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Abstract

Lung maturation is not limited to proper structural development but also includes differentiation and functionality of various highly specialized
alveolar cell types. Alveolar type 1 (AT1s) cells occupy nearly 95% of the alveolar surface and are critical for establishing efficient gas exchange
in the mature lung. AT1 cells arise from progenitors specified during the embryonic stage as well as alveolar epithelial progenitors expressing
surfactant protein C (SftpcPes cells) during postnatal and adult stages. Previously, we found that Wntba, a non-canonical Wnt ligand, is required
for differentiation of AT1 cells during the saccular phase of lung development. To further investigate the role of Wnt5a in AT1 cell differentiation,
we generated and characterized a conditional WWntba gain-of-function mouse model. Neonatal \WWntba gain-of-function disrupted alveologenesis
through inhibition of cell proliferation. In this setting WWntba downregulated (-catenin-dependent canonical Wnt signaling, repressed AT2 (anti-AT2)
and promoted AT1 (pro-AT1) lineage-specific gene expression. In addition, we identified 2 subpopulations of Sftpc"e" and Sftpc'® alveolar epithe-
lial cells. In Sftpc'w cells, Wntb5a exhibits pro-AT1 and anti-AT2 effects, concurrent with inhibition of canonical Wnt signaling. Interestingly, in the
Sftpcho" subpopulation, although increasing AT1 lineage-specific gene expression, Wntba gain-of-function did not change AT2 gene expression,
nor inhibit canonical Wnt signaling. Using primary epithelial cells isolated from human fetal lungs, we demonstrate that this property of Wnt5a is
evolutionarily conserved. \Wntba therefore serves as a selective regulator that ensures proper AT1/AT2 balance in the developing lung.

Key words: Wntba; Wnt signaling; lung development; AT1; AT2; lung epithelial progenitor; organoid.
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Two subpopulations of Sftpc'o™ and Sftpchigh AT2 cells exist in mouse neonatal lung
during alveologenesis. In Sftpc'®¥ subpopulation, Wnt5a inhibits canonical Wnt
signaling, represses AT2 (anti-AT2) and promotes AT1 (pro-AT1) lineage-specific
gene expression. In Sftpchigh subpopulation, WntSa exhibits pro-AT1 effects through
a mechanism independent of inhibition of canonical Wnt signaling.
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Significance Statement

Alveolar type 1 cells (AT1s) are critical for efficient gas exchange in the lung. They can also reprogram into AT2 cells during acute lung
injury. Reduced or lack of AT1s, for example in the lungs of preterm neonates threatens extrauterine survival. Similarly, many adult lung
diseases involve injuries to AT1s. Thus, studies directed at understanding the mechanisms of AT1 regeneration are highly significant. This
study revealed a previously unknown Wntba function in regulating AT1 cell lineage-specific gene expression. The results, therefore, may
have significant implications for future development of preventive or therapeutic strategies for lung diseases involving AT1 injury.

Introduction

Alveologenesis and AlveolarType 1 Cell
Differentiation

Lung development in the mouse commences around embry-
onic day 9.5 (E9.5) and lasts until postnatal day 30 (P30). In
humans, it spans from 4 weeks of gestation to young adult-
hood.! The early phase of lung development which includes
embryonic and pseudoglandular stages involves extensive
branching morphogenesis and cell fate specification to estab-
lish the conducting airway structure.” Subsequently, during
lung maturation that includes the canalicular, saccular, and
alveolar stages of lung development the distal gas-exchange
units, or alveoli, are formed. A key step in lung maturation is
differentiation of mature and functional alveolar type 1 and
alveolar type 2 cells (AT1s and AT2s). AT1s are large, flat,
and thin epithelial cells through which oxygen and carbon
dioxide are exchanged across the alveolar-capillary barrier.
Approximately 95% of the alveolar surface is covered by
AT1s. The remainder is occupied by AT2s which produce sur-
factant to reduce alveolar surface tension. A subpopulation
of AT2s serves as facultative stem cells in lung maintenance
and repair. Previously, AT1s were considered terminally
differentiated. However, studies have shown that AT1s ex-
hibit plasticity and are capable of reprogramming into AT2s
during acute neonatal lung injury.>* In the mouse, AT1
progenitors are specified between E13 and E15. They play
an important role in directing differentiation of progenitors
of secondary crest myofibroblasts (SCMFs), also named al-
veolar myofibroblast, which are essential for alveologenesis.’
After birth, AT1s are derived from SftpcP AT2s both during
normal development and in repair of injury.®” AT2 to AT1
transition is associated with downregulation of canonical
Wnt signaling.®’ Because of its functional importance in gas
exchange, AT1 differentiation is a vital process in lung mat-
uration. Reduced or lack of mature AT1s as in the lungs of
extremely preterm neonates, severely threatens extrauterine
survival. In addition, because AT1s are directly exposed to the
outside environment and frequently damaged in various lung
injuries, regeneration of AT1s is key to restoring lung func-
tion. Thus, understanding the mechanisms that govern AT1
cell differentiation and regeneration is of great importance for
lung development and injury repair.

Whntba in the Lung

Wnt ligands are a family of lipid modified, cysteine rich
signaling molecules. In mammals, 19 Wnt genes have been
identified whose encoded proteins signal through several in-
tracellular pathways. These include both -catenin (Ctnnb1)-
dependent canonical Wnt pathways and Ctnnb1 independent
non-canonical Wnt pathways.!™'" Wnt5a mainly activates
Ctnnb1 independent, non-canonical Wnt signaling.'? It can
also activate canonical Wnt signaling in the presence of cer-
tain receptors such as Frizzled 4.'2 Several studies from our

group and others have demonstrated that Wnt3a signaling
plays essential roles in normal lung development,'3'® and ho-
meostasis as well as stem cell maintenance.”” Accumulating
evidence also implicates dysregulated WNTSa expression in
pathogenesis of several lung diseases such as chronic obstruc-
tive pulmonary disease (COPD),'® pulmonary arterial hyper-
tension (PAH)," idiopathic pulmonary fibrosis (IPF)?°-22, and
bronchopulmonary dysplasia (BPD).!?* Importantly, both
aberrant up- and downregulation of WNTS5a expression have
been detected in different disease conditions indicating com-
plex roles of Wnt5a signaling in the lung.

Recently, we found that WntSa signaling is essential for
lung maturation.'”” In the saccular stage, inactivation of
WntS5a disrupted AT1 differentiation. WntSa inactivation in
both saccular and alveolar stages inhibited myofibroblast
differentiation and migration. To further determine the roles
of WntSa signaling in vivo, we generated a Wnt5a gain-
of-function model, Rosa26-rtTA;tetO-WntSa (WntSaRos),
which expresses Wnt5a upon administration of doxycycline.
We found that WntSa gain-of-function during postnatal days
4 and 5 (P4 and P5) disrupted alveologenesis, inhibited cell
proliferation, decreased myofibroblast markers, and increased
expression of AT1 lineage-specific markers in Wnt5aR* lungs.
Further analysis using Sfipc-GFP, a separate transgenic model,
identified 2 distinct, Sftpchsh (GFPMsh) and Sftpc'ov (GFPv)
subpopulations in neonatal lungs. Interestingly, while Wnt5a
promotes expression of AT1 lineage-specific genes in both
subpopulations, it inhibits AT2 lineage-specific genes only
in Sftpc™ cells. The ability of Wnt5a to promote AT1 and
repress AT2 lineage-specific gene expression was also found
during mouse fetal lung development when epithelial progen-
itor cell fate is specified. Importantly, using human fetal lung
epithelial progenitors, we demonstrate that the novel role of
WntSa described in this study is evolutionarily conserved be-
tween mouse and humans.

Materials and Methods

Mouse Breeding and Genotyping

All animals were maintained and housed in the animal fa-
cility of the University of Southern California in pathogen-
free conditions according to a protocol approved by the USC
Institutional Animal Care and Use Committee (Los Angeles,
CA, USA).

The Rosa26-riTA;tetO-WntSa (Wnt5aR**) mice were
generated by breeding Rosa26-rtTA* and tetO-WntSa mice
(Jackson Laboratory, stock No: 022938).2° The Wnt5aR** mice
were mated with Sfzpc-GFP mice?® to generate triple transgenic
WntSaroa;Sftpc-GFP mice. Sftpc-WntSa; TOPGAL mice were
generated by breeding Sftpc-Wnt5a'* and TOPGAL mice?”
(the Jackson Laboratory, stock No: 004623). Genotype of the
transgenic mice was determined by PCR with DNA isolated
from mouse tail tips. The primer sequences for genotyping
each transgenic mouse are as follows:
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Rosa26-rtTA: (Rosa-5) S5-GAGTTCTCTGCTGCCTC
CTG-3, (Rosa-3) 5"-CGAGGCGGATACAAGCAATA-3’, and
(rtTA-3) 5"-AAGACCGCGAAGAGTTTGTC-3".

tetO-WntSa:  (17815)  5-ACAAAGACGATGACGAC
AAGC-3, (17816) 5-CACACCTTCTTCAATGTACTG-3’,
(OIMR7338) 5-CTAGGCCACAGAATTGAAAGATCT-3,
and (OIMR7339) 5-GTAGGTGGAAATTCTAGCATCATC
C-3.

Sttpc-GFP: (forward) 5-TTCACTGGTGTTGTCCCAAT-3"
and (reverse) 5"-GACTTCAGCTCTGGTCTTGTAG-3’

Sftpc-WntSa: (forward) 5-CAGGAACAAACAGGCTTC
AAAG-3" and (reverse) S5-TTCTATAACAACCTGGGCG
AAG-3.

TOPGAL: (forward) 5"-ATCCTCTGCATGGTCAGGTC-3’
and (reverse) 5-CGTGGCCTGATTCATTCC-3’

Doxycycline Administration

Doxycycline (Fisher Scientific, cat#ICN19895501) was pre-
pared in water at 2 mg/mL and administered (80 pg per
mouse, 1 dose per day) to neonatal mice at P4 and P5 orally
with a plastic feeding needle (Instech Laboratories, PA).
Neonatal lungs were collected at P7 for morphological, im-
munofluorescent, and molecular biological analyses.

Neonatal Lung Fibroblast Isolation and Culture

Fibroblasts from neonatal lungs were isolated as pre-
viously described.’ In brief, PS5 neonatal lungs of con-
trol and Wnt5aR>* mice were dissected in HBSS solution
(GIBCO24020-117), digested with dispase and dissociated
with a gentle MACS dissociator (Miltenyi Biotec. Inc., San
Diego, CA). The dissociated cells were filtered through 40 pm
cell strainers, collected by centrifugation, and resuspended in
DMEM containing 10% fetal bovine serum (FBS). The cells
were then plated in cell culture plates and incubated at 37
°C with 5% CO, for 1 h. After removing floating cells, the
attached fibroblasts were washed with PBS and cultured in
fresh medium. Loosely attached cells were removed by re-
peated washes within 20 h of culture. When the cells grew
to near confluence, they were trypsinized and stored in 10%
DMSO (DMEM + 10%FBS + 10%DMSO) in liquid nitrogen
for future use. Cells less than passage 5 were plated in 12-well
plates in DMEM with 10%FBS and treated with doxycycline
as specified in figure legends before collection for gqRT-PCR
and Western blot analyses.

RNA Isolation and Real-Time Quantitative
Polymerase Chain Reaction (QRT-PCR)

RNA was isolated from mouse lungs and human organoids
with Trizol reagent (ThermoFisher Scientific, MA) and Zymo
Direct-zol RNA microprep kit (Zymo Research, CA). cDNA
was synthesized using the EasyScript Plus cDNA synthesis kit
following the manufacturer’s protocol (Lamda Biotech, Inc.
MO).

Quantification of selected genes by qRT-PCR was
conducted using a LightCycler (Roche Applied Sciences, IN)
and the LightCycler Fast Start DNA Master SYBR Green I kit
(Roche Applied Sciences, IN) as previously described.' Each
reaction contained 3 pl of FastStart SYBR green reaction mix
plus enzyme, 2.5 uM primers and 0.5 pl of cDNA in a total
volume of 20 pL. The running protocol consisted of 4 steps,
which includes (1) pre-denaturation at 95 °C for 6 minutes,
(2) amplification and quantification at 95 °C for 10 s, 62 °C
for 15 s and 72 °C for 20 s for 45 cycles, followed by (3)
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melting curve analysis, and ending with (4) cooling to 4 °C.
The reaction conditions were optimized so that each reaction
showed a single peak melting curve. Relative ratios of a target
gene mRNA in transgenic lungs compared with littermate
control lungs were analyzed by the AACt method?® using TBP
(TATA-box binding protein) as the reference gene. Primers
for QRT-PCR were designed using IDT PrimerQuest (https://
www.idtdna.com/pages/tools/primerquest). Sequences of the
primers are listed in Supplementary Table 1.

Immunofluorescence Staining

Immunofluorescence staining was conducted as previ-
ously described.” In brief, 5 um paraffin lung sections were
processed through xylene deparaffinization, rehydration with
decreasing ethanol and antigen retrieval with citrate buffer,
followed by blocking with normal serum and probing with
primary antibodies at 4 °C overnight. The sections were
then incubated with combinations of fluorescent conjugated
anti-mouse, anti-rabbit, anti-sheep, or anti-goat IgG sec-
ondary antibodies (Jackson ImmunoResearch Laboratories,
ING). Nuclei were counterstained with 4/,6”-diamidino-2-
phenylindole (DAPI). Primary antibodies used are listed in
Supplementary Table 2.

Human Fetal Lung Organoid Culture

All human fetal lung tissue samples were collected under
Institutional Review Board Approval at both the University
of Southern California and Children’s Hospital Los Angeles.
Consent for tissue donation was obtained after the patient
had already made the decision for pregnancy termination
by Dilation and Curettage or Dilation and Evacuation
and was obtained by a different clinical staff member than
the physician performing the procedure. All tissues were
de-identified, and the only clinical information collected was
gestational age and the presence of any maternal or fetal
diagnoses. Lung samples ranging in age from 11.0 to 11.6
weeks of gestation were received immediately after elective
terminations and transported on ice in high glucose DMEM.
Distal epithelial tips were isolated from human fetal lungs as
previously described” with minor modifications. Lung lobes
were incubated in dispase (Corning, Cat#354235) on ice
for 20 min and dissociated through 1 mL pipette tips. The
distal epithelial airways were isolated from the mesenchyme
and then cut with tungsten needles to separate the tips from
conducting airways. Six to 8 pieces of epithelial tips were
subsequently embedded in 100% Geltrex (Fisher Scientifics)
in NUNC cell culture plates (Thermo Fisher Scientific, CA)
with growth medium described previously®® which contains
N2 (0.5x), B27 (0.5x), GlutaMax (1x), ascorbic acid (50
pg/mL), MTG (0.45 pM) CHIR99021 (3 puM), FGF10
(10 ng/mL), KGF (10 ng/mL), BMP4 (10 ng/mL), and ret-
inoic acid (0.05 uM), in IMDM/Ham’s F12 medium (3/1).
After 2 weeks, the organoids were removed from old matrix
and re-embedded in fresh Geltrex with 2-3 pieces per well
and further cultured under the same condition for 2 more
weeks. Subsequently, the organoids were cultured in differ-
entiation media containing N2 (0.5x), B27(0.5x), GlutaMax
(1x), ascorbic acid (50 pg/mL), MTG (0.45 uM), FGF10
(10 ng/mL), KGF (10 ng/mL), dexamethasone (127 nM),
cAMP (100 puM), and IBMX (100 uM) in IMDM/Ham’s
F12 medium (3/1) in the presence of 200 ng/mL recombi-
nant WNT35a protein (R&D systems, MN) or vehicle before
harvesting for qRT-PCR analysis.


https://www.idtdna.com/pages/tools/primerquest
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Western Blot

Protein extracts were prepared from cultured cells with RIPA
buffer (Sigma, MO), separated on 4-12% Tris-Glycine gels
and blotted onto nitrocellulose membranes (Bio-Rad, CA).
The membranes were probed with antibodies and analyzed
with the SuperSignal West PICO chemiluminescent substrate
as described by the manufacturer (Thermo Fisher Scientific,
CA). Primary antibodies used for Western blot are listed in
Supplementary Table S2.

Statistical Analysis

At least 3 independent control and mutant lungs were used for
each morphometric and molecular biological analysis. Five
images (10x magnification) from each lung were used to man-
ually calculate mean linear intercept (MLI) as described.?! For
the ratios of Mki67 and Acta2 positive cells, 700 to 1300 cells
were counted from each control or mutant lung. Quantitative
data are presented as mean values = the standard error of the
mean (sem). P-values were calculated by 2-tailed Student’s ¢
tests and P < .05 was considered statistically significant.

Results

Arrested Alveologenesis in Wnt5afes? Lungs

To determine the function of WntSa during alveologenesis,
we generated a conditional WntSa gain-of-function model
by breeding Rosa26-rtTA** and tetO-Wnt5a* mice to de-
rive Rosa26-rtTA;tetO-WntSa (Wnt5aRo?) progeny in which
doxycycline can activate expression of a mouse Flag-tagged
WntSa protein.® Over 60% of the Wnt5ak* mice that were
administered doxycycline at P4 and P5 died between P8 and
P10 with reduced body weight (Wnt5ak vs control at P7:
57.4 + 9.5%) and signs of respiratory distress (gasping for
air). The tetO-WntS5a and Rosa26-rtTA, control littermates,
were normal. Histological analysis of P7 mouse lungs re-
vealed active alveologenesis in control lungs, represented by
the presence of small distal alveolar clusters (arrows, Fig. 1H).
In the Wnt5a®es* lungs, these structures were either missing
(Fig. 11) or collapsed (arrows, Fig. 1K), suggesting that Wnt5a
gain-of-function disrupted alveologenesis. These findings
were validated by increased MLI and reduced number of sec-
ondary crests in the Wnt5a® lungs (Fig. 1L and M).

Wntba Reduces Proliferation and Alters
Differentiation of Multiple Alveolar Cell-Types

To determine the potential cause of the observed WntS5aros
lung phenotype, and because WntS5a is known to regulate cell
proliferation,?*> we examined cell proliferation in Wnz5aRes
lungs. Fig. 2A shows significantly decreased transcripts for
2 proliferation related genes, Mki67 (0.22 = 0.02, P < .05)
and Pcna (0.53 = 0.04, P < .05) in the Wnt5a®> lungs.
No changes were found in Myc mRNA. Correspondingly,
manual scoring of Mki67-positive cells using multiple his-
tological preparations also revealed a significant decrease
in proliferating cells in Wnz5ako lungs (Ctrl: 14.9 = 0.7%,
WntSakes: 5.5 = 0.2%, Fig. 2B and C).

Mesodermal control of alveologenesis is well supported
by the results of multiple studies.?33* We therefore examined
expression of myofibroblast markers and found that levels
of Acta2, Tagln, and Des were drastically reduced in
WntSaRosa lungs (Fig. 2D). Consistent with the latter, im-
munofluorescence staining with Acta2 antibody revealed
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decreased number of Acta2r cells in the Wnt5a®* lungs
(Fig. 2E and F).

To determine the impact of Wnt5a gain-of-function on
other alveolar cells, we further characterized markers of AT1,
AT2 and endothelial cells in control and WntSaR** lungs.
We found increased expression of multiple AT1 lineage-
specific markers (Hopx, T1a, and Cav1), while AT2 markers
remained mostly unchanged in Wnt5a®> lungs (Fig. 2G and
I). Pdpn (also named T1a) staining in the WntS5a®> lungs was
also clearly brighter than that of control lungs (Fig. 2H). In
the endothelial lineage, Flk1 expression was decreased (Fig.
2K), suggesting that endothelial progenitors (which express
Flk1) may have been reduced by Wnt5a gain-of-function.*

Whntba Activates Ca?*-Dependent Non-Canonical
and Represses Canonical Wnt Signaling in
Mesenchymal Cells

To further verify the function of WntSa in mesenchymal cells,
we conducted in vitro analyses with primary fibroblasts iso-
lated from P5 WntS5aRo® and control lungs (Fig. 3). In support
of the in vivo findings, in vitro activation of Wnt5a by doxycy-
cline repressed cell proliferation as shown by reduced expres-
sion of Mki67 (0.63 = 0.09, P < .05) and Pcna (0.78 = 0.04,
P < .05) (Fig. 3A). Transcripts of canonical myofibroblast
markers (Acta2, Tagln, and Des) were also decreased, al-
though not significantly, when compared with the control
cells. No significant changes were observed in markers of
pericytes (Pdgfrb and Ng2) and lipofibroblasts (Adrp, Tcf21,
Fgf10, and Pparg) (Fig. 3B).

To further understand the potential mechanism that
mediates the effects of WntSa, we examined the activity of
downstream signaling pathways. Wnt5a signaling mainly
activates the [-catenin independent non-canonical Wnt
pathways including the Ca?* dependent and PCP pathways.3¢
Western blot analysis revealed significantly increased
phospho-CaMKII (p-CaMKII) in the fibroblasts with Wnt5a
gain-of-function, indicating activation of the Ca?**-dependent
pathway by WntS5a. No significant change was observed in
levels of p-PKC and p-JNK (Fig. 3C to F).

Ca?*-dependent non-canonical Wnt signaling has been
shown to inhibit canonical Wnt signaling which regulates cell
proliferation. Therefore, we determined the expression of ca-
nonical Wnt targets by qRT-PCR. Our results indicate that
expression of canonical Wnt signaling target genes Axin2
and Tcf7 was significantly reduced in Wnt5a gain-of-function
fibroblasts (Fig. 3G). In support of this finding, canonical
Wnt signaling targets Tcf7 and Ccndl were also decreased in
WntS5ak> lungs when compared to control lungs (Fig. 3H).
Therefore, Wnt5a activates Ca?*-dependent non-canonical
Wnt signaling and represses canonical Wnt signaling in
downregulating mesenchymal cell proliferation.

Whntba Differentially Promotes AT1, Represses AT2
Lineage-Specific Gene Expression, and Inhibits
Canonical Wnt Signaling in Subpopulations of
Sftpcres Cells.

AT1s arise from Hopx?* progenitors specified in the embry-
onic period as well as SftpcP AT2s after birth.%” Since WntSa
gain-of-function promoted AT1 differentiation during
alveologenesis as evidenced by increased expression of sev-
eral AT1 lineage-specific markers (Fig. 2), we characterized
the impact of Wnt5a in the SftpcP* cells in neonatal lungs.
To isolate SftpcP* cells, we used Sftpc-GFP mice in which
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Figure 1. Wntb5a gain-of-function disrupts alveologenesis. (A) Schematic of the experimental plan. (B-E) Gross morphology of P7 control (B-C) and
Whtbafes2 (D-E) neonatal mice (B, D) and lungs (C, E, post-fixation). (F-K) H&E staining of P7 control (Ctrl, F-H) and Whnt5af°s? (I-K) lungs. Panels H and K
show higher magnification of boxed areas in G and J, respectively. Arrows in H indicate clusters of small distal alveoli in control lungs. Arrows in K show
collapsed distal alveoli in Wnt5a%s2 lungs. (L) Mean linear intercept (MLI) of control and Wnt5afes lungs. (M) Number of secondary crests per unit area
(0.39 mm?) of control and Wntbafes@ lungs. Five areas from each of 4 independent lungs were measured for MLI and number of secondary crests. Data
represent mean + SEM. * indicates P < .05. Scale bar: 5 mm for C and E, 300 um for F G, I, and J, 100 um for H and K.

GFP is expressed exclusively in SftpePe cells (Fig. 4A). FACS
isolation of total GFPP* cells from P7 Sftpc-GFP lungs re-
vealed 2 distinct populations distinguished by different
GFP expression levels (Fig. 4B and C). qRT-PCR analysis
showed that the GFP"Y subpopulation (Sftpc®*) expresses
lower levels of AT2 and higher levels of AT1 lineage-specific

markers when compared with GFPhe! (Sftpchish) population,
which was distinguished by higher levels of AT2 and lower
levels of AT1 lineage-specific markers (Fig. 4D and E). In ad-
dition, canonical Wnt targets such as Axin 2, Ccndl, and
Jag1 were reduced, while Tcf7 and Lef1 were increased in the
GFP"" subpopulation (Fig. 4F). To determine whether WntS5a
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Figure 2. \Wntba reduces proliferation and alters differentiation of multiple alveolar cell-types during alveologenesis. (A) Relative mRNA levels of
proliferation markers by gRT-PCR analyses. (B) Immunostaining of Mki67 (red) in control and \Wnt5a®os? lungs. (C) Percentage of Mki67-positive cells
(Mki67+) in total Dapi-positive cells in control and Whntbaf°s# lungs. (D) Relative mRNA levels of myofibroblast markers by gRT-PCR analyses. (E)
Immunostaining of Acta2 in control and Whnt5a®s? lungs. (F) Percentage of Acta2 positive cells (Acta2+) in total Dapi-positive cells in control and
Whtbafese lungs. (G) Relative mRNA levels of AT1 genes by gRT-PCR analyses. (H) Immunostaining of Pdpn (T1a) in control and Whnt5af°sa lungs. (l)
Relative mRNA levels of AT2 genes by gRT-PCR analyses. (J) Immunostaining of Sftpc in control and Whnt5as# lungs. (K) Relative mRNA levels of
endothelial markers by gRT-PCR analyses. (L) Immunostaining of Emcn in control and Whntbafesa lungs. Data represent mean + SEM. * indicates P < .05.
n =4 (gPCR) and 3 (cell ratio). Scale bar: 50 pm in B; 100 um in E, H, J, and L.

differentially impacted the 2 subpopulations, we generated
triple transgenic, Sftpc-GFP; WntSa®>s model and examined
the expression of lineage-specific AT1 and AT2 markers
in each of the 2 subpopulations in control and transgenic
lungs. As shown in Fig. A, gain of Wnt5a function increased
AT1 lineage-specific markers but inhibited those of AT2 in
the GFP*" population. In addition, both cell proliferation
and canonical Wnt targets were decreased by Wnt5a in the
GFP"*" population (Fig. 5B and C). In the GFP"s" population,
WntSa gain-of-function also increased AT1 lineage-specific
markers (Fig. 5D). Importantly however, no significant alter-
ation was observed in cell proliferation, expression of AT2
lineage-specific genes, or canonical Wnt targets (Fig. 5D to
F). Of note however, certain canonical Wnt targets such as
Ccnd1 were in fact increased. These data demonstrate that
the activity of Wnt5a in regulating canonical Wnt signaling
and AT2 vs AT1 lineage-specific genes in epithelial cell
subpopulations is highly selective and dependent on devel-
opmental status.

Whntba Promotes AT1, Represses AT2 Lineage-
Specific Gene Expression and Inhibits Canonical
Whnt Signaling in Mouse Fetal Lungs

AT1 cell fate is specified around embryonic days E13 to
E15, when AT1 progenitors are identifiable as Hopx** cells
in the stalk region of distal epithelial airways.?” To deter-
mine whether Wnt5a affects AT1 cell fate specification, we
characterized the lungs of E15 Sftpc-WntSa transgenic mice,

in which Wnt5a is over-expressed in SftpcPs epithelial cells.'*
As shown in Fig. 6A, WntSa gain-of-function moderately,
but significantly, increased AT1 lineage-specific gene signa-
ture and decreased the AT2 gene Sftpc (AgpS: 1.28 = 0.0S5,
P < .05; Hopx: 1.15 = 0.03, P < .05; Sftpe: 0.48 = 0.06,
P < .05). Immunofluorescence staining revealed that spatial
distribution of Hopx?> AT1 progenitors and SftpcP* epithelial
progenitors remains similar between the control and trans-
genic lungs (Fig. 6B).

To determine whether Wnt5a affects canonical Wnt
signaling in mouse fetal lung epithelial cells, we mated
the Sftpc-WntSa mice with canonical Wnt reporter mouse
line, TOPGAL. The TOPGAL transgenic mice express
B-galactosidase (LacZ) in response to activation of canon-
ical Wnt signaling.?” $-gal staining revealed decreased LacZ
activity by WntSa in the Sftpc-WntSa;TOPGAL lungs as
compared to the littermate controls (Fig. 6C). In support
of the latter finding, gRT-PCR showed that expression of
LacZ and canonical Wnt target Tcf7 were reduced in Sftpc-
WntS5a; TOPGAL and Sftpc-WntSa lungs, respectively (Fig.
6D to F).

Whntba Promotes AT1 Lineage-Specific Gene
Expression in Human Fetal Lung Epithelial
Progenitors

In sum, the studies described above demonstrate that Wnt5a
regulates not only postnatal epithelial cells during the process
of alveologenesis but also drives fetal epithelial progenitors
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Figure 3. \Wntba activates CaMKII, inhibits canonical Wnt signaling, and represses proliferation in fibroblast cells. Primary fibroblasts were isolated
from P5 control and Wntbafos? lungs, cultured in 12-well plates and treated with doxycycline (0.1 pg/mL) for 24 h and then analyzed by gRT-PCR or
Western blot. (A) Relative mRNA levels of proliferation markers by gRT-PCR analyses. (B) Relative mRNA levels of myofibroblast (Acta2, Tagin, Des),
lipofibroblasts (Adrp, Tef21, Fgf10, Pparg) and pericytes (Pdgfrb, Ng2) markers by gRT-PCR analyses. (C-E) Western blot analyses of p-CaMKIl, p-PKC,
and p-JNK in control and Whnt5afes# fibroblast cells with or without doxycycline (DOX). a-Tubulin (TUB) was used as loading control. (F) Quantification of
Western blot results from 3 independent experiments. Value of Wntba (-) represents relative protein levels (normalized to a-tubulin) between Whntbafos
and control cells without DOX. Value of Wntba (+) represents relative protein levels (normalized with a-tubulin) between Whntbafes¢ and control cells
with DOX. (G, H) Relative mRNA levels of canonical Wnt signaling target genes in primary fibroblasts (G) and P7 lungs (H) by gRT-PCR analyses. Data

represent mean + SEM. * indicates P < .05. n = 3.

towards an AT1 fate as well as modulating canonical Wnt
activities in mice. To determine whether this novel func-
tion of Wnt5a in mice is evolutionarily conserved in human
lungs, we isolated distal tip epithelial progenitors from 11.0-
to 11.6-week gestational age human fetal lung tissues and
cultured them in organoid growth medium.* After 4 weeks
of culture, the organoids were treated with recombinant
WNTS5a protein for 3 days and then analyzed for gene expres-
sion by gqRT-PCR. As shown in Fig. 7B, WNT5a treatment
increased expression of the AT1 lineage-specific signature
genes (PDPN: 2.24 + 0.46, P = .07; HOPX: 1.89 = 0.23, P
< .05; AGER:1.90 = 0.47, P = .15). No significant inhibi-
tion of AT2 lineage-specific genes or proliferation markers
was observed. In fact, even though statistically insignificant,
SFTPC was indeed increased. For canonical WNT signaling
targets, LEF1 was significantly increased while AXIN2 and
TCF7 remained unchanged (LEF1: 1.52 = 0.11, P < .05) (Fig.
7C). Therefore, the pro-AT1 effects of WNTS5a are indeed
evolutionarily conserved, while the impact on AT2 genes
and canonical WNT signaling is variable across mouse and
human species.

Discussion

In the current study, we describe previously unappreciated,
novel and cell-type selective functions of WntS5a in modulating
AT1 and AT2 lineage-specific gene expression. During mouse
alveologenesis and in mouse fetal lungs Wnt5a promotes AT1
and inhibits AT2 lineage-specific gene expression, concur-
rent with inhibition of canonical Wnt signaling. Importantly,
during alveologenesis and only in a select subpopulation of
mouse AT?2 cells, those distinguished by high levels of Sftpc
expression, Wnt35a acts to promote AT1 lineage-specific genes
without inhibiting canonical Wnt signaling. The latter func-
tion of Wnt5a is evolutionarily conserved in fetal human epi-
thelial progenitors. Thus, Wnt5a regulates alveolar epithelial
lineages in a highly temporal and cell-type selective manner

Whntba Exhibits Pro-AT1 and Anti-AT2 Functions,
the Latter Associated With Inhibition of Canonical
Wnt Signaling

AT1 cell differentiation is essential for both normal lung de-
velopment and injury repair. In the current study, we found
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Figure 4. Two populations of Sftpcres alveolar epithelial cells are present in neonatal lungs. (A) Immunostaining of GFP (green) and Sftpc (red) in P7
Sftoc-GFP lungs. Almost all GFP#es cells are SftpcPs. (B) Bright field (b1, b3) and fluorescent (b2, b4) images of FACS sorted GFP"" (b1, b2) and GFP'*¥
(b3, b4) cells. Insets show higher magnification of boxed areas. (C) Gating strategy of FACS sorting of GFPres cells from Sftpoc-GFP (control) and Sftpc-
GFP; Wnt5a"s* lungs. (D) Relative mRNA levels of AT2 markers (GFP'°" vs GFP""). (E) Relative mRNA levels of AT1 markers (GFP"" vs GFP"9"). (F)
Relative mRNA levels of canonical Wnt targets (GFP° vs GFP""). Data represent mean + SEM. * P < .05. n = 4. Scale bar: 100 um in A, 200 pm in B.

that WntSa promotes AT1 (pro-AT1) and represses AT2
(anti-AT2) lineage-specific gene expression in mouse fetal
lungs and in alveolar stage Sftpc'v cells. Our data dem-
onstrate that the anti-AT2 function of Wnt5a occurs con-
currently with downregulation of canonical Wnt signaling
(Supplementary Table S3). Consistent with these findings,
canonical Wnt signaling has been shown to play an impor-
tant role in maintaining AT2 progenitors while inhibition
of canonical Wnt signaling has been thought to promote
AT1 differentiation.® A recent study by Kanagaki et al fur-
ther demonstrated that inhibiting canonical Wnt signaling
in pluripotent stem cells induces AT1 differentiation.’
Interestingly, we found that in Sftpchs® cells during mouse
lung alveologenesis and in human fetal lung epithelial
progenitors, WntSa promotes AT1 without inhibiting AT2
lineage-specific gene expression (Figs. 5 and 7). Therefore,
Wnt5a is able to execute the pro-AT1 function inde-
pendent of the anti-AT2 function in certain cell populations.
Furthermore, the pro-AT1 function is independent of
inhibiting canonical Wnt activity (Supplementary Table
S3), suggesting that the pro-AT1 and anti-AT2 functions of
WntSa are mediated through different mechanisms distinct
from the pathway that involves downregulation of canon-
ical Wnt signaling.

Whntba Regulates Canonical Wnt Signaling
Depending on Discrete Physiological and
Pathological Conditions

WntS5a has been shown to repress canonical Wnt signaling.®
It can also activate canonical Wnt signaling in the presence
of certain receptors. In neonatal lungs, we found that Wnt5a
gain-of-function represses canonical Wnt signaling in both
fibroblasts (Fig. 3G and H) and a particular subpopulation

of Sftpcres cells (ie Sftpcov cells, Fig. 5C). In contrast, this in-
hibitory effect of Wnt5a was not observed in the Sftpchish cells
(Fig. SF). Furthermore, expression of Ccnd1 was increased by
WntSa in the Sftpchish cells. Therefore, in neonatal epithelial
cells Wnt5a’s impact on canonical Wnt signaling is dependent
on the cellular context. This cellular contextual dependence
of Wnt5a may be critical in understanding the physiolog-
ical and pathological mechanisms underlying lung develop-
ment and disease. For example, in models of COPD, Wnt5a
inhibited canonical Wnt signaling and exacerbated airspace
enlargement.'® Consistent with the latter, Wnt5a and Wnt5b
repressed both canonical Wnt signaling and the growth of
alveolar epithelial progenitors in lung organoid culture.®
In comparison, in a hyperoxia-induced BPD mouse model,
increased mesenchymal WntSa was associated with active
canonical Wnt signaling.?? In adult lung homeostasis, Wnt5a
is enriched in the niche mesenchymal cells surrounding and
maintaining the AT2 stem cells which exhibit higher canonical
Wnt activity represented by expression of Axin2 (Axin2p®).!
These data collectively demonstrate the complexity of the
WntSa signaling pathway in executing its multi-functional
roles in different aspects of lung biology.

Difference Between Subpopulations of Sftpcres
Cells, and Between Mouse and Human Lung
Epithelial Progenitors

Sftpcres cells are heterogenous in the neonatal lungs. They con-
tain differentiated AT2s and transient AT1/AT2 cells which
are differentiating toward AT1 or AT2 cell fate. Using the
Sftpc-GFP model, the alveolar stage SftpcP* cells can be distin-
guished and isolated as GFP"" (Sftpc'¥) and GFPhish (Sftpchish)
subpopulations. The GFP"" cells express lower levels of Sftpc
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Figure 5. \Wntba promotes AT1 differentiation in both GFP* and GFP"¢" cells but represses AT2 genes and canonical Wnt signaling only in the GFPw

subpopulation. (A) Relative mRNA levels of AT1 and AT2 genes in GFP cells (Wnt5af°s# vs control). (B) Relative mRNA levels of proliferation markers
in GFP°w cells (Whnt5af°s2 vs control). (C) Relative mRNA levels of canonical Wnt targets in GFP°" cells (Wntb5afes? vs control). (D) Relative mRNA levels
of AT1 and AT2 genes in GFP"e" cells (Wnt5a®es2 vs control). (E) Relative mRNA levels of proliferation markers in GFP"" cells (Wnt5af°s* vs control). (F)
Relative mRNA levels of canonical Wnt targets in GFP"" cells (Wnt5a®s2 vs control). Data represent mean + SEM. * indicates P < .05. n = 3.

and higher levels of AT1 lineage-specific genes, suggesting
that they may represent the AT1/AT2 transitional cell pop-
ulation. Interestingly, a recent study reported that 2 distinct
AT2 subpopulations were detected in adult mouse lungs by
using a Sftpc*R1%;td Tomato®¥x model.*’ The authors found
that the Tom"e" (Sftpchsh) cells represent more mature AT2
cells while the Tom"" (Sftpc'*¥) cells function as epithelial
progenitors and respond to pneumonectomy. In the present

study we compared alveolar stage GFP" and GFP"sh cells
with the mouse fetal epithelial progenitors and found that the
GFP"v cells are similar to mouse fetal epithelial progenitors
in terms of AT1 and AT2 lineage-specific gene expression
as well as canonical Wnt responsiveness to Wnt5a. For ex-
ample, WntS5a represses AT2 lineage-specific genes and ca-
nonical Wnt signaling in both fetal epithelial progenitors and
GFP"v cells, but, importantly, not in GFP"¢" cells. Therefore,
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Figure 6. \Wnt5a promotes AT1 gene expression but represses Sftpc and canonical Wnt signaling during mouse fetal lung development. (A) Relative
mMRNA levels of AT1 and AT2 genes in E15 Sftpc-Whntb5a lungs when compared with that of littermate control lungs. (B) Immunostaining of Hopx (b1,
b2) and Sftpc (b3, b4) in control (b1, b3) and Sftpc-Wntba (b2, b4) lungs. (C) $-Gal staining of E13 TOPGAL (control, €1, €3) and Sftpc-Wnt5a, TOPGAL
(€2, c4) lungs. Panels ¢3 and ¢4 show higher magnification of boxed areas in ¢1 and ¢2, respectively. (D, E) gRT-PCR analyses of LacZ (D) and Wntba
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the GFP"" cells may retain certain progenitor properties and
plasticity and are more sensitive to the stimulus (Wnt5a) for
AT2 to AT1 transition, when compared with the mature AT2s
(GFP"ieh), The origin of the GFP'" population remains to be
further determined. It is likely that they represent transient
AT1/AT?2 cells originating from AT2 progenitors or from AT1
progenitors undergoing AT1 to AT2 differentiation.?” In ad-
dition, it is also possible that these cells are derived from the
bipotent AT1/AT2 progenitors that are present during the
saccular stage of lung development.*!

Our data also demonstrate important common features as
well as differences between mouse and human fetal lung ep-
ithelial progenitors in response to WntSa. As summarized in
Supplementary Table S3, WntSa activates AT1 lineage-specific
gene expression in both cells. However, WntSa negatively
regulates AT2 lineage-specific gene and canonical Wnt activity
in mouse but not in human fetal lung epithelial progenitors.
Further transcriptomic and proteomic analyses of Wnt receptors
and mediators, as well as elucidating the nature of the crosstalk
signaling will help to understand the underlying mechanisms.

Multi-Functional Roles of Wnt5a Signaling in Lung
Maturation

Previously, we found that inactivation of WntSa disrupted
alveologenesis by inhibiting myofibroblast differentiation
and migration. In the current study, Wnt5a gain-of-function
also disrupted alveologenesis by inhibiting proliferation
of fibroblasts, which occurs via activation of p-CaMKII-
mediated non-canonical and inhibition of canonical Wnt
signaling. Therefore, the functional repertoire of Wnt5a
appears to be multimodal dependent on different cel-
lular activities. What is certain is that dysregulated Wnt5a
adversely affects alveologenesis, indicating that finely
regulated Wnt5a signaling is required for normal lung de-
velopment. This feature is true for many of the key growth
factors or signaling molecules that play essential roles in
morphogenesis, tissue maintenance, cellular differentiation,
and regeneration. Therefore, a nuanced understanding of
the multifunctional properties of Wnt5 signaling is essen-
tial for exploring its potential application in translational
medicine.
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Conclusions

The results of the current study demonstrate a previously un-
appreciated and novel function of Wnt3a in regulating prolif-
eration and differentiation of AT1s, AT2s and myofibroblasts
during lung maturation. The data show that WntSa
promotes AT1 cell differentiation during fetal and neonatal
mouse lung development. In addition, Wnt5a represses AT2

lineage-specific genes in a subpopulation of SftpcP* cells in
concert with inhibition of canonical Wnt signaling. Therefore,
WntS5a is essential in regulating canonical Wnt signaling for
proper lung development. Interaction of Wnt5a and canon-
ical Wnt signaling plays a critical role in maintaining a bal-
ance between AT1 and AT2 cell differentiation during lung
maturation. Finally, our finding that the pro-AT1 function of
WntSa is evolutionarily conserved between mice and humans
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speaks to the crucial role of Wnt5a as a principal regulator of
lung epithelial progenitors.
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