam et al., 2017) and mechanical forces are important
for airway branching morphogenesis (Varner et al., 2015).
Moreover, YAP deficiency, which results in defective mechanical
force generation, disrupts lung branching morphogenesis in mice
(Lin et al., 2017). The reduction in YAP activity detected in
the airways of Vangl2Lp mice suggests that the collapsed airway
lumen that are a prominent feature of embryonic Vangl2Lp

mouse lungs could result from the perturbation of tensile forces
within Vangl2Lp airway epithelial cells, as a result of defective
mechanosignaling.

Our findings also raise important questions for future
investigation. pFAK is known to regulate the formation of
stress fibers and FAs (Schiller and Fässler, 2013; Oakes and
Gardel, 2014; Sun et al., 2016). Immunostaining for pFAK did
not reveal overt changes in pFAK distribution or pattern in
heterozygous Vangl2Lp/+ TECs, suggesting that the loss of pFAK
may not provide a significant contribution to the highly disrupted
cytoskeletal organization and FA structures in Vangl2Lp/+ cells. It
is also possible that homozygous Vangl2Lp/Lp cells would exhibit
more discernible differences in the pFAK distribution and protein
level compared to their heterozygous counterparts. However,
since Vangl2Lp/Lp mice are not viable after birth, we could not
assess TECs from homozygous mice.

WNT5A is most frequently regarded as a non-canonical Wnt
ligand that regulates the PCP pathway (Qian et al., 2007; Komiya
and Habas, 2008; Witze et al., 2008). In the lungs, WNT5A has
emerged as an important mediator of alveologenesis and repair
following injury (Poobalasingam et al., 2017; Nabhan et al., 2018;
Li et al., 2020). While evidence shows that VANGL2 has a central
role in WNT5A-mediated PCP signaling (Babayeva et al., 2011;
Poobalasingam et al., 2017; Yang et al., 2017; Rao-Bhatia et al.,
2020), surprisingly, we demonstrated that WNT5A improved
cell migration in Vangl2Lp/+ cells. These findings indicate that
WNT5A can still induce cell migration when VANGL2 function
is perturbed. There are a number of possibilities as to how this
could transpire. For example, it is possible that in the absence
of an intact PCP pathway, WNT5A signals via the alternative
canonical Wnt/β-catenin pathway in Vangl2Lp. In some contexts,
canonical Wnt signaling is increased in response to disrupted
PCP signaling (Weidinger and Moon, 2003; Westfall et al., 2003).
However, we did not find any change in canonical Wnt signaling
in adult Vangl2Lp/+ lungs (Poobalasingam et al., 2017). It is
also possible that in Vangl2Lp/+ lungs, some functional VANGL2
protein remains and this is sufficient to transduce WNT5A to
promote wound-healing. Studies have shown that WNT5A can
bind to a number of different receptors to mediate PCP signaling
in diverse cell contexts. One prominent receptor that WNT5A
binds to mediate actin cytoskeleton remodeling via the PCP
pathway is ROR2 (Nishita et al., 2010; Gao et al., 2011). In
particular, ROR2 has an important role in the phosphorylation
of VANGL2 in response to WNT5A (Gao et al., 2011). Recently,
two separate studies reported that an axis of WNT5A-ROR (Li
et al., 2020) or WNT5A-ROR2-VANGL2 (Zhang et al., 2020)
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is required for alveologenesis, based on the similar phenotypes
observed in a number of different conditional mouse mutants
of these genes. Intriguingly, WNT5A has been shown to bind
to ROR2 to mediate cell invasion independently of the PCP
pathway (Enomoto et al., 2009) and ROR1/ROR2 can act
as direct receptors for WNT5A to recruit guanine exchange
factors (GEFs) and activate Rac1 and RhoA (Yu et al., 2016),
supporting the idea that WNT5A can signal through more
than one route. In addition to ROR2, RYK is another receptor
that binds to WNT5A and VANGL2 to regulate PCP signaling
(Andre et al., 2012; Duan et al., 2017). It remains unclear
which is the predominant WNT5A receptor that mediates PCP
signaling in Vangl2Lp lungs and further studies will be required to
comprehensively address this.

WNT5A is a current target of interest for treatment of
several lung diseases in which there is aberrant expression
of this ligand including: chronic obstructive pulmonary
disease (COPD)/emphysema, idiopathic pulmonary arterial
hypertension (IPAH), bronchopulmonary dysplasia (BPD),
and interstitial pneumonia (UIP) (Vuga et al., 2009; Baarsma
et al., 2017; Yuan et al., 2019; Li et al., 2020; Sucre et al., 2020;
Vladar and Königshoff, 2020). In addition, WNT5A has an
important role in progenitor cell induction following lung injury
(Nabhan et al., 2018). It is also notable that several independent
datasets from emphysema patients, in which repair capacity is
diminished, show significant downregulation of VANGL2 and
WNT5A (Ezzie et al., 2012; Poobalasingam et al., 2017; Zhang
et al., 2020). However, contradictory findings with regard to
pro-repair/migratory (Witze et al., 2008; Vuga et al., 2009; Gao
et al., 2011; Poobalasingam et al., 2017; Yuan et al., 2019; Li et al.,
2020; Zhang et al., 2020) or anti-repair effects (Baarsma et al.,
2017; Wu et al., 2019; Sucre et al., 2020) of WNT5A suggest
that the complex mechanism of action of WNT5A may be cell
type or tissue context-dependent or may differ depending on
the balance between PCP and other signaling pathways, such as
canonical Wnt signaling. Thus, it will be important to carry out
further detailed investigation of how WNT5A stimulates repair
in Vangl2Lp/+ mice.

Our study shows that beyond establishing tissue patterning,
VANGL2, a core PCP component, plays a pivotal role in the
regulation of cell mechanobiology. We provide mechanistic
evidence that VANGL2 modulates cellular mechanics, including
FA complexes, actomyosin organization, actomyosin-mediated
contractility and traction force generation via RhoA signaling
(Figure 7). We identify a positive correlation between VANGL2
and YAP signaling and show that VANGL2 controls cell
migration through its direct role in mechanosignaling. This
work represents an important advance in our understanding of
VANGL2 function by demonstrating an indispensable role for
this core PCP component in mechanosignaling for the first time.

MATERIALS AND METHODS

Animals
All animal maintenance and procedures were conducted in
compliance with the requirements of the Animal (Scientific

Procedures) Act 1986. Animal work was approved by the
South Kensington and St Mary’s AWERB committee, Imperial
College London. Mice were genotyped by MRC Harwell (Oxford,
United Kingdom). Vangl2Lp/+ mice carry a heterozygous
substitution mutation S464N that results in loss of function of
VANGL2 (Kibar et al., 2001; Murdoch, 2001); WT littermates
were used as controls. Mice were maintained on a C3H/HeH
background (MRC Harwell, Oxford) and were housed in specific
pathogen-free conditions and given food and water ad libitum.
Male or female adult mice aged 8–12 weeks were used for alveolar
and TEC isolation in this study; whereas PCLS were obtained
from postnatal day 3 (P3) mouse lungs. Mice were humanely
killed by intraperitoneal pentobarbital injection.

Precision-Cut Lung Slicing and in vitro
Culture
Precision-cut lung slices were obtained from WT and Vangl2Lp/+

littermate P3 mouse lungs as previously described (Akram et al.,
2019a,b). Briefly, P3 mice were culled and the anterior chest
and neck wall was excised. A small opening was made in the
anterior wall of the trachea just below the cricoid cartilage.
A 25G rigid metallic cannula was inserted through the trachea.
The lungs were inflated by injecting 0.2 ml of 37◦C warm,
1.5% low-gelling temperature agarose (Sigma–Aldrich) prepared
with 1 × HBSS/HEPES buffer (Life Technologies). Agarose
was injected to inflate both lungs keeping them in situ within
the chest cavity at a volume that enabled lungs to be fully
inflated without hyper- or sub-optimal inflation. After inflation,
agarose was solidified by applying ice to the chest cavity for
1 min. The lungs were excised from the body along with heart
and trachea and immersed in ice-cold serum-free (SF)-DMEM
(Gibco), and kept on ice until slicing. Left lung lobes were isolated
and cut transversely at 300 µm using an automated vibratome
(Compresstome R© VF-300-0Z; Precisionary Instruments LLC) in
ice-cold HBSS/HEPES buffer. Slices were obtained from the
middle 2/3rd of the lobe, to ensure similar sized slices, and placed
in a 24-well plate in ice-cold SF-DMEM for all experiments. PCLS
were then incubated at 37◦C for 2 h and washed twice with warm
SF-DMEM to remove excess agarose from the tissue. Slices were
incubated for a further 1 h in SF-DMEM at 37◦C. These PCLS
were then used for time-lapse imaging and ex vivo alveologenesis
(Supplementary Figure S1A).

Isolation of Mouse Alveolar Epithelial
Cells
Mice were culled and metallic cannula was inserted through the
trachea as described above. The lungs were gently flushed with
PBS and 1 ml of Dispase (50 U/ml; Corning; Cat# 354235) was
injected into the lungs, followed by 200 µl of 1% low-gelling
temperature agarose (Sigma–Aldrich) dissolved in SF-DMEM
(Gibco). After injection, ice was applied to the chest cavity for
1 min to solidify agarose and prevent Dispase leakage. Lungs were
excised from the body. Tracheas were collected for isolation of
trachea epithelial cells as described below. Heart and connective
tissues were removed before immersing the lungs in 1.5 ml of
ice-cold Dispase solution (50 U/ml; Corning), and incubated
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FIGURE 7 | Comparison of cellular mechanics in wildtype and Vangl2Lp cells. (Left) In a normal cell, VANGL2 regulates the activation of myosin light chain 2 (MLC2)
and F-actin and induces intracellular contractility. This gives rise to the generation of cellular traction force (red arrows) and promotes the formation of focal adhesion
complexes. High mechanical cues within a cell then activate YAP signaling, rendering the translocation of YAP to the nucleus, leading to the transcriptional induction
of YAP target genes. The optimal coordination of focal complexes, actomyosin contractile activity at the rear and pushing force at the front, as well as
VANGL2-regulated cell polarity enables directed cell migration. (Right) In a Vangl2Lp cell, VANGL2 dysfunction leads to highly disrupted actin cytoskeleton, aberrant
focal complex formation, and inhibition of MLC2 activation. This causes defective actomyosin-mediated contractility, which hampers traction force generation.
Attenuated mechanosignaling within the cell inhibits activation of mechanosensitive protein YAP. YAP is phosphorylated, rendering its sequestration in the cytoplasm,
thereby causing the transcriptional suppression of YAP target genes. Perturbation of traction force generation, aberrant focal contact formation, the lack of pushing
force caused by highly disrupted actin cytoskeleton, and defective VANGL2-regulated cell polarity impede directed cell migration.

at room temperature for 45 min. Lung lobes were separated
and connective tissues were discarded. Lung lobes were then
homogenized using forceps in 3 ml of DMEM/HEPES/DNase
medium [DMEM medium (Gibco) containing 25 mM HEPES
(Gibco), 1% penicillin and streptomycin (Sigma–Aldrich), and
50 U/ml DNase I (Thermo Fisher Scientific)]. The homogenized
mixture was sequentially passed through 100, 70, and 30 µm
cell strainers into a 15 ml centrifuge tube. The cell suspension
was centrifuged at 550 × g for 5 min at 4◦C to pellet the cells.
Supernatant and a translucent layer of residual agarose above the
cell pellet were carefully removed. Cells were then resuspended
in 1 ml of DMEM/HEPES/DNase medium to perform cell
counting. Cells were centrifuged at 300 × g for 5 min at 4◦C and
resuspended in MACS buffer (Miltenyi Biotec) with appropriate

amount of CD31 (Miltenyi Biotec; Cat# 130-097-418) and CD45
microbeads (Miltenyi Biotec; Cat# 130-052-301) and incubated
at 4◦C for 20 min. The cell suspension was then passed through
the MACS magnetic column and unwanted endothelial (CD31)
and hematopoietic cells (CD45) were magnetically labeled and
removed from the cell suspension. An appropriate amount of
CD326 (EpCAM) microbeads (Miltenyi Biotec; Cat# 130-105-
958) was then added to the cell suspension and incubated
at 4◦C for 20 min. After incubation, EpCAM-positive AECs
were eluted from the magnetic column. AEC suspension was
centrifuged at 300 × g for 5 min at 4◦C and was resuspended
in an appropriate amount of AEC growth medium [DMEM/F-
12 medium (Gibco) containing 15 mM HEPES (Gibco), 4 mM
glutamine (Life Technologies), 0.03% NaHCO3 (Sigma–Aldrich),
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0.25 µg/ml Fungizone (Gibco), 10 U penicillin-streptomycin
(Sigma–Aldrich), 1 × Insulin-Transferrin-Selenium (ITS; Life
Technologies), 0.1 µg/ml Cholera toxin (Sigma–Aldrich),
25 ng/ml epidermal growth factor (EGF; Sigma–Aldrich),
30 µg/ml bovine pituitary extract (BPE; Gibco), and 5% fetal
bovine serum (FBS; Gibco)]. AECs were seeded into Lab-Tek
Permanox chamber slides (VWR) pre-coated with 50 µg/ml rat-
tail collagen I (Gibco; diluted with 0.02 M acetic acid) and grown
at 37◦C with 5% CO2. AECs were fixed for immunostaining
after 72 h culture.

Isolation of Mouse Tracheal Epithelial
Cells
Mouse TECs were isolated as previously described (Lam et al.,
2010). Tracheas were separated from the lung lobes into
ice-cold SF-Ham’s F-12 medium (Gibco) and the esophagus
and connective tissues were carefully removed using forceps.
Tracheas were then cut lengthwise to expose the lumen. Three
tracheas from mice of the same genotype were pooled for
each sample. Tracheas were then incubated with SF-Ham’s F-
12 medium (Gibco) containing 0.15% Pronase (Roche; Cat#
10165921001) in a 15 ml tube overnight at 4◦C. Cells were gently
dissociated from tracheas by inverting the tubes. Equal volume
of Ham’s F-12 supplemented with 20% FBS was added and tubes
were inverted several times. Tracheas were transferred to a new
tube containing fresh Ham’s F-12 supplemented with 10% FBS
and the tube was inverted several times. This step was repeated
twice and then all supernatant was collected and centrifuged at
390× g for 10 min at 4◦C to pellet the cells before discarding the
supernatant. Cells were gently resuspended in DNase I solution
(0.5 mg/ml; Sigma–Aldrich; dissolved in SF-Ham’s F-12 medium)
and incubated on ice for 5 min. Cells were then centrifuged
at 390 × g for 5 min at 4◦C with the slowest break speed
and supernatant was discarded. Cells were then resuspended
in TEC medium [DMEM/F-12 medium (Gibco) containing
15 mM HEPES, 4 mM glutamine, 0.03% NaHCO3, 0.25 µg/ml
Fungizone, and 10 U penicillin-streptomycin] supplemented
with 10% FBS, seeded onto a six-well plate and incubated at 37◦C
for 4 h. This allowed fibroblasts to attach to the dish while TECs
remained floating in the supernatant. The supernatant was then
collected, centrifuged at 390× g for 5 min at 4◦C, and cell pellets
were resuspended in an appropriate amount of pre-warmed TEC
Plus medium [TEC medium enriched with 1 × ITS, 0.1 µg/ml
Cholera toxin, 25 ng/ml EGF, 30 µg/ml BPE, 5% FBS, and
0.1 µM retinoic acid (Sigma–Aldrich)] to perform cell counting.
After cell counting, TECs were diluted with appropriate amount
of TEC Plus medium and grown at 37◦C with 5% CO2. All
dishes and coverslips used to culture TECs were pre-coated with
50 µg/ml rat-tail collagen I (Gibco; diluted with 0.02 M acetic
acid). TECs were fixed for immunostaining after 72 h culture.

Culture of Human Alveolar Epithelial Cell
Line A549
Human alveolar adenocarcinoma A594 cells were purchased
from American Type Culture Collection (ATCC). Cells

were grown at 37◦C with 5% CO2 in DMEM (Gibco)
containing 10% FBS.

Live Staining of PCLS and Time-Lapse
Imaging
P3 PCLS from WT and Vangl2Lp/+ mice were stained with
FITC-conjugated EpCAM (EpCAM-FITC) antibody following
the protocol described in Akram et al. (2019a). Briefly, PCLS
were incubated for 1 h at 37◦C in the dark with EpCAM-FITC
antibody at 1:200 (Thermo Fisher Scientific; Cat# 11-5791-80)
(500 µl antibody solution per well) prepared in phenol red-free
SF-DMEM (Life Technologies). Slices were then washed three
times with phenol red-free SF-DMEM. For time-lapse imaging,
the EpCAM-FITC labeled PCLS were placed at the center of the
well of an uncoated Ibidi 24-well µ-plate (Ibidi). Then, a 0.4 µm
pore, 12 mm transwell (Corning) was placed onto the PCLS,
with the rim of the transwell removed to allow the transwell
filter to contact the slice at the bottom of the well. Image media,
containing EpCAM-FITC at 1:500 in phenol red-free SF-DMEM,
was then added to the upper chamber (500 µl) and bottom
chamber (300 µl). A 1.66 g metal flat washer (M8-5/16th inches
diameter) was placed on top of the transwell housing to keep
the PCLS in place throughout the duration of imaging. The
PCLS were then left in the incubator for 2 h, ensuring the cells
were all labeled and allowing the PCLS to settle down prior to
image acquisition. The 24-well plate was then transferred to a
pre-equilibrated and humidified incubator chamber (37◦C, 5%
CO2 and air oxygen levels, ∼21%) of an inverted Zeiss Axio
Observer widefield epifluorescence microscope. Imaging was
conducted using a long working distance 40×/0.7NA air objective
lens. In each experiment, a duplicate slice was imaged for each
experimental group (WT and Vangl2Lp/+). A maximum of four
slices were imaged in a single time-lapse experiment. Images were
captured using GFP filter, excitation 450–490 nm, emission 500–
550 nm (for EpCAM-FITC) from four fields per slice for 13 h at
15 min intervals. Ten images were captured along the z-axis with
1 µm step-gap to make a z-stack from each slice. Channel color
was changed during video post-processing to aid visualization.

Cell Tracking Using Icy Software
Icy (version 1.9.8.0), an open source bioimaging analysis
software, was used for cell tracking and migration quantification
during time-lapse imaging following previously described
protocol (Fabrice de Chaumont et al., 2012; Akram et al., 2019a).
Briefly, raw time-lapse sequences from each field of a lung slice
were acquired into Icy and EpCAM-positive cells were tracked.
Results were manually verified to ensure tracking was correct.
EpCAM-FITC-positive cells were tracked for quantification of
epithelial cell migration. FITC-channel was selected from best-
focused slice from a z-stack for tracking. Cell migration in the
X–Y plane only (not the Z-plane) was recorded. Two aspects
of tracking data were considered: (1) Net cell migration during
time-lapse period (13 h), in which the mean value was calculated
to present how much linear distance in the X–Y axis (“Start”
point to “End” point) a cell had migrated (Akram et al., 2019b).
A mean value of migrated distances of total number of cells from
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each field is presented as “mean net cell migration.” (2) The net
distance migrated by individual cells in a field within the specified
time period in each experimental group was also investigated. To
determine the proportion of highly motile cells, the percentage
of cells that migrated between 5 and 11 µm per field within a
defined time period (13 h) was quantified. Two to four fields from
each slice were analyzed. Three independent experiments were
conducted using three mice per group.

PCLS in vitro Culture
P3 PCLS from WT and Vangl2Lp/+ mice were cultured in
SF-DMEM for 72 h (Supplementary Figure S1A) following
a previously described protocol (Akram et al., 2019a). Briefly,
unlabeled 300 µm thick PCLS from P3 WT and Vangl2Lp/+ mice
were cultured in SF-DMEM in a 24-well plate (1 PCLS per well in
1 ml medium) for 72 h under normal culture conditions (37◦C,
5% CO2). Medium was changed every alternate day. Slices were
fixed with 10% formalin for 30 min at room temperature for
histology sectioning and morphometric analysis.

Morphometric Analysis of PCLS
To evaluate alveologenesis, mean linear intercept (Lm) and the
number of airspaces were quantified in H&E-stained P3 PCLS
cultured in SF-DMEM for 72 h (Poobalasingam et al., 2017).
P3 WT and Vangl2Lp/+ PCLS from 0 and 72 h culture were
fixed as above, embedded in paraffin, keeping the slice surfaces
horizontal to the block and sectioned at 4 µm thickness. Sections
were deparaffinized and stained with H&E. Images were captured
using a Leica DM2500 widefield microscope and a ×20, 0.7 NA
objective lens. For quantification of Lm, a grid of eight horizontal
lines was superimposed on images from H&E sections, using FIJI
(Schindelin et al., 2012; Poobalasingam et al., 2017). The number
of times alveolar cells/walls intercepted the line was counted and
Lm was calculated using the following equation: Lm = NL/X,
where N = number of lines counted, L = length of line, and
X = total number of intercepts counted. Three fields per lung
section, and three sections per PCLS from three mice for each
group were imaged. The number of alveolar spaces/airspace per
field was counted and presented as number of airspaces per
millimeter square area. Alveolar spaces were quantified from
the same visual fields used for Lm quantification. Fields of view
containing blood vessels or airways were omitted from analysis.

MTT Assay
To assess viability of the cells within PCLS, for each experiment,
similar size PCLS were placed into wells of a 24-well plate in
duplicate (1 slice per well). MTT assay (Sigma–Aldrich) was
performed according to manufacturer’s instructions and protocol
described in Akram et al. (2019a). Briefly, 500 µl of 10% MTT
solution prepared in SF-DMEM was added per well, per slice and
incubated at 37◦C for 1 h. Formazan crystals that formed within
the viable cells were solubilized by adding an equal volume of
DMSO for 10 min at 37◦C. 200 µl of eluted formazan solution
from each slice was placed into individual wells of a 96-well
plate. Absorbance (OD) was measured at 570 nm and corrected
at 690 nm using a plate reader. MTT was performed on post
time-lapse PCLS and on 72 h ex vivo cultured PCLS.

siRNA Transfection
siRNA transfection was performed on A549 cells using
DharmaFECT 1 Transfection Reagent (Dharmacon) according
to the manufacturer’s instructions. A549 cells were cultured in
DMEM (Gibco) containing 10% FBS for 18 h before siRNA
transfection. Cells were transfected with a final concentration
of 20 nM siRNA and cultured for further 48 h before
immunostaining or RNA extraction for qRT-PCR analysis.
Four independent experiments were conducted. Non-targeting
(control) and VANGL2 siRNA oligos used in this study are as
follows: ON-TARGETplus VANGL2 siRNA (Dharmacon; Cat#
L-010581-00-0020) and siGENOME non-targeting siRNA pool
#2 (Dharmacon; Cat# D-001206-14-20).

Scratch Wound Assay
A total of 50,000 WT and Vangl2Lp/+ TECs in TEC Plus medium
(described above) were seeded on rat-tail collagen I (Gibco)-
coated coverslips (diameter: 13 mm; Sarstedt) and medium was
changed after 48 h. After culturing for 72 h, a single scratch
wound was made across the center of confluent TEC monolayers
using a 200 µl pipette tip. Wells were gently washed with PBS to
remove floating cells and replaced with fresh TEC Plus medium.
Wells were imaged at t = 0 using an inverted Zeiss Axio Observer
widefield epifluorescence microscope in a pre-equilibrated and
humidified incubator chamber (37◦C, 5% CO2 and air oxygen
levels, ∼21%). Images were taken using an EC Plan-Neofluar
10x/0.30 objective lens and tiling method was used to image the
entire coverslip. Cells were then cultured for a further 20 h and
images were taken using the same protocol at t = 20 h. For
WNT5A treatment, Vangl2Lp/+ TECs were cultured with TEC
Plus medium supplemented with 1 µg/ml recombinant WNT5A
(R&D Systems; Cat# 645-WN). The percentage of wound healed
was calculated by drawing around the outline of the scratch using
the freehand tool in FIJI and subtracting the area at t = 20 h
from the area at t = 0 h. Four independent experiments were
conducted, and each individual experiment contained pooled
TECs from three mice per sample.

For actomyosin inhibitor studies, A549 cells were seeded
at 40,000 cells/well in eight-well chamber slides (VWR) pre-
coated with 50 µg/ml rat-tail collagen I (Gibco) and cultured
for 48 h in DMEM supplemented with 10% FBS until cells
reached confluence. Cells were then serum starved for 24 h before
treatment with 25 µM blebbistastin (Cambridge Bioscience; Cat#
CAY13891) or 0.5 µM cytochalasin D (Sigma–Aldrich; Cat#
C8273) diluted in DMEM supplemented with 0.5% FBS. Since
blebbistatin and cytochalasin D were reconstituted using DMSO
and the final concentrations of DMSO in the working media were
0.08 and 0.025%, respectively. Control media for blebbistatin and
cytochalasin D in scratch assays was 0.5% FBS-DMEM containing
0.08 and 0.025% DMSO, respectively. Scratch assays, wound
imaging, and measurement of wound healed were performed
as detailed above.

Quantification of Polarized Cells
Tracheal epithelial cells were fixed 20 h post-scratch and dual
stained with a Golgi marker, GM130 (1:200; Becton Dickinson
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Biosciences; Cat# 610822) and DAPI (1:500; Sigma; Cat#
D9542) that labeled the nuclei. Detailed immunocytochemistry
protocol is described below. After staining, images were captured
on a Leica SP8 inverted confocal microscope using a HC
PL APO 10x/0.40 objective lens. Cell directionality during
migration was quantified as previously described (Etienne-
Manneville and Hall, 2001; Cory, 2011; Poobalasingam et al.,
2017). Using the line tool in FIJI, a cross with a 120◦
arc facing the direction of migration was drawn from the
center of the nucleus in cells at the leading edge. Golgi
were considered polarized if they were located within the
120◦ arc facing the direction of migration; whereas cells
with the entire or majority of the Golgi localized outside
the 120◦ arc were classed as non-polarized. Golgi orientation
was quantified from four independent experiments, with each
individual experiment containing pooled TECs from three
mice per sample.

Immunohistochemistry
Lung tissues were fixed in 4% paraformaldehyde (PFA),
dehydrated in ethanol and embedded in paraffin, and sectioned
at 4 µm thickness. Sections were deparaffinized and rehydrated
using standard protocols: Gentaclear and descending ethanol
concentrations. Sections were then incubated in 3% H2O2 for
5 min at room temperature, followed by 1 h blocking with PBS
containing horse serum provided by the Vectastain Elite ABC
kit (Vector Labs) at room temperature, and incubation with
rabbit anti-YAP antibody (1:400; Cell Signaling Technology;
Cat# 14074) overnight at 4◦C. Next, sections were incubated
with biotinylated antibody from the Vectastain Elite ABC
HRP kit for 30 min at RT, followed by Vectastain Elite ABC
reagent mixture for 30 min at RT. Then, sections were incubated
with peroxidase substrate, diaminobenzidine (DAB) (BD
Bioscience) following the manufacturers’ instructions. Stain
development was quenched by rinsing slides in tap water.
Slides were counterstained with hematoxylin and mounted
with DPX mountant (Solmedia). Images were taken on a
Leica DM2500 widefield microscope with a 40× objective
lens. The total number of cells and the number of nuclear
YAP-positive cells in the airways were quantified using
FIJI software. Three mice were analyzed per genotype and
eight airways were quantified per mouse. Negative controls,
where the primary antibody was omitted, were included in
each experiment.

Immunofluorescence
Cells were seeded on rat-tail collagen I-coated Lab-Tek Permanox
chamber slide (VWR) or coverslips (diameter: 13 mm; Sarstedt).
For Rho activation experiment, TECs were treated with 1 µg/ml
of Rho activator II, CN03 (Cytoskeleton Inc; Cat# CN03–A)
for 3 h. For treatment with actomyosin inhibitors, A549 cells
were treated with blebbistastin (Cambridge Bioscience; Cat#
CAY13891) at 25 µM for 30 min, ROCK inhibitor Y-27632
(Sigma–Aldrich; Cat# Y0503) at 10 µM for 1 h, or cytochalasin
D (Sigma–Aldrich; Cat# C8273) at 0.5 µM for 30 min. Since
blebbistatin and cytochalasin D were reconstituted using DMSO,
media containing DMSO were used as control. Cells were fixed

in 4% PFA for 10 min at RT, washed in PBS, permeabilized
with 0.2% Triton X-100 in PBS at RT for 5 min, followed
by 1 h blocking with PBSBT (3% BSA, 0.1% Triton X-100 in
PBS) at RT for 1 h. After blocking, cells were incubated with
primary antibodies diluted in PBSBT blocking buffer at 4◦C
overnight. Primary antibodies used in this study are as follows:
rabbit anti-paxillin Y113 (1:100; Abcam; Cat# ab32084), rabbit
anti-pFAK Tyr397 (1:100; CST; Cat# 3283), rabbit anti-pMLC2
Ser19 (1:50; CST; Cat# 3671), rabbit anti-GM130 (1:200; BD
Biosciences; Cat# 610822), mouse anti-pan-cytokeratin (1:200;
Sigma–Aldrich; C2931). After five washes in PBS, cells were
then incubated with rhodamine phalloidin (1:100; Biotium; Cat#
00027) and species-specific Alexa Fluor 488 and 647 secondary
antibodies (1:500; Thermo Fisher Scientific) at RT for 1 h. After
washing in PBS, cell nuclei were labeled with DAPI (Sigma–
Aldrich). Coverslips were then mounted with ProLong Gold
Antifade Mountant (Invitrogen; Cat# P36930). Cells were imaged
on a Leica SP8 inverted confocal microscope using a HC PL APO
40x/1.30 oil objective lens. For quantification of polarized cells
experiment, images were captured with a HC PL APO 10x/0.40
air objective lens.

Lung cryosections from E18.5 WT, Vangl2Lp/+, and
Vangl2Lp/Lp mice were immunostained with mouse anti-
pan-cytokeratin (1:200; Sigma–Aldrich; C2931) and rabbit
anti-pYAP Ser127 (1:100; CST; Cat# 4911). Sections were
then incubated with species-specific Alexa Fluor 488 and 647
secondary antibodies (1:500; Thermo Fisher Scientific). Cell
nuclei were labeled with DAPI (Sigma–Aldrich) and sections
were then mounted with ProLong Gold Antifade Mountant
(Invitrogen; Cat# P36930). Lung airways were imaged on a Leica
SP8 inverted confocal microscope using a HC PL APO 40x/1.30
oil objective lens. For quantification of cytoplasmic pYAP levels,
images of the nuclei stained with DAPI were thresholded,
resulting in a binary mask of the nuclei. This mask was overlaid
on the pYAP immunofluorescence image and subtracted from
the pYAP mask. The mean fluorescent intensity was measured
giving the average YAP expression in the cytoplasm.

For immunofluorescent staining of fixed PCLS, first P3 PCLS
were dual stained as above with EpCAM-FITC (1:200; Thermo
Fisher Scientific; Cat# 11-5791-80) and silicon rhodamine far-red
fluorophore-conjugated DNA minor groove binder bisbenzimide
(SiR-DNA) at (1:300; Tebu-Bio Ltd.; Cat# SC007). PCLS were
fixed with 10% buffered formalin then blocked and permeabilized
with PBSBT blocking buffer (1% BSA, 0.5% Triton X-100 in
PBS) in the dark for 1 h at RT. Samples were then incubated
with anti-mouse CD11c-PE conjugated primary antibody (1:200;
Biolegend; Cat# 117307) overnight at 4◦C to label macrophages.
After incubation, EpCAM-FITC, CD11c-PE, and SiR-DNA
triple-labeled PCLS were washed and mounted onto glass
slides with ProLong Gold Antifade Mountant (Invitrogen; Cat#
P36930). Images were taken using a Zeiss Axio Observer inverted
microscope, with Lumencor Spectra X LED light source and
Hamamatsu Flash 4.0 camera, using 40×/0.7 NA, air objective
lens. The z-stacks of images were deconvolved as above and best-
focused single slice images were analyzed. For some experiments,
channel colors were changed during image post-processing to
aid visualization.
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Quantification of Focal Adhesions
Cell FAs were imaged on a Leica SP8 inverted confocal
microscope using a HC PL APO 40x/1.30 oil objective lens.
Quantification of FAs was performed using FIJI software. First,
a raw image was split into three channels: DAPI, Alexa Fluor
488-conjugated paxillin, and rhodamine-conjugated phalloidin.
The single channel paxillin image was thresholded to highlight
the paxillin staining and “analyze particles” tool was used to
measure the size of paxillin (FAs) in the unit of micron2. A size
filter of “ > 0.1 micron2 to infinity” was used to exclude non-
specific noise. A list of measurements was produced and each
of them represented a single FA size. The result was exported
to Excel and the mean FA size was calculated using the Excel
“average” function. The total FA area was also calculated by
summing all the FA areas. For the quantification of FA density,
phalloidin channel was also analyzed to measure the total cell
area (micron2). “Threshold” tool was used to exclude the cell-free
area. Any noise outside the cells was manually removed using the
drawing tool. Cell areas were then selected and “measure” tool in
FIJI was used, which produced the total cell area in micron2. The
result was exported to the Excel. The FA density = total FA area
normalized to total cell area.

RNA Extraction and Quantitative RT-PCR
Total RNA was extracted from WT, Vangl2Lp/+, and Vangl2Lp/Lp

mouse lung tissues and A549 cells using the RNeasy mini kit
(Qiagen) according to the manufacturer’s protocols. For mouse
lung tissues, a two-step homogenization was carried out using a
FastPrep-24TM Tissue Homogenizer (MP Biomedicals) followed
by a QIAshredder kit (Qiagen) following the manufacturer’s
instructions. RNA concentration and quality was assessed using
the TapeStation 2200 (Agilent). 1 µg of total RNA was reverse-
transcribed to cDNA using the High-Capacity cDNA Reverse
Transcription kit (Applied Biosystems). Quantitative RT-PCR
(qRT-PCR) was performed using TaqMan Fast Advanced
Master Mix (Life Technologies) and run on a Viia7 Real-Time
PCR System (Applied Biosystems). For mouse cDNA, B2m
and Hprt were used as reference genes; whereas B2M and
GUSB were used as reference genes for human cDNA. Relative
transcript levels were analyzed using the 2−11CT method.
Three mice were used per group and all samples were tested
in triplicate. All primers used in this study were purchased
from Life Technologies as follows: Ctgf (Mm01192933_g1),
Cyr61 (Mm00487498_m1), Ankrd1 (Mm00496512_m1),
B2m (Mm00437762_m1), Hprt (Mm03024075_m1), B2M
(Hs00187842_m1), GUSB (Hs00939627_m1), and VANGL2
(Hs00393412_m1).

Protein Extraction and Western Blotting
A549 cells were lyzed in lysis buffer containing 0.1% Triton X-100
(Sigma–Aldrich), 1 × protease inhibitor cocktail (PIC; Roche),
1× PhosSTOPTM (Roche), 1 mM phenylmethylsulfonyl fluoride
(PMSF; Sigma–Aldrich), and 5 µg/ml sodium deoxycholate
(Sigma–Aldrich) in PBS for 15 min. Lysates were collected
with a cell scraper and sonicated for 5 s. Lysates were then
centrifuged at 4◦C, 14,000 × g for 30 min and supernatant was

collected and stored at −80◦C until use. The concentrations
of protein samples were quantified using the Pierce BCA
Protein Assay Kit (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Protein samples were subjected
to SDS-PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes (Thermo Fisher Scientific). After blocking
with TBSBT blocking buffer (0.1% Tween-20, 5% BSA in TBS)
for 1 h at RT, membranes were incubated with rabbit anti-
phospho-FAK Y397 (1:1000; CST; Cat# 3283) and mouse anti-
FAK (1:3000; CST; Cat# 05-537) primary antibodies overnight
at 4◦C. After washing in TBS containing 0.1% Tween-20,
membranes were incubated with IRDye 800CW goat anti-rabbit
IgG secondary antibody (1:15,000; LI-COR Biosciences; Cat#
925-32211) and IRDye 680RD goat anti-mouse IgG secondary
antibody (1:10,000; LI-COR Biosciences; Cat# 925-68070) at RT
for 1 h. Immunodetection was performed using an Odyssey
infrared imaging system (LI-COR) and western blots were
analyzed using the LI-COR Image Studio Lite Software.

Elastic Pillar Arrays
Elastic micropillar arrays were fabricated in PDMS as previously
described (Chronopoulos et al., 2016). Briefly, PDMS (Sylgard
184, Dow Corning) was mixed with its curing agent in a 10:1
ratio according to the manufacturer’s specification, poured on
the silicon mold, and cured at 60◦C for 1 h. After curing,
pillars were peeled from the mold in PBS and store at 4◦C.
Prior to cell seeding, pillars were coated with 50 µg/ml rat-tail
collagen I diluted in 0.02 M acetic acid and incubated at 37◦C
for 1 h. After incubation, collagen solution covering the pillars
was carefully replaced with PBS followed by TEC Plus medium.
TECs were then counted and seeded on the pillar microarrays
submerged in TEC Plus medium and incubated at 37◦C at 5%
CO2 for 24 h before analysis. Time-lapse imaging (1 frame
per second for 1 min) of individual cells was acquired on an
inverted microscope (Eclipse Ti; Nikon) with a sCMOS camera
(Neo sCMOS Andor) in a pre-equilibrated and humidified
incubator chamber. Each sample was analyzed for a maximum
of 30 min to ensure cell viability. Data were analyzed with a
custom MATLAB script to track individual pillar deflection, and
a cell-free area was used to subtract stage drift. Traction forces
were calculated from pillar deflections using the spring constant
(k = 1.36 nN/µm) of the pillars.

Quantification and Statistical Analysis
All graphs and statistical tests were produced in GraphPad Prism
8. All data are presented as mean ± standard error of mean
(SEM). D’Agostino–Pearson test was performed to determine the
normality of data. Non-parametric datasets were analyzed using
Mann–Whitney U-test (comparison of two groups), or Kruskal–
Wallis with Dunn’s multiple comparisons test (comparison of
more than two groups). Normally distributed datasets were
analyzed using two-tailed unpaired Student’s t-test (comparison
of two groups), or one-way ANOVA with Tukey’s post hoc test
(comparison of more than two groups). Details of the statistical
tests used, the value of n, and number of experiments performed
are all detailed in the figure legends. P < 0.05 was considered
statistically significant.
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