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Lungs undergo mechanical strain during breathing, but how these biophysical forces affect

cell fate and tissue homeostasis are unclear. We show that biophysical forces through normal
respiratory motion actively maintain alveolar type 1 (AT1) cell identity and restrict these cells
from reprogramming into AT2 cells in the adult lung. AT1 cell fate is maintained at homeostasis
by Cdc42 and Ptk2 mediated actin remodeling and cytoskeletal strain, and inactivation of these
pathways causes a rapid reprogramming into the AT2 cell fate. This plasticity induces chromatin
reorganization and changes in nuclear lamina-chromatin interactions, which can discriminate AT1
and AT?2 cell identity. Unloading the biophysical forces of breathing movements leads to AT1-AT2
cell reprogramming, revealing that normal respiration is essential to maintain alveolar epithelial
cell fate. These data demonstrate the integral function of mechanotransduction in maintaining lung
cell fate and identifies the AT1 cell as an important mechanosensor in the alveolar niche.

Graphical Abstract

tMechanical

Alveolar
forces

Type 2

AT2) cell
(Al2) colis /\ Alveolar Type 1 (AT1) cells
O Cell fate C“’/"/\F? ( N

}Mechanical
forces

throm%tin reorganization mediates_f'cell fate ;:;_hanges

. AT1
‘genes | : " AT2

~ 0 genes |

Cell fate

AT1 genes

In Brief

Forces elicited by respiration actively induce changes in nuclear lamina-chromatin interactions to
maintain alveolar type 1 (AT1) cell identity and restrict these cells from reprogramming into AT2
cells.
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Introduction

Mammalian lungs have evolved to be flexible and elastic to undergo cyclical inflation

and deflation of the alveoli for efficient gas exchange. Multiple cell lineages comprise

the alveolar niche including alveolar type 1 (AT1) and alveolar type 2 (AT2) epithelial

cells as well as various mesenchymal and endothelial cell types. Most studies on
mechanotransduction in the lungs have focused on the response of how mesenchymal
lineages respond to mechanical signals, and their ability to differentiate into myofibroblasts
in diseases such as idiopathic pulmonary fibrosis (IPF).1 However, the ability of epithelial
cells to respond to and transmit biophysical signals, in contrast to mesenchymal cells,
remains poorly understood.

Previous studies have demonstrated a role for mechanotransduction in mesenchymal
lineages in the lung in response to injury. Activation of fibroblasts by Yap/Taz through
mechanotransduction drives lung fibrosis, whereas inhibition of Yap/Taz activity in
fibroblasts prevents lung injury and fibrosis.23 In the lung alveolus, AT1 cells are required
for efficient gas exchange across the endothelial capillary plexus while AT2 cells generate
and recycle pulmonary surfactant and act as facultative progenitors that differentiate into
AT1 cells.*> We previously showed that Yap/Taz are required to actively maintain the

AT1 cell fate and loss of Yap/Taz leads to a rapid reprogramming of AT1 cells into AT2
cells.8 Moreover, nuclear Yap is found in AT1 and not AT2 cells, further suggesting a
specific responsiveness to Hippo signaling in the AT1 lineage.5 While forced expression

of an activated Yap protein in AT2 cells can lead to increased expression of some AT1

cell markers, these cells do not exhibit all traits of this lineage, including a consistently
enlarged squamous shape.® Since Yap/Taz can function as cytoplasmic mechanotransducers
that translocate to the nucleus upon actin-regulated cell stretch and strain Jn vitro,”8 these
data raise the intriguing concept that mechanotransduction plays a specific role in AT1 rather
than AT2 cells to maintain alveolar function in the homeostatic lung.

Using a multi-modal genetic and biophysical approach, we show that AT1 cell lineage is
the mechanotransductive epithelial cell type in the lung alveolus. Physical constraint of
AT2 cells suppresses their differentiation into AT1 cells. In contrast, loss of cytoskeletal-
extracellular matrix interactions through Cdc42 and Ptk2 in AT1 cells leads to their rapid
reprogramming into AT2 cells /n vivoand is associated with loss of nuclear Yap expression.
Single cell RNA-seq (scRNA-seq) analysis shows that these reprogrammed AT2 cells are
highly similar to normal AT2 cells. Conversely, loss of Ptk2 in AT2 cells inhibits their
differentiation into AT1 cells, demonstrating that integrin mediated mechanotransduction
controls the bi-directional switch between these two alveolar cell fates. Loss of AT1 cell
fate is accompanied by changes in lamina-associated chromatin domain (LAD) organization,
causing sequestration or release of AT1 or AT2 specific loci at the nuclear periphery,
inversely related to the changed fate. Importantly, unilateral unloading of tissue strain from
breathing movements /1 vivo causes a spontaneous reprogramming of AT1 into AT2 cells,
revealing that constant mechanical strain is required to maintain the AT1 fate in the adult
lung. These studies reveal that AT1 cells are a nodal cell lineage in the lung for sensing and
transmitting the normal mechanical forces due to breathing.
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Mechanical properties define AT1 cells in vivo

To gain insight into how biophysical forces affect alveolar epithelial cell fate in vivo, we
examined actin cytoskeletal organization in AT1 and AT2 cells. We found that actin fibers
and activated myosin contact the luminal side of the Hopx-EGFP* AT1 nucleus, but not

the Sftpc-EGFP* AT2 nucleus (Fig. 1a, 1b and Fig. S1a). We also found that the AT1
nucleus is more elliptical in shape than the AT2 nucleus (Fig. 1c), which could reflect

active cytoskeletal forces of AT1 cells resulting in changes in their nuclear shape.®10 As

we have previously reported, Yap localizes to the AT1 nucleus (Fig. 1d and Fig. S1b).6
Moreover, comparison of the AT1 and AT2 cell transcriptomes obtained from our previous
study shows that the AT1 cell transcriptome is enriched for genes associated with actin
cytoskeleton regulation, focal adhesion, and Hippo pathway (Fig. 1e).6 Examination of adult
lung scRNA-seq data from a previous study reveals that expression of actin, non-muscle
myosin, Cdc42-N-WASP-Arp2/3 complex, downstream target genes of Hippo pathway, and
a set of AT1-specific integrins is enriched in AT1 cells (Fig. 1f-1h and S1c).1! On the other
hand, AT2 transcriptome is enriched for genes associated with lipid metabolism (Fig. S1d).
Of note, increased lipid metabolism utilization has recently been suggested as a general
response to reduced actin contractility.12 Furthermore, we found that intermediate filaments,
but not microtubules, are abundant in the perinuclear spaces of AT1 cells, suggesting that
intermediate filaments could provide further structural support to AT1 cells (Fig. S1e). These
findings suggest that biophysical forces preferentially control AT1 cell shape and function
(Fig. 1i-j, Fig. S1f).

Actin mediated mechanotransduction maintains AT1 cell fate

Small RhoGTPase Cdc42 is a critical regulator of actin cytoskeleton reorganization that

is preferentially expressed in AT1 rather than AT2 cells in the adult mouse lung (Fig.
2a).11.13 To determine what role actin cytoskeleton reorganization plays in AT1 cells, we
generated HopxCreERTZ: Colgq 2MoX/floX - R2GREYFP mice (hereafter called Cdc42AT1-KO) to
inactivate Cdc42 specifically in AT1 cells. Lineage-traced cells were isolated (Fig. S2a),
and Cdc42 deletion was confirmed by gPCR and immunoblotting (Fig. S2b, S2¢). Loss of
Cdc42 in AT1 cells led to increased expression of AT2 cell marker genes including Sftpc,
suggesting that these cells re-programmed into AT2 cells (Fig. 2b—d). This loss of AT1 and
gain of AT2 fate was rapid as it was observed as early as four days post-induction of cre
recombinase (Fig. S2d). Cdc42 deletion did not affect the gross morphology of the lungs nor
AT1 and AT2 cell numbers as assessed by histology (Fig. S2e—g), suggesting that AT2 cells
differentiate into AT1 cells to compensate for the loss of AT1 cells in Cdc42AT1-KO mice.

To assess how similar reprogrammed AT2 cells from Cdc42AT1-KO mice (hereafter called
AT2"P) are to normal AT2 cells, we isolated lineage-traced cells from Cdc42AT1-KO mice
(Fig. S3a), and performed scRNA-seq analysis and compared the data to wildtype AT1

and AT2 cells. We found that AT2"P cells co-cluster with wildtype AT2 cells (Fig. 2e,

S3b), and expressed AT2 specific genes at a similar level as wildtype AT2 cells (Fig. S3c).
Spearman rank-order correlation test between wildtype AT2 and AT2™P cells confirmed that
gene expression in AT2'P cells correlates to a high degree with wildtype AT2 cells (Fig.
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2f). The AT2"P cells express proteolytically processed mature Sftpc protein, suggesting

that AT2'eP cells are similar to wildtype AT2 cells (Fig. S3d).14 Moreover, Yap nuclear
localization was not observed in Lamp3* AT2"P cells and fewer actin fibers surrounded
AT2"®P nucleus in comparison to the AT1 nucleus (Fig. 2g—i and Fig. S3e). These results
demonstrate that Cdc42-dependent rearrangement of the actin cytoskeleton contributes to the
active maintenance of AT1 cell identity, prohibiting the reprogramming of these cells into
AT2 cells.

Cell spreading determines AT2-AT1 cell differentiation

Primary AT2 cells autonomously spread and differentiate into AT1 cells between 24 and
48 hours after plating and acquire abundant cytoskeletal networks (Fig. S4a—d). To test our
hypothesis that AT2 cells require cell spreading and actin-mediated cytoskeletal tension

to differentiate into AT1 cells, we cultured primary mouse and human AT2 cells on
micropatterned glass-bottom dishes to limit their ability to spread (Fig. 3a). The dishes

are patterned with adherent circles ranging in size from 10 pm to 100 um in diameter.

AT2 cells adhering to circles of 10 um in diameter were constrained in their ability to
spread, whereas AT2 cells adhering to circles greater than 20 pm in diameter were not
constrained and could spread freely. At 48 hours after plating, unconstrained mouse AT2
cells expressed the AT1 cell marker Ager and lost the AT2 cell marker Sftpc, while
constrained mouse AT2 cells did not express Ager but retained Sftpc (Fig. 3b, 3d). AT2
cells cultured on elongated micropattern differentiated into AT1 cells at the same extent

as AT2 cells cultured on a circular pattern, suggesting that cell spreading rather than cell
shape determines the differentiation into AT1 cells (Fig. S4e, f). Similarly, unconstrained
human AT?2 cells acquired expression of the AT1 cell marker PDPN and lost SFTPC, while
constrained human AT2 cells did not express PDPN but retained SFTPC (Fig. 3c, 3d and
Fig. S5a—c). In mouse AT?2 cells, Yap/Taz was found in the nucleus of unconstrained cells
(Fig. 3e—f). Cytoplasmic actin fibers and activated myosin were abundant in unconstrained
mouse AT2 cells and were associated with the nuclear periphery (Fig. 3g-h). YAP/TAZ
translocated to the nucleus of unconstrained human AT2 cells, and cytoplasmic actin fibers
were abundant in unconstrained human AT2 cells (Fig. S5d-f). These results suggest that
AT2-AT1 cell differentiation requires cell spreading and cytoskeletal strain /n vitro.

AT2-AT1 cell differentiation and AT1 cell fate maintenance require Integrin-FAK signaling

Actin cytoskeleton transduces mechanical forces from the extracellular environment into
the cell through integrin mediated connections and signaling, and Integrin-Focal Adhesion
Kinase (FAK) pathway is the central integrin mediated signaling pathway implicated in cell
spreading and actin cytoskeleton organization.1> Based on the results from micropattern
experiments, we evaluated the role of Integrin-FAK pathway in AT2-AT1 cell differentiation
and AT1 cell fate maintenance. AT1 and AT2 cells express cell-type specific integrin
subunits (Fig. S1c). AT2 cells were cultured and treated with antibodies that block either
AT1-specific integrins (anti-1tgb5 and anti-1tgh6) or AT2-specific integrin (anti-1tga6), FAK
inhibitor PF573228, or actin polymerization inhibitor latrunculin B (Fig. 4a). Anti-ltgh5
and anti-ltgh6 antibodies, PF573228, and latrunculin B all attenuated AT2 cell spreading
and AT2-AT1 cell differentiation (Fig. 4b, 4c) without affecting cell viability (Fig. S5g,
S5h). However, the anti-ltga6 AT2-specific antibody did not have any effect on AT2 cell
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spreading or AT2-AT1 cell differentiation (Fig. 4b, 4c). These data suggest that the AT1-
specific Integrin-FAK pathway and the acquisition of the cytoskeletal strain are essential for
AT2-AT1 cell differentiation /n vitro.

Next, we assessed whether the Integrin-FAK pathway is essential for AT2-AT1 cell
differentiation /7 vivo. We lineage labeled AT2 cells using SftocCeERTZ: R2GREYFF mice
and subjected them to acute lung injury (Fig. 4d). Ten days after the injury, the lineage
labeled AT2 cells expressed higher levels of AT1-specific integrins (/igb5, and /tgb6),

but not the AT2-specific integrin /fgaé, than uninjured control cells (Fig. 4e). Moreover,
FAK phosphorylation was increased in Krt8" transition state of AT2 cells differentiating

into AT1 cells (Fig. 4f-g),16-18 suggesting that the Integrin-FAK pathway is activated

during AT2-AT1 cell differentiation.1® To test whether FAK is required for AT2-AT1 cell
differentiation, we inactivated FAK (also known as Ptk2) in AT2 cells using SfipcCeERT2:
Pk 2MTox/flox - p26REYFP (hereafter called Ptk2AT2-K0) mice. Ptk2 deletion was confirmed

by gPCR and immunoblotting (Fig. S5i, S5j). Following acute lung injury induced by
hyperoxia or bleomycin, lineage labeled AT2 cells exhibited a reduced ability to differentiate
into AT1 cells in Ptk2AT2-KO mice compared to control mice (Fig. 4h—j). Loss of Ptk2 did
not affect cell death or proliferation of AT2 cells (Fig. S5k—n). Importantly, loss of Ptk2 in
AT1 cells led to their reprogramming into AT2 cells at homeostasis, suggesting that Ptk2

is required for AT1 cell fate maintenance (Fig. 4k, 4l). Collectively, these data demonstrate
that transduction of extracellular mechanical forces into the cell through integrin signaling is
required for AT2-AT1 cell differentiation and AT1 cell fate maintenance.

Nuclear lamina-chromatin interactions discriminate alveolar epithelial cell fates

External forces applied to the cell stretch the nuclear membrane and reorganize the genome,
leading to alterations in gene expression.20:21 The precise molecular mechanisms underlying
how nuclear sensing of mechanical forces results in gene expression changes are likely
multifactorial. These include large scale physical changes in chromatin that involves
reorganization and retention of specific domains at the nuclear periphery.22 To better
understand genome organization and how it is affected by mechanical stress in AT1 and AT2
cells, we performed Lamin B1 ChlP-seq on AT1 and AT2 cells and analyzed the lamina-
associated domains (LADs) (Fig. 5a).23:24 LADs are large domains of transcriptionally
repressed chromatin located at the nuclear periphery that are associated with the nuclear
lamina through interactions with the multiprotein linker of nucleoskeleton and cytoskeleton
(LINC) complex.25 During cell state changes, certain loci are repositioned to and away from
lamina, contributing to the expression patterns of cell lineage specific genes.26:27

Lamin B1 ChIP-seq identified 651 AT1-specific genes, 2798 AT2-specific genes, and 1484
shared genes located within LADs, by assessing the number of reads that mapped to

the middle of the gene body + 50 kb (Fig. 5b). The expression of AT1 and AT2 LAD

genes was lower than that of non-LAD genes, confirming that genes found in LADs were
repressed (Fig. S6a, S6b).28 Pathway enrichment analysis revealed that AT2 LAD genes
were enriched for genes associated with actin cytoskeleton regulation and focal adhesion
(Fig. 5b). Wasl, Rockl, and Ptk2 are genes enriched in pathways associated with regulation
of actin cytoskeleton or focal adhesion. Wasl binds to Cdc42 to activate the Arp2/3 complex,
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leading to actin polymerization.28 Rock1 phosphorylates myosin and is a critical regulator of
actomyosin contraction.2% We also found that the canonical AT1 cell marker Cav2was found
in an AT2 LAD and the canonical AT2 cell marker S/c34a2was found in an AT1 LAD (Fig.
5c, 5f, S6f).

To validate our genomics data and confirm the nuclear locations of these LAD genes, we
performed oligo-FISH to visualize the genomic loci of these genes. We reconstructed 3D
images from confocal z stacks to precisely evaluate spatial positioning of each gene relative
to the lamina (Fig. S6c). Consistent with the Lamin B1 ChlIP-seq data (Fig. 5d, S6d-S6f),
oligo-FISH confirmed that Was/, Rockl, Ptk2, and CavZ2are located at the periphery of the
AT2 but not in the AT1 nucleus (Fig. 5e, 5h, S6d-S6g). Conversely, we found that the AT?2
cell marker gene S/c34a2was enriched in an AT1 LAD (Fig. 5f). Oligo-FISH confirmed
that S/c34a2is located at the periphery of the AT1 nucleus, but not in the AT2 nucleus (Fig.
5g, 5h). These data suggest that nuclear lamina-chromatin interactions discriminate AT1
and AT?2 cell-specific gene expression and that genes related to actin regulation and focal
adhesion in AT2 cells are repressed by spatial repositioning to the nuclear periphery.

Alveolar epithelial fate changes involve changes in LAD organization

We next examined whether AT1-AT2 cell reprogramming and AT2-AT1 cell differentiation
involved genome reorganization and changes in LADs given their ability to discriminate
these two cell fates. We performed oligo-FISH on Cdc42AT1-KO and Ptk2AT1-KO mouse
lungs and found that Was/is peripherally located in Lamp3* AT2'P cells (Fig. 6a, 6c),
whereas S/c34a2is not (Fig. 6b, 6¢), suggesting that AT1-AT2 cell reprogramming involves
chromatin reorganization and changes in LADs. Moreover, Wasl/is peripherally located

in constrained and FAK inhibitor-treated AT2 cells /n vitro, whereas S/c34a2is not (Fig.
6d, 6e). Additionally, in AT2 cells, we inhibited cytoplasm-to-nucleus mechanotransduction
mediated by the LINC complex through expression of a dominant negative KASH protein
and found that dominant negative KASH inhibits AT2-AT1 cell differentiation and spatial
reorganization of relevant loci (Fig. 6f—i).30 These data indicate that biophysical strain
maintains alveolar epithelial cell fate, in part, through control of nuclear lamina-chromatin
interactions.

Alveolar cell fate is maintained by active breathing movements

The data presented thus far suggest that mechanotransductive pathways maintain AT1

cell fate in part through repositioning of LADs and alteration of cell type specific gene
expression. However, whether actual changes in mechanical strain /n vivo alters alveolar
cell fate is unknown. To further understand the role of biophysical forces in the lungs,

we developed an /n vivo model that limits lung breathing movements we termed the
unilateral lung ligation model. In this model, the left bronchus is clipped without damaging
the blood vessels, thereby limiting left lung expansion and sparing right lung lobes (Fig.
7a). Assessment of apoptosis and the response to hypoxia by examination of Hifla target
gene expression showed that the unilateral lung ligation model does not lead to overt
changes in cell death or induction of the transcriptional response to hypoxia, consistent with
preservation of normal blood flow into the left lung (Fig. S7a-S7d). We lineage labeled
AT1 cells using Hopx“"eERTZ:R26REYFP mice and examined whether AT1 cells reprogram
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into AT2"P cells following the unilateral lung ligation (Fig. 7b). At 28 days following the
unilateral lung ligation, nearly 30% of the lineage labeled cells expressed the AT2 cell
marker Sftpc similar to the Cdc42AT1-KO mice (Fig. 7c, 7d). AT2'P cells composed 5.66 +
1.50% (n =5 mice) of all AT2 cell population and this AT1 reprogramming was observed
as early as seven days after ligation (Fig. S7e). We performed scRNA-seq of lineage-traced
AT1-derived cells from the unilateral lung ligation model and compared them to wildtype
AT1 and AT2 cells. These AT2"P cells from the unilateral lung ligation model co-clustered
with wildtype AT2 cells in UMAP space (Fig. 7e, S7f). Moreover, these AT2"P cells
expressed AT2 specific genes to a similar extent as wildtype AT2 cells (Fig. S7g). Spearman
rank-order correlation test confirmed that gene expression in AT2"P cells and wildtype AT2
cells are highly similar (Fig. 7f). In AT2'P cells, Yap nuclear localization was also not
detected, and these cells had fewer actin fibers surrounding their nuclei compared to AT1
nuclei (Fig. 7g, 7h, S7h). Yap localization and actin fiber composition in AT1 and AT2 cells
did not change after hyperventilation (Fig. S7i—j), suggesting that a constant actin-based
cellular stretch from breathing movements rather than a cyclical nature of breathing likely
plays a critical role in maintaining alveolar epithelial cell identity. These results, together
with the results from Cdc42AT1-KO mice and Ptk2 deletion model, suggest that biophysical
forces from breathing movements actively maintain AT1 cell fate (Fig. 7i).

Discussion

The lungs undergo constant cyclical stretch from normal breathing movements thereby
applying mechanical forces to resident cells of the alveolus. In this study, we demonstrate
that these breathing-induced biophysical forces maintain AT1 cell fate and control AT2-AT1
cell differentiation. Disruption of actin-regulated biophysical forces, cell adhesion, cell
spreading, and unloading of the biophysical forces due to normal breathing movements,

all lead to spontaneous and rapid reprogramming of AT1 cells into AT2"P cells that are
transcriptionally highly similar to normal AT2 cells. This reprogramming is associated
with dramatic changes in LAD organization and 3D spatial positioning of the genome,
leading to lineage specific mechanosensitive gene expression changes in the lung alveolus.
Together, these data reveal that the AT1 cell is a mechanosensor in the lung, requiring
tissue strain from breathing movements to maintain its lineage fidelity during normal
respiratory function. More broadly, our data reveal that epithelial cells play a critical role in
mechanosensing to control cell identity in tissue homeostasis.

One of the enigmas of tissues such as the lungs is how they maintain cellular homeostasis
when undergoing constant biophysical stresses due to rhythmic or cyclical forces. While
mesenchymal cells are well known to sense and exert mechanical forces, the ability of
epithelial cells to sense and respond to mechanotransduction is less well understood. During
late stages of postnatal lung development called alveologenesis, a specialized type of
mesenchymal cell called the secondary crest myofibroblast (SCMF) drives important aspects
of alveolar remodeling through its ability to exert physical force and stretch the emerging
alveolus to increase surface area.ll AT1 cells communicate with SCMFs, promoting their
development and acquisition of the myofibroblast phenotype which increases its contractile
abilities.1! Our current study indicates that AT1 cells also require a mechanotransduction
feedback in the lung to maintain their fate during normal respiration.
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Our study shows that AT1 cells, generally considered terminally differentiated, readily
reprogram into AT2 cells when their cytoskeleton is perturbed, as demonstrated in the Cdc42
and Ptk2 loss of function studies as well as when normal breathing movements are ceased.
A previous report showed that Cdc42 is essential for AT2-AT1 cell differentiation in a model
of unilateral pneumonectomy.3! However, our data shows that Cdc42 expression is enriched
in AT1 cells and is required to maintain AT1 cells fate during normal homeostasis in the
absence of injury. The most harmonious manner in which to interpret these studies is that
mechanotransduction plays a key role as AT2 cells differentiate into AT1 cells, rather than

in the baseline AT2 cell homeostatic state. This is consistent with previous work showing
that lipid metabolism utilization, which is a hallmark of AT2 and not AT1 cells, is associated
with reduced extracellular matrix interactions associated mechanotransduction.12 This is
also supported by the data presented here that integrin mediated signaling peaks during the
differentiation of AT2 cells. In our models, AT1 cells that did not reprogram co-clustered
with wildtype AT1 cells. However, not all AT1 cells reprogrammed suggesting that this
lineage may respond heterogeneously to biophysical forces.

There is increasing interest in the effects of increased mechanical stress and strain on tissue
homeostasis due to injury. However, it is less clear what roles such forces play in normal
tissue homeostasis in tissues such as the lungs and heart, which undergo constant cyclical
strain. Measuring and disrupting mechanotransduction /in vivo in the lungs has been difficult
to perform, but our unilateral lung ligation model allows the direct assessment of the effects
of breathing cessation on cellular phenotypes. Our findings that breathing movements are
required to maintain AT1 cell fate raise the possibility that other cell types in the lung

or cells in other tissues that undergo constant cellular strain may also rely on mechanical
strain to maintain their cell phenotype. Our studies show that chromatin association with
the nuclear lamina underlies at least part of the mechanism maintaining AT1 cell fate in

the lung. Sequestering regions of the genome to the nuclear periphery in LADs could be an
important mechanism through which cells respond to altered mechanical forces.

Previous work has demonstrated that acute lung injury and regeneration results in a
heterogeneous response leading to regions containing compacted tissue architecture and
altered cell differentiation responses.®32 Chronic lung diseases, such as IPF and COPD,
also disrupt tissue architecture, with resulting changes in matrix stiffness and in the ability
for proper inflation. Our study indicates that aberrant mechanical microenvironments could
impact AT2-AT1 cell differentiation and AT1 cell fate maintenance, both of which are
essential for lung regeneration. Future studies on how these injury and disease-associated
changes in the biomechanics of lung tissue alter the trajectory of chronic disease or tissue
regeneration after acute injury, could provide undiscovered avenues for the development of
needed therapies for human lung disease.

Limitations of the Study

The primary lung AT2 epithelial cells used in our /in vitro assays are isolated from harsh
tissue digestions and are fragile. Moreover, AT1 cells are unable to be cultured /n vitro
likely due to their large extended shape and fragile nature. Future studies to examine how
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these cells respond to biophysical forces and the different molecular pathways involved in
transmitting and receiving these forces /n vitro and in vivo will provide further insight.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the Lead Contact, Edward E. Morrisey
(emorrise@pennmedicine.upenn.edu).

Materials availability—All unique reagents generated in this study are available from the
lead contact under material transfer request.

Data and code availability

. ChiIP-seq and scRNA-seq data generated during this study have been deposited at
GEO and are publicly available as of the date of publication. Accession numbers
are listed in the key resources table. RNA-seq data for AT1 and AT2 cells® and
scRNA-seq data for adult mouse lungs!! have been previously described and are
publicly available (GSE148487 for RNA-seq and GSE149563 for SCRNA-seq).

. All original code has been deposited at Github (https://github.com/Morriseylab/
LungBiophysical) and is publicly available as of the date of publication. DOIs
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 SUBJECT DETAILS

Human subjects—The normal human samples used in this study were from de-identified
non-used lungs donated for organ transplantation following an established protocol
(PROPEL, approved by University of Pennsylvania Institutional Review Board) with
informed consent in accordance with institutional and NIH procedures. Consent was
provided by next of kin or healthcare proxy. The institutional review board of the University
of Pennsylvania approved this study, and all patient information was removed before use.
This use does not meet the current NIH definition of human subject research, but all
institutional procedures required for human subject research were followed throughout the
reported experiments. The sample age and sex were: 33 years old male, 55 years old male,
and 58 years old female.

Animals—All mouse experiments were performed under the protocols approved by the
guidance of the University of Pennsylvania Institutional Animal Care and Use Committee.
SftpcCTeERTZ | [HopxCeERTZ (Stock No. 017606), SfiocECFP (Stock No. 028356), HopxEGHP
(Stock No. 029271), Ptk2°% (Stock No: 031956), Cac42770% (Stock No: 027576),
Rosa26REYFF (Stock No: 007903), and Rosa26R™7MG (Stock No: 007676) mice have been
previously described.>11:33-35 SfncCreERTZ \yas generously provided by Chapman lab, and
other strains were obtained from Jackson Laboratories (MA, USA). All experiments were
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performed on 6-12 week old mice that were maintained on a mixed C57BL/6 and CD1
background. Both male and female mice were used in all conditions. For Cre recombinase
induction, tamoxifen (Sigma-Aldrich) was dissolved in corn oil to produce stock with a
concentration of 20 mg/mL. For lineage tracing experiments, a single dose of 200 mg/kg
tamoxifen was delivered by oral gavage except for HopxC"eERTZ: Rosa26R™TMG mice that
were given 50 mg/kg tamoxifen. For gene knockout experiments, 200 mg/kg tamoxifen was
given 3 consecutive days.

Bleomycin and hyperoxic lung injury—Two weeks after tamoxifen induction, 2U/kg
Bleomycin (Teva) was intratracheally administered to anesthetized mice. Control animals
received PBS intratracheally. A hyperoxic lung injury experiment was performed as
previously described.® Mice were placed in the hyperoxia chamber (BioSpherix) under 95%
oxygen for 3 days.

Unilateral lung ligation—Mice were anesthetized with isoflurane and intubated for
ventilation using a MiniVent ventilator (Harvard apparatus; tidal volume of 200 pL,
respiratory rate of 150 breaths per minute). The thoracic cavity was exposed by incising
2 cm on the left lateral side of the skin, followed by a 1 cm incision at the fifth left
intercostal space. The left main bronchus was clipped using a Microclip Applier and a
Microclip (Horizon). Left lung collapse was visually confirmed after the clipping.

METHODS DETAILS

Histology—Mice were euthanized by CO2 inhalation, and the lungs were perfused with
PBS via the right ventricle. Then, the lungs were inflated with 2% PFA at a constant
pressure of 25 cm H20 and were fixed overnight at 4°C. Tissue was then dehydrated,
paraffin embedded, and sectioned. Hematoxylin and eosin staining was performed as
previously explained.> For immunohistochemistry analysis, the following antibodies were
used on paraffin sections: GFP (chicken, Aves, GFP-1020, 1:200), tdTomato (Goat, Origene,
AB8181, 1:100), Sftpc (rabbit, Millipore, AB3786, 1:200), Hopx (mouse, Santa Cruz,
sc-398703, 1:100), Ager (rat, R&D, MAB1179, 1:100), Krt8 (rat, DSHB, TROMA-1,
1:200), Phosphorylated Myosin Light Chain (rabbit, Abcam, ab2480, 1:100), FAK-pY397
(rabbit, Thermo, 44-624G, 1:100), Yap (rabbit, Cell Signaling, 4912S, 1:100), Lamp3 (rat,
Novus, 1010E1.01, 1:100), Lamin B1 (rabbit, Abcam, ab16048, 1:50), Cleaved Caspase 3
(rabbit, R&D, MAB835, 1:100), Ki67 (mouse, BD Biosceinces, B56, 1:200), a-Tubulin (rat,
Santa Cruz, sc-53029, 1:100), and pan-cytokeratin (mouse, Invitrogen, MA5-13156, 1:100).
For phalloidin (Invitrogen, A30107, 1:100) staining of actin filaments, lungs were fixed
with 2% PFA for 6 h at 4°C, incubated in 30% sucrose/PBS overnight, and embed in OCT
Compound (Sakura FineTek) for preparation of frozen blocks and sections. Lung strip was
prepared following protocol described in Yang et al.36

Flow cytometry and cell sorting—Flow cytometry and cell sorting experiments were
performed by using cell analyzer CytoFLEX LX (Beckman Coulter) and cell sorter MoFlo
Astrios (Beckman Coulter). Lungs were harvested and digested into single cell suspensions
using collagenase I, dispase, and DNase, as previously explained.8-37 Red blood cells were
removed with the ACK buffer and then stained with antibodies. The following antibodies
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were used for flow cytometry and cell sorting: EpCAM-PE-Cy7 (eBioscience, G8.8, 1:200),
CD31-APC (eBioscience, 390, 1:200), and CD45-APC (eBioscience, 30-F11, 1:200). DAPI
was used to gate out dead cells.

Cell culture and immunocytochemistry—Mouse AT2 cells were sorted from the
single cell suspension of SfipcECFF mice lungs and plated in 4-well culture slide (Falcon)

or micropatterned glass bottom dishes with MTEC/SAGM medium,*32 containing SABM
base media (Lonza), insulin, transferrin, bovine pituitary extract, gentamycin, retinoic acid,
0.1 pg/mL cholera toxin (Millipore), 25 ng/mL EGF (PeproTech), and 5% FBS. Human
AT?2 cells were obtained as previously explained,® and were cultured on the micropatterned
dishes with MTEC/SAGM medium supplemented with Antibiotic-Antimycotic (Thermo).
Briefly, single-cell suspensions of human lung whole cells were incubated with human
CD31 and CD45 microbeads (Miltenyi). After magnetic negative selection of CD31~ CD45~
population, cells were MACS purified using the mouse anti-HT2-280 IgM antibodies
(Terrace, TB-27AHT2-280, 1:50) and anti-mouse IgM microbeads (Miltenyi, 1:20) using
MACS LS Columns. Micropatterned dishes containing printed circles ranging in size from
10 um to 100 um or elongated shape 10 x 100 um were custom-made by 4Dcell (Montreuil,
France). Fibronectin (Sigma, 50 pg/mL) coating of the micropatterned dishes was performed
according to the manufacturer’s protocol. Mouse AT2 cells were plated in micropatterned
dishes at a density of 100,000 cells per dish in 0.4 mL medium. Human AT2 cells were
plated at a density of 50,000-500,000 cells per dish in 0.4 mL medium. Then, 48 h after
plating, the cells were fixed with 4% PFA for 15 min at RT.

For treatment with inhibitors, mouse AT2 cells were plated in fibronectin-coated (10 pg/mL,
overnight) 4-well culture slide at a density of 100,000 cells per well in 0.5 mL medium.

At 24 h after plating, the medium was replaced with fresh medium containing anti-ltgh6
antibody (Sigma, 10D5, 1:100), anti-1tgh5 antibody (Invitrogen, KN52, 1:100), anti-ltga6
antibody (Invitrogen, GoH3, 1:500), PF 573228 (Tocris, 10 uM), or Latrunculin B (Sigma,
0.5 uM). After 24 h incubation with the inhibitors, cells were fixed with 4% PFA for 15

min at RT. For immunocytochemistry analysis, fixed cells were permeabilized with 0.5%
Triton X-100 for 10 min at RT. Actin was stained with Phalloidin (1:400), and cytoplasm
was stained with CellMask (Thermo, 1:1,000). The following antibodies were used: Yap/Taz
(rabbit, Cell Signaling, D24E4, 1:100), Phosphorylated Myosin Light Chain, a-Tubulin,
Sftpc (for mouse, AB3786, 1:100), SFTPC (for human, rabbit, ab90716, 1:100), Ager, and
PDPN (rat, Thermo, NZ-1.3, 1:100). For cell viability evaluation, the medium was replaced
with HBSS containing 2 pM Calcein (Thermo) and 4 uM EthD-1 (Thermo) for 30 min at
RT. Plasmid containing mCherry-DN KASH was generously provided by the Lammerding
Lab.30 Lentivirus containing mcherry-DN KASH or mCherry was generated as previously
explained.38 Sorted AT2 cells were centrifuged at 600g at 32°C for 60 min with lentivirus
before plating.

DNA oligo FISH—DNA oligo FISH protocol was adopted from previous studies3? with
modifications. In brief, after immunohistochemistry staining, sections were post-fixed with
4% PFA for 30 min at RT. Sections were then permeabilized with 0.7% Triton X-100 for
10 min at RT, incubated in 2X SSCT (2X SSC with 0.1% Tween) for 5 min at RT. Then
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sections were incubated in 2X SSCT with 50% Formamide for 5 min RT, 2.5 min 92°C, and
20 min 60°C. Hybridization was performed with ~50-100 pmol DNA primary oligo probes
for 16 h 37°C. Sections were washed in 2X SSCT for 15 min at 60°C, 2X SSCT for 10min
at RT, and 2X SSC for 10 min. Sections were then hybridized with secondary fluorescent
DNA oligo probes for 2 h RT. Sections were washed in 2X SSCT for 5 min 60°C, 2X

SSCT 5 min RT, and 2X SSC 5 min RT. DNA oligo libraries, with each oligo containing 42
nucleotides homologous to the region of interest in the mouse mm10 genome, were designed
aiming for more than 5 probes/kb for 100 kb region using the OligoMiner.4 Single stranded
probes were produced as previously described.!

Image analysis—All fluorescence images were acquired by a Leica TCS SP8 confocal
microscope and processed with ImageJ or Imaris (Oxford Instruments). For perinuclear actin
or myosin quantification, nuclear object demarcated by DAPI fluorescence was dilated by
0.17 um. The perinuclear actin or myosin was quantified by subtracting fluorescence of

the non-dilated nucleus from the dilated nucleus. For nuclear morphology analysis, z-stack
images obtained with a 63x lens were processed by Imaris with default smoothening and
thresholding. A larger value of prolate or oblate ellipticity was used as a representative
value. Yap/Taz nuclear/cytoplasmic ratio was calculated by analyzing nuclear (DAPI
fluorescence) and cytoplasmic (CellMask fluorescence) Yap/Taz intensity. Cell counting
for lineage-tracing experiments was performed on at least five z-stack images with a

40x lens for each mouse, except for cCaspase 3* cell counting, which was performed

with a 20x lens. For FISH dots to nuclear lamina distance quantification and /n vivo
F-actin visualization, z-stack images were deconvoluted using Huygens software (Scientific
Volume Imaging) and the distance was measured using Imaris as previously explained*2.
Representative 3D images were also generated using Imaris. Mean linear intercept was
analyzed with MATLAB software on images acquired using EVOS FL Auto2 Imaging
System as previously described.32

ChlP-seq—AT1 and AT2 cells were sorted by gating on DAPI~ CD31/45~ EpCAM*
EGFP* poupulations from HopxEGFFP (AT1) or SfincEGFP (AT2) mice and were crosslinked
by 1% formaldehyde (Thermo) for 10 min RT. Glycine (final 125 mM) was then added

and incubated for 5 min RT. The cell pellets were flash frozen and stored at —80°C until
ChIP and library preparation. ChlP, library preparation, and sequencing were performed

as previously explained.28 Briefly, crude nuclei were isolated from the cell pellets and

were sonicated with a Covaris S220 sonicator. Anti-Lamin B1 (Abcam, ab16048) bound to
protein G magnetic beads (Thermo) were added to 500 pg input protein, and the mixture was
incubated overnight at 4°C. Libraries were prepared using NEBNext Ultra I1 DNA library
prep kit (NEB) and were sequenced on the lllumina NextSeq 500 instrument. Raw reads
were aligned to mm10 genome using bwa, with parameters ‘-q 5 -1 32 -k 2’. Duplicates were
removed using Picard tools, and all samples were merged and downsampled to 43 million
(AT1) or 48.8 million (AT2) uniquely mapped reads using samtools. Input normalized
bigwig coverage tracks for AT1 and AT2 cells were created using deeptools. To identify
LAD-genes, the number of reads that mapped to the middle of the gene body + 50kb were
calculated for each gene by using GenomicRanges.*3 For pathway enrichment analysis,
genes were considered LAD-genes when the log2 fold change of the signal to input ratio
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was greater than 0.1. Genes with fewer than 100 reads were excluded from the analysis.
LAD peaks were called using EDD.** Offrgenes and Vmnl1r/2rgenes were excluded from
the pathway enrichment analysis due to the species-specific nature of the mouse olfactory
system. Gene ontology enrichment analysis was performed using DAVID.

Single cell RNA sequencing (scRNA-seq)—Lineage-traced cells were sorted by
gating on DAPI~ CD31/45-APC~ EpCAM-PECyY7* EYFP™ populations. Cells were loaded
onto the 10x Chromium (10X Genomics) aiming for 10,000 cells, and libraries were
prepared according to the manufacturer’s protocol using Chromium Single Cell 3’ v3
chemistry. The libraries were sequenced on an Illumina Novaseq 6000 instrument. The

data was processed by aligning the reads and obtaining unique molecular identifiers

(UMIs) using STARsolo (v2.7.9a).4° The data was further processed and analyzed using the
Seurat (V4.0.6; https://satijalab.org/seurat/) package. Cells with less than 1000 UMIs were
removed. Also, cells with potential stress signals were removed if the percent mitochondrial
reads were greater than 5%. Feature (gene) data was scaled in order to remove unwanted
sources of variation using the Seurat SCTransform function based on percent mitochondrial
reads, and the number of genes and reads. Libraries were integrated using the CCA method
as implemented in Seurat. Non-linear dimension reduction was performed using uniform
manifold projection (UMAP) and graph-based clustering was performed using the Louvain.
Correlation analysis was performed in R and correlation matrix plots constructed using the
corrplot R package.

Real-time gPCR analysis—FACS-isolated cells were pelleted, and RNA was extracted
with Trizol Reagent (Invitrogen) according to the manufacturer’s protocol. SuperScript IV
First-Strand synthesis system (Invitrogen) was used to generate cDNA. Real-time gPCR was
performed with Power SYBR Green Master Mix (Thermo) and QuantStudio 7 PCR System
(Applied Biosystems).

Immunoblotting—Cell lysates were separated by SDS-PAGE, transferred to PVDF
membrane as previously described,® and imaged using Odyssey Fc (LI-COR Biosciences)
with IRDye 700 or 800-conjugated secondary antibodies (1:7,500) or ECL 2 Western
Blotting Substrate (Thermo). The following primary antibodies were used: Cdc42 (mouse,
ab41429, Abcam, 1:200), FAK (rabbit, D2R2E, Cell Signaling, 1:2,000), mature Sftpc
(rabbit, WRAB-76694, 1:3,000, Seven Hills), B-Actin (rabbit, 13E5, Cell Signaling, 1:2,000;
mouse, 8H10D10, Cell Signaling, 1:2,000; mouse, HRP-60008, 1:2,500, Protein Tech).

QUANTIFICATION AND STATISTICAL ANALYSIS

Highlights

Statistical analysis—All results are shown as mean + s.d. A two-tailed t-test was used
to compare two groups, and a one-way ANOVA was used to compare multiple groups. The
difference was considered significant when p < 0.05. Statistical analysis was performed
using Graphpad Prism 9.

. Mechanotransduction is a key feature of alveolar type 1 (AT1) cells in the lung
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. Actin remodeling and integrin signaling regulate AT1 and AT2 cell fate

transitions
. Physical blockade of respiratory movement leads to loss of AT1 cell identity
. Nuclear lamina-chromatin interactions determine alveolar epithelial cell fate

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Actin-regulated biophysical forces define AT1 cells in vivo
a. Phalloidin and activated myosin (phosphorylated myosin light chain; pMLC) staining of

alveolar epithelial cells. F-actin and activated myosin contact luminal side of Hopx-EGFP*
AT1 nucleus, but not Sftpc-EGFP* AT2 nucleus. Arrowheads indicate AT1 cells (top) and

AT2 cells (bottom).

b. Quantification of perinuclear actin (n = 144 AT1 and n = 138 AT2 cells pooled fromn =5
mice) and perinuclear myosin (n = 130 AT1 and n = 153 AT?2 cells pooled from n = 6 mice).
c. Representative 3D image of AT1 and AT2 nucleus (top). Quantification of nuclear
sphericity and ellipticity for AT1 (n = 126) and AT2 (n = 185) cells pooled fromn=6

mice (bottom).
d. Yap localizes to AT1 nucleus, but not to AT2 cells.

e. Mechanotransduction-related GO terms and pathways are enriched in AT1 cells. RNA-seq

data were obtained from Penkala et al.®
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f-h. Actin, non-muscle myosin (f), Cdc42-N-WASP-Arp2/3 complex genes (g), and Hippo
pathway downstream genes (h) are upregulated in AT1 cells. sScRNA-seq data were obtained
from Zepp et al.11

i. 3D images of AT1 and AT2 cell body. Imaged with lung strips from HopxeERTZ:
R26R™MTMG and SfipcCeERT2: R2GRMTMG mice.

j- AT1 cells are subject to biophysical forces derived from tissue strain.

*** P < 0.001 by two-tailed t-test. Each dot represents an individual cell, and error bars
indicate mean with s.d. Scale bars: a (left two panels), 10 um; a (right three panels), d, 2.5
pum. See also Figure S1.
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Figure 2. Cdc42 deletion reprograms AT1 cells into AT2 cells
a. AT1 cells express a higher level of Cac42than AT2 cells.

b-d. AT1 cell-specific Cdc42 deletion reprograms AT1 cells into AT2 cells. Cdc42 deletion
and lineage-tracing were performed on HopxCeERTZ: Cop42M0x/* ; R26REYFF (control) and
HopxCreERTZ - Coleg 2M1ox/flox - p26REYFP (Cdca2AT1-KO) mice and analyzed 14 days later
(b). AT1 lineage cells express AT2 cell marker Sftpc in Cdc42AT1-KO mice (d). White
arrowheads indicate AT1 cells and yellow arrowheads indicate AT2"P cells. Quantification
of EYFP* Sftpct AT2'P cells from n = 5 mice, 3 independent experiments (c).

e-f. sScRNA-seq analysis of wildtype alveolar epithelial cells and lineage-traced cells from
Cdc42AT1-KO mice. AT2"P cells co-cluster with wildtype AT2 cells (e). Correlation analysis
shows high similarity between AT2"P and wildtype AT2 cells (f).

g. YAP does not localize to the EYFP* Lamp3* AT2"P nucleus in Cdc42AT1-KO mice, and
F-actin does not contact AT2"P nucleus.
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h. Quantification of Yap positivity for control AT1 cells and AT2"P cells (n = 5 mice).

i. Quantification of perinuclear actin for control AT1 cells, AT2 cells, and AT2"P cells (n =
5 mice). Control lung and Cdc42AT1-KO mouse lung were adhered to the same glass slide.
Actin intensity for AT2 and AT2"P cells was standardized to that of control AT1 cells on the
same glass slide. N.S., not significant by two-tailed t-test.

Each dot represents an individual mouse, and error bars indicate mean with s.d. Scale bars:
d, g (left), 25 pm; g (right 3 panels), 2.5 pm. See also Figures S2 and S3.
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Figure 3. Cell spreading determines AT2-AT1 cell differentiation
a. Mouse and human AT2 cells were cultured 48 h on micropatterned dishes with printed

circles of different sizes.

b-c. Constrained AT2 cells do not differentiate into AT1 cells. Constrained mouse AT2
cells (10 um circle) maintain Sftpc expression, while unconstrained mouse AT2 cells (> 20
um circle) downregulate Sftpc and express AT1 cell marker Ager (b). CellMask is used to
visualize the cell body. Constrained human AT2 cells maintain SFTPC expression, while
unconstrained human AT2 cells downregulate SFTPC and express AT1 cell marker PDPN
(©).

d. Ager/Sftpc ratio representing mouse AT2-AT1 cell differentiation was quantified with

n = 145 constrained and n = 164 unconstrained AT2 cells pooled from 4 independent
experiments (left). PDPN/SFTPC ratio representing human AT2-AT1 cell differentiation
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was quantified with n = 122 constrained, n = 106 unconstrained AT2 cells pooled from 3
independent experiments (right).

e-f. Yap/Taz localize to unconstrained mouse AT2 nucleus, but not to constrained AT2
nucleus (e). Yap/Taz nuclear to cytoplasm ratio was quantified with n = 131 constrained
and n = 166 unconstrained mouse AT2 cells pooled from 4 independent experiments (f).
g-h. Actin fibers and activated myosin are abundant in cytoplasm and perinuclear regions
of unconstrained AT2 cells (g). Actin and myosin intensity in cytoplasmic and perinuclear
regions were quantified with n = 33 constrained and n = 36 unconstrained mouse AT2 cells
(h).

*** P < 0.001 by two-tailed t-test. For Box and whisker plots, bars represent min and max
values. Scale bars: b, ¢, 10 um; e, g, 2.5 um. See also Figures S4 and S5.
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Figure 4. AT2-AT1 cell differentiation and AT1 cell fate maintenance require integrin signaling
a-c. Integrin-FAK signaling is required for AT2 cell spreading and differentiation in vitro.

Inhibitors were added 24 h after AT2 cell plating, and th

e cells were analyzed 24 h after

the treatment (a). Anti-AT1 Integrin (Itgh6) antibody, FAK inhibitor PF 573228, or actin

polymerization inhibitor Latrunculin B attenuated AT2 cell spreading and differentiation

(b). The inhibitor-treated AT2 cells retained Sftpct Ager™ AT2 cell state. Ager/Sftpc ratio
and cell surface area were quantified for control (n = 135), anti-ltga6-treated (n = 69),

anti-ltgb5-treated (n = 100), anti-ltgh6-treated (n = 126)

, PF 573228-treated (n = 123),

or Latrunculin B-treated (n = 117) AT2 cells pooled from 3-6 independent experiments
(c). d-g. Integrin-FAK signaling is activated during AT2-AT1 cell differentiation /n vivo.
Bleomycin (BLM) was intratracheally given to SftocC®ERT2: R26REYFF mice, and the mice

were analyzed 10 days later (d). gPCR shows /fgb5, and

Itgb6 are upregulated after acute

lung injury, using sorted AT2 cells from PBS-treated control (n =5 mice) and BLM-treated
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SftpcCTeERTZ: R2GREYFP mice (n = 7 mice) from 3 independent experiments (e). FAK is
activated (FAK-pY397%) in EYFP* Krt8" differentiating AT2 cells (f). FAK-pY397 intensity
was quantified for n = 236 AT2 and n = 147 Krt8* AT2 cells from n = 6 mice (g).

h-j. AT2-specific FAK knockout attenuates AT2-AT1 cell differentiation /n vivo. FAK (Ptk2)
deletion and lineage-tracing was performed on SftocCeERTZ: prk2flox'* - p26REYFF (control)
and SfipcCreERT2: pricoflox/flox - pa6REYFP (ptk2AT2-KO) mice. The mice were analyzed 7
days after hyperoxia lung injury (h) or 21 days after BLM injury (i). AT2 cells differentiate
into Hopx™ AT1 cells in control (h, i left), but less so in the Ptk2AT2-KO mice (h, i right)
after injury. Quantification of AT2-AT1 cell differentiation for hyperoxia (n = 5 control and
n = 5 Ptk2AT2-KO mice from 2 independent experiments) and BLM (n = 8 control and n = 6
Ptk2AT2-KO mijce from 3 independent experiments) acute lung injury model (j).

k-1. AT1 cell-specific FAK deletion reprograms AT1 cells into AT2 cells. FAK deletion

and lineage-tracing were performed on Hopx<"eERTZ: R2GREYFP (control) and HopxCTeERTZ:
prik2rlox/flox - p26REYFP (AT1Pk2-KOY mice and analyzed 14 days later. AT1 lineage cells

in AT1Pk2-KO mice express AT2 cell marker Sftpc (k). Quantification of EYFP* Sftpc*
reprogrammed AT2 cells from n = 5 mice (l).

*** P <(0.001 and ** P < 0.01 by one-way ANOVA (c) and two-tailed t-test (e, g, j). Each
dot represents an individual mouse or cell, and error bars indicate mean with s.d. For Box
and whisker plots, bars represent min and max values. Scale bars: b, h, i, k, 25 pm; f, 10 um.
See also Figure Sb.
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Figure 5. Nuclear lamina-chromatin interactions discriminate alveolar epithelial cellular fate
a. AT1 and AT?2 cells were isolated from HopxECFF (AT1) or SfiocECFP (AT2) mice by

fluorescence-activated cell sorting (FACS) and used for Lamin B1 ChlP-seq. Representative
Lamin B1 ChiIP-seq tracks (right) for AT1 and AT2 cells, showing AT1 and AT2-specific
LADs. Black bars represent EDD-defined LADs.

b. Comparison of AT1 and AT2 LAD genes. Pathway enrichment analysis of AT2-LAD
genes reveals an enrichment of genes associated with actin cytoskeleton and focal adhesion.
c. DotPlot showing LAD gene expression in AT1 and AT2 cells. sScRNA-seq data obtained
from this study were used.

d. Lamin B1 ChlP-seq tracks for AT1 and AT2 cells, showing that Was/loses residence in
AT1 cells.

e. Oligo-FISH of Was/loci in lung sections from HopxECFF AT1 and SfipcECFF AT2
reporter mice. Arrowheads indicate Was/locus.

Cell. Author manuscript; available in PMC 2024 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shiraishi et al.

Page 28

f. Lamin B1 ChlP-seq tracks for AT1 and AT2 cells, showing that S/c34aZ2 loses residence in
AT2 cells.

g. Oligo-FISH of S/c34a2loci in lung sections from HopxEGHF AT1 and SfipcECHP AT2
reporter mice. Arrowheads indicate S/c34a2locus.

h. 3D Quantification of the distance between Was/(n = 113 AT1 and n = 112 AT2 cells) or
Slc34a2 (n = 101 AT1 and n = 112 AT2 cells) loci and Lamin B1. Imaris returned negative
values when a FISH signal was embedded in the nuclear lamina.

*** P < 0.001 by two-tailed t-test. Each dot represents an individual cell, and error bars
indicate mean with s.d. Scale bars: e, g, 2.5 pm. See also Figure S6.
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Figure 6. Alveolar epithelial fate changes involve LAD reorganization
a-b. Oligo-FISH of Was/ (a) and S/c34a2 (b) loci in lung sections from control and

Cdc42AT1-KO mice. Arrowheads indicate Was/ (a) or S/c34a2 (b).

c. Quantification of the distance between Was/(n = 33 AT1 and n = 25 AT2"P cells for
Cdc42ATI-KO ‘and n = 25 AT1 and n = 23 AT2'¢P cells for Ptk2AT1-KO) or S/c34a2 (n = 36
AT1 and n = 26 AT2"P cells for Cdc42AT1-KO and n = 31 AT1 and n = 23 AT2"P cells for
Ptk2AT1-KO) |oci and Lamin B1 for control AT1 and AT2"P cells.

d. Oligo-FISH of Was/and S/c34a2loci for AT2 cells from micropattern experiments.
Arrowheads indicate Was/ (left) or S/c34a2 (right).

e. Quantification of the distance between Was/(n = 26 constrained, n = 26 unconstrained, n
= 22 untreated, and n = 23 FAK inhibitor-treated cells) or S/c34a2 (n = 31 constrained, n =
27 unconstrained, n = 21 untreated, and n = 23 FAK inhibitor-treated cells) loci and Lamin

B1l.
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f. Primary AT2 cells were transfected with lentivirus containing dominant-negative KASH
and analyzed on day 3.

g-h. Dominant-negative KASH inhibits AT2 cell differentiation (g). Quantification of Ager/
Sftpc ratio and Ager* cell ratio from n = 37 control vector-transfected and n = 40 dominant-
negative KASH-transfected cells from n = 3 experiments (h).

i. Quantification of the distance between Was/ (n = 24 control and n = 20 dominant-negative
KASH-transfected cells) or S/c34a2 (n = 20 control and n = 21 dominant-negative KASH-
transfected cells) loci and Lamin B1 from n = 3 experiments.

*** P <(0.001 and ** P < 0.01 by two-tailed t-test. Each dot represents an individual cell,
and error bars indicate mean with s.d. Scale bars: a (left and middle), b (left and middle), g,
10 um; a (right), b (right), d, 2.5 pm.
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Figure 7. Alveolar cell fate is maintained by active breathing movements
a-d. Unilateral lung ligation reprograms AT1 cells into AT2 cells. A gross morphological

image of a mouse lung 28 days after sham surgery or unilateral lung ligation (a). The left
main bronchus was ligated without affecting the left pulmonary artery or vein. Unilateral
lung ligation and lineage-tracing were performed on Hopx<"eERT2: R2GREYFP mice, and the
mice were analyzed at 28 days later (b). Both the right (control) and left (ligated) lungs
were analyzed. AT1 lineage cells express AT2 marker Sftpc in the ligated lung (c). White
arrowheads indicate AT1 cells and yellow arrowheads indicate AT2"P cells. Quantification
of EYFP* Sftpct AT2'P cells from n = 5 mice from 3 independent experiments (d).

e-f. sScRNA-seq analysis of wildtype alveolar epithelial cells and lineage-traced cells from
HopxCreERTZ: p26REYFP mice after unilateral lung ligation. AT2'€P cells co-cluster with
wildtype AT2 cells (e). Correlation analysis shows high similarity between AT2"P and
wildtype AT2 cells (f).

Cell. Author manuscript; available in PMC 2024 March 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Shiraishi et al.

Page 32

g-h. YAP does not localize to the AT2"P nucleus and F-actin does not contact AT2"P
nucleus. Representative images (g) and quantification (h) of perinuclear actin for control
AT1 and AT2"P cells (n = 5 mice). Control lung and ligated left lung were adhered to the
same glass slide. Actin intensity for AT2™P cells was standardized to that of control AT1
cells on the same glass slide.

i. Model of AT1 and AT2 cell regulation by biophysical forces.

Each dot represents an individual mouse, and error bars indicate mean with s.d. Scale bars:
¢, 25 um; g, 2.5 um. See also Figure S7.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Chicken polyclonal anti-GFP Aves Labs cat#: GFP-1020; RRID: AB_10000240
Goat polyclonal anti-tdTomato Origene cat#: AB8181-200; RRID: AB_2722750
Rabbit polyclonal anti-Phosphorylated Myosin Light Chain Abcam cat#: ab2480; RRID: AB_303094
Rabbit polyclonal anti-Yap Cell Signaling cat#: 4912; RRID: AB_2218911

Rabbit monoclonal anti-Yap/Taz Cell Signaling cat#: 8418; RRID: AB_10950494
Rabbit polyclonal anti-Sftpc Millipore cat#: AB3786; RRID: AB_91588
Rabbit polyclonal anti-Mature SFTPC Seven Hills cat#: WRAB-76694

Rabbit polyclonal anti-SFTPC Abcam cat#: ab90716; RRID: AB_10674024

Mouse monoclonal anti-HT2-280

Terrace Biotech

cat#:

Rat monoclonal anti-Lamp3

Novus

cat#:

Mouse monoclonal anti-Hopx

Santa Cruz

cat#:

5c-398703; RRID: AB_2687966

Rat monoclonal anti-Ager

R&D Systems

cat#:

MAB1179; RRID: AB_2289349

Rat monoclonal anti-PDPN

Thermo Fisher

cat#:

14-9381-82; RRID: AB_1603307

Rat monoclonal anti-Krt8

DSHB

cat#:

TROMA-I; RRID: AB_2891089

Rabbit monoclonal anti-FAK

Cell Signaling

cat#:

13009; RRID: AB_2798086

Rabbit polyclonal anti-pFAK (Tyr397)

Thermo Fisher

cat#

1 44-624G; RRID: AB_2533701

Rabbit polyclonal anti-Lamin B1

Abcam

cat#:

ah16048; RRID: AB_443298

Rabbit monoclonal anti-Cleaved Caspase-3

R&D Systems

cat#:

MAB835; RRID: AB_2243951

Mouse monoclonal anti-Ki67

BD Biosciences

cat#:

550609; RRID: AB_393778

Rat monoclonal anti-a-Tubulin Santa Cruz cat#: sc-53029; RRID: AB_793541
Mouse Pan-cytokeratin antibody cocktail Invotrogen cat#: MA5-13156; RRID: AB_10983023
Mouse monoclonal anti-Cdc42 Abcam cat#: ab41429; RRID: AB_726768
Rabbit monoclonal anti-B-actin Cell Signaling cat#: 4970; RRID: AB_2223172

Mouse monoclonal anti-B-actin Cell Signaling cat#: 3700; RRID: AB_2242334

Mouse monoclonal anti-B-actin, HRP conjugated

Proteintech

cat#:

HRP-60008; RRID: AB_2819183

Rat monoclonal anti-Integrin a6 Invitrogen cat#: 14-0495-82; RRID: AB_891480
Mouse monoclonal anti-Integrin 5 Invitrogen cat#: 14-0497-82; RRID: AB_467288
Mouse monoclonal anti-Integrin 6 Sigma-Aldrich cat#: MAB2077Z; RRID: AB_11210680
Rat monoclonal anti-EpCAM, PE-Cy7 eBioscience cat#: 25-5791-80; RRID: AB_1724047
Rat monoclonal anti-CD31, APC eBioscience cat#: 17-0311-82; RRID: AB_657735
Rat monoclonal anti-CD45, APC eBioscience cat#: 17-0451-83; RRID: AB_469393

Biological samples

Healthy human lung tissue The University of N/A
Pennsylvania

Chemicals, peptides, and recombinant proteins

Bleomycin Teva N/A

Tamoxifen Sigma-Aldrich cat#: T5648
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REAGENT or RESOURCE SOURCE IDENTIFIER
SABM Basal Medium Lonza cat#: CC-3119
SAGM SingleQuots Supplements and Growth Factors Lonza cat#: CC-4124
EGF PeproTech cat#: AF-100-15
Cholera toxin Millipore cat#: C9903
Fibronectin Sigma-Aldrich cat#: F0895

PF 573228 Tocris cat#: 3239
Latrunculin B Sigma-Aldrich cat#: 428020
Calcein, AM Thermo Fisher cat#: C1430
Ethidium Homodimer-1 (EthD-1) Thermo Fisher cat#: E1169

CellMask Green

Thermo Fisher

cat#: C37608

Alexa Fluor Plus 647 Phalloidin

Thermo Fisher

cat#: A30107

Mouse IgM microbeads

Miltenyi Biotec

cat#: 130-047-301

CD31 microbeads, human

Miltenyi Biotec

cat#: 130-091-935

CD45 microbeads, human

Miltenyi Biotec

cat#: 130-045-801

Critical commercial assays

Micropatterned dishes

4DCell

N/A

NEB Ultra I DNA Library Prep Kit

New England Biolabs

E7645

Chromium Next GEM Single Cell 3’ Reagent Kits v3

10X Genomics

cat#: 1000121

Deposited data

Single Cell RNA-sequencing This paper GEO: GSE202319
Lamin B1 ChIP-seq This paper GEO: GSE202319
Codes used in this study This paper DOl:

10.5281/zenodo.743 4692

Experimental models: Organisms/strains

Mouse: SftpcCreERT2

PMID: 21701069

N/A

Mouse: HOpXCreERTZ’ Hopxtmz.l(crelERn)Joe/J

Jackson Laboratories

cat#: 017606

Mouse: SftpcECFP, B6N.Cg-Tg(Sftpc,-EGFP)1Dobb/J

Jackson Laboratories

cat#: 028356

Mouse: HopxEGFP, Hopxtm3-1Joe/j

Jackson Laboratories

cat#: 029271

Mouse: Ptk2Flox, B6.129P2(FVB)-Ptk2tm1.1Guan/j

Jackson Laboratories

cat#: 031956

Mouse: (_"chszloxy Cdc42tm1Yizh/J

Jackson Laboratories

cat#: 027576

Mouse: Rosa26REYFP, B6.Cg-Gt(ROSA)26Sortm3(CAG-EYFP)Hze )

Jackson Laboratories

cat#: 007903

Mouse: Rosa26R™TMCG, B6,129(Cg)-
Gt(ROSA)26SOrtm4(ACTB-thomato,-EGFP)LuO/J

Jackson Laboratories

cat#: 007676

Recombinant DNA

Imaging

Plasmid: mCherry-DN KASH PMID: 21652697 N/A

Software and algorithms

Prism 9.4.1 Graphpad https://www.graphpad.com/scientific-
software/prism/

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

Huygens Scientific Volume https://svi.nl/Huygens-Software
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REAGENT or RESOURCE SOURCE IDENTIFIER

Fiji NIH https://fiji.sc

R4.2.0 R Project https://www.r-project.org

Seurat V4.0.6 Satija Lab https://satijalab.org/seurat/

corrplot CRAN https://cran.r-project.org/web/packages/

corrplot/index.html

STARsolo v2.7.9a

PMID: 23104886

https://github.com/alexdobin/STAR/blob/
master/docs/STARsolo.md

bwa PMID: 19451168 https://bio-bwa.sourceforge.net
Picard Tools Broad Institute https://broadinstitute.github.io/picard/
SAMtools PMID: 19505943 https://samtools.sourceforge.net
deepTools PMID: 27079975 https://pypi.org/project/deepTools/
EDD PMID: 24782521 https://github.com/CollasLab/edd
DAVID PMID: 35325185 https://david.ncifcrf.gov
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