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SUMMARY

Alveologenesis is the culmination of lung develop-
ment and involves the correct temporal and spatial
signals to generate the delicate gas exchange inter-
face required for respiration. Using a Wnt-signaling
reporter system, we demonstrate the emergence of
a Wnt-responsive alveolar epithelial cell sublineage,
which arises during alveologenesis, called the
axin2+ alveolar type 2 cell, or AT2**"2, The number
of AT2""2 cells increases substantially during late
lung development, correlating with a wave of Wnt
signaling during alveologenesis. Transcriptome anal-
ysis, in vivo clonal analysis, and ex vivo lung organoid
assays reveal that AT2s"<"2 promote enhanced AT2
cell growth during generation of the alveolus. Acti-
vating Wnt signaling results in the expansion of
AT2s, whereas inhibition of Wnt signaling inhibits
AT2 cell development and shunts alveolar epithelial
development toward the alveolar type 1 cell lineage.
These findings reveal a wave of Wnt-dependent AT2
expansion required for lung alveologenesis and
maturation.

INTRODUCTION

Generation of the alveolus requires intricate interactions be-
tween multiple cell lineages to create the complex structure
responsible for gas exchange in mammals (Morrisey and Ho-
gan, 2010). Epithelial, mesenchymal, and endothelial cell line-
ages combine to expand the saccular structure at the distal
tips of the branched airways starting around embryonic day
(E)16.5 in mice (Whitsett and Weaver, 2015). Soon thereafter,
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this rudimentary structure remodels and promotes epithelial
and mesenchymal cell communication, which helps integrate
the developing vascular network. Remodeling of the alveolus
continues postnatally, concomitant with specification and
maturation of alveolar type 1 (AT1) and type 2 (AT2) epithelial
cells until lung maturity is reached at postnatal day (P)30 in
mice and into adolescence in humans (Branchfield et al.,
2016; Herring et al., 2014; Mund et al., 2008). Despite the exten-
sive knowledge of earlier stages of lung development, including
branching morphogenesis, little is known about the cell-line-
age-specific interactions and molecular pathways governing
the normal generation of the lung alveolus (Branchfield et al.,
2016; El Agha et al., 2014; Yun et al., 2016). Since disruption
of this process can be deleterious and result in neonatal dis-
eases such as bronchopulmonary dysplasia (BPD) (Bourbon
et al., 2005), a better understanding of the cellular growth and
differentiation that occurs during this crucial stage of lung
development is required.

Wnt signaling is a critical pathway important for self-renewal
and specification of stem cells in multiple organs (Clevers
et al., 2014). Components of the Wnt pathway are expressed in
specific patterns during early lung development, and previous
work has demonstrated essential roles for Wnt signaling in
lung endoderm specification and early development (Cohen
et al., 2009; De Langhe et al., 2008; Goss et al., 2009; Kénigshoff
and Eickelberg, 2010; Li et al., 2002, 2005; Mammoto et al.,
2012; Maretto et al., 2003; Miller et al., 2012; Okubo and Hogan,
2004; Rajagopal et al., 2008; Shu et al., 2002, 2005; van Ameron-
gen et al., 2012). However, what role, if any, Wnt signaling
plays in later stages of lung epithelial differentiation and matu-
ration is unclear. Using a Wnt signaling reporter mouse line
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Figure 1. A Reporter Mouse Defines Wnt Responsiveness in the Developing Lung

(A and B) The Axin2C™ERT2-TdTom g)6le produces TdTomato expression in Wnt-responsive (Axin2+) cells located in the mesenchyme and the proximal and distal
Nkx2.1+ epithelium (A) during branching morphogenesis, with (B) showing the same image with RFP and DAPI staining only. Dashed white lines outline distal
airways, and solid lines outline proximal airways. Tm, tamoxifen.

(C) Induction of recombination at E10.5 in Axin2CreERT2-TaTom: pog REVFP mice, followed by a 4-day chase, demonstrates that Axin2+ cells give rise to both proximal
and distal Nkx2.1+ lung epithelium, with a larger number of cells labeled in the distal region (yellow bracket).

(D and E) From E15.5 to E16.5, lineage-labeled Axin2+ cells become restricted to distal Sox2— (D) and Sox9+ (E) lung epithelium.

(legend continued on next page)
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lung organoid formation in ex vivo assays and have greater
clonal growth potential in vivo during alveologenesis. Impor-
tantly, activation of Wnt signaling in the overall AT2 population
elicits a similar self-renewal response, promoting enhanced or-
ganoid formation, increased proliferation, and increased clonal
expansion during alveologenesis. Conversely, inhibition of Wnt
signaling in the overall AT2 lineage inhibits organoid formation
and AT2 self-renewal and shunts their differentiation toward
the AT1 lineage. These data demonstrate a critical role for
Whnt signaling during lung alveologenesis through expansion of
the AT2 population via proliferation and balancing the ratio of
AT2-AT1 cells.

RESULTS

The Axin2CreERT2-TdTom Mg yse Line Reveals Dynamic
Wnt Responsiveness during Lung Development

The Wnt signaling pathway is critical for lung endoderm specifi-
cation and patterning of the branching lung and mesenchyme
(Cohen et al., 2009; Goss et al., 2009; Harris-Johnson et al.,
2009; Kadzik et al., 2014; Li et al., 2002; Miller et al., 2012; Mu-
censki et al., 2003; Rajagopal et al., 2008; Volckaert and De
Langhe, 2015). However, the role for Wnt signaling during lung
sacculation and alveologenesis is poorly understood. We have
generated a Wnt signaling reporter mouse line to identify, purify,
and characterize Wnt-responsive lineages during lung develop-
ment. The Axin2C™eERT2-TaTom gjigle has an expression cassette
consisting of a tamoxifen-inducible Cre recombinase linked to
a TdTomato fluorescent protein by a 2A self-cleaving peptide in-
serted into the start codon of the mouse Axin2 gene (Figure S1A).
Using this reporter line, we show that Axin2+ cells, marked by
TdTomato expression, become restricted to the distal epithelium
and the surrounding mesenchyme at E13.5 (Figures 1A and 1B).
To track Axin2+ cells earlier in lung development, we crossed the
Axin2CreERT2-TaTom 6 se with the R26REYFY line and initiated a
lineage trace at E10.5. Examination of Axin2CreERT2-TdTom,
R26REYFP lungs at E14.5 shows that Axin2+ cells give rise to
both proximal and distal lung epithelium and mesenchyme,
corroborating previous data demonstrating the presence and
importance of Wnt signaling in early lung development and the
multipotency of the early lung endoderm (Figure 1C) (Al Alam
et al.,, 2011; Goss et al., 2009; Mucenski et al., 2003; Shu et al.,
2005).

As lung development progresses, the branching lung epi-
thelium is patterned into distinct proximal and distal compart-
ments (Morrisey and Hogan, 2010; Swarr and Morrisey, 2015).
The emergence of these two compartments coincides with

diminished Wnt responsiveness, with the few responsive cells
confined to the Sox9+/Sox2— distal lung endoderm (Figures
1D and 1E).

By E17.5, lung sacculation is underway, and the rudimentary
alveolus expands to prepare the distal lung for the alveologene-
sis stage, where the saccules remodel to refine and expand the
surface area required for high-efficiency gas exchange in the
postnatal period (Prodhan and Kinane, 2002). Axin2+ cells are
found in the in lung mesenchyme from E17.5-E18.0 to P4 (Fig-
ures S1B-S1E), with only a small increase in the number of
PdgfrB+ mesenchymal cells during this phase (Figure S1J). In
contrast, distinct changes occurred in the cellular composition
of Wnt responsiveness in the maturing lung epithelium during
this time frame. At E17.5-E18.0, a small number of Axin2+ prox-
imal and distal epithelial cells exist (Figures 1F-1l and 1N). As
development progresses through the saccular stage and into
the alveologenesis stage at P4, the number of Axin2+ secretory
epithelial cells and Axin2+ AT1 cells decreased, and the Axin2+
multi-ciliated cells remained rare (Figures 1J-1L). The remaining
Axin2+ secretory epithelial cells were confined to the region sur-
rounding Pgp9.5+ neuroendocrine bodies (Figures S1K and
S1L). In contrast, a dramatic increase in the number of Axin2+
AT2 (AT2s™2) cells was observed (Figures 11, 1M, and 1N).
This change represents an approximately 6-fold increase in
AT2s™"2 during this late stage of sacculation into early alveolo-
genesis (Figure 1N). By P4, more than 97 % of all Axin2+ epithelial
cells are Sftpc+ AT2s (Figure 10). These data reveal that Wnt-
responsive cells become restricted to the distal epithelium
during sacculation and, subsequently, to a subpopulation of
AT2s during alveologenesis.

We observed both a bright and a dim TdTomato-expressing
population of cells in the lung at P4. To verify how faithful
TdTomato expression correlated with Axin2 expression, we per-
formed fluorescence-activated cell sorting (FACS) and gPCR
analysis of TdTomato-expressing cells in the lung. Importantly,
we recently showed that our Axin2CERT2-T97om mause line faith-
fully recapitulates Axin2 expression and Wnt responsiveness in
the intestinal crypts (Li et al., 2016). We observed both a dim
and a bright population of TdTomato-expressing cells in
the lung, and Axin2 expression correlated with the levels of
TdTomato expression in these two populations (Figures S2A
and S2D). Furthermore, analysis of FACS-isolated cells using
endogenous TdTomato expression and antibodies specific for
epithelium (EpCAM) and Pdgfra+ (CD140a) mesenchymal line-
ages demonstratesd that the epithelial cells are TdTomato dim
and that most of the mesenchymal cells are TdTomato (Figures
S2B, S2C, S2E, and S2F).

(F-M) At E17.5-E18, Axin2+ lung epithelial cells are sparsely located throughout distal bronchiolar and alveolar epithelium. Bronchiolar Axin2+ cells are pre-
dominantly Scgb1a1 secretory cells (F) with very rare Tubb4+ ciliated cells (G). In the alveolar region, there is a small number of Pdpn+ AT1s (H) and Sftpc+ AT2s
(1). At P4, Axin2+ secretory (J) and ciliated (K) bronchiolar cells and AT1s (L) become very rare. However, there is a dramatic increase in Axin2+ AT2 (AT2/X"2)

alveolar cells (M).

(N) Quantification of Axin2+ secretory (Scgb1a1+) and ciliated (Tubb4+) bronchiolar epithelium, AT2s (Sftpc+), and AT1s (Pdpn+) reveals significant changes in

lineage-specific Axin2+ Wnt-responsive lung epithelium.

(O) At E18, a minority of the Axin2+ Wnt-responsive epithelium is Sftpc+. However, by P4, more than 97 % of the total Axin2+ epithelium is a sublineage of the total

Sftpc+ AT2 lineage, i.e., AT2""%s,

Arrows in (F)-(M) indicate examples of a positive cell, arrowheads represent negative cell marker specific Axin2+ cells, and insets are higher magnifications of
Axin2+ cells. D, distal lung endoderm/epithelium; P, proximal lung endoderm/epithelium. Quantification of cell numbers is represented as mean + SEM. *p < 0.05;
n.s., non-significant, two-tailed Student’s t test; n = 3 for each group. Scale bars, 50 um. See also Figure S1.
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Figure 2. A Wave of Wnt Signaling Occurs in AT2s during Alveologenesis

(A-1) Graphic model (A) illustrates the dynamic changes in Axin2+ Wnt-responsive lung epithelium during lung development. Late lung development is marked by
the restriction of Axin2+ epithelial cells to the distal alveolus and a significant increase in AT2**"2 cells during alveologenesis. While there are few AT2""2 cells at
E17.5-E18.0 (B and C), their numbers increase significantly by P1 (D and E) and P4 (F and G). AT2"*""2 cells continue to be observed at P30 (H and ). Dotted lines
surround Sftpc+ AT2 and AT2**"2 cells in the insets in (C), (E), (G), and ().

(J-L) Lineage-traced AT2""2 cells from E18.5 to P10 (J) and from P4 to P10 (K) show a marked increase in AT2*"2 cell expansion between these time points.
Arrows indicate positive cells, which are quantified in (L).

(legend continued on next page)
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A Wave of Wnt Signaling Appears in AT2s prior to
Alveologenesis

Our results suggest that a wave of Wnt signaling occurs in the
AT2 lineage, coinciding with alveologenesis and maturation of
the lung (Figure 2A). Careful examination for Wnt responsiveness
between E17.5-E18.0 and P30 reveal that most AT2s™" arise
postnatally (Figures 2B-2G). The AT2*"2 cells are scattered
randomly throughout the alveolus with very occasional clustering
of cells (Figure 21). AT2"2 cells increase throughout the post-
natal period and persist through P30 (Figures 2H and 2I). To
determine whether the AT2s™"2 are fixed fate or a dynamic state
during alveologenesis, we performed a 3-week tamoxifen chase
at P4 in Axin2CreERT2-TaTom. pogREYFP mice. Using FACS-based
analysis, we noted that, while many AT2*"2 cells were both
TdTomato and YFP double positive, there was a significant
proportion of cells that were YFP single positive and TdTomato
single positive, suggesting that some AT2*"2 cells lose their
Wnt responsiveness and some non-Axin2+ cells gain Wnt
responsiveness over time (Figures S2G and S2H). Confirmatory
immunohistochemical staining corroborated these findings (Fig-
ures S2I and S2J).

Using lineage tracing with the Axin
mice, we found that Axin2+ endothelial and mesenchymal cell
lineages remained mostly unchanged between E17.5-E18.0
and P10 (Figures S3A-S3H). However, we did observe a signifi-
cant increase in alveolar epithelial progeny, with little change in
the bronchiolar epithelium when cells were lineage traced from
P4 to P10 (Figures S31-S30). Closer analysis of alveolar epithelial
lineages shows that this increase is due to the marked expansion
of lineage-traced Axin2+ AT2s, and not AT1s, from P4 to P10
(Figure S3P).

Gene expression analysis on FACS-based sorted AT2s iso-
lated from SftpcCeER™2:R26REYFP E18.5 and P4 lungs revealed
a 2-fold increase in Axin2 mRNA during this stage of lung
development (Figures 2M and 2N). To verify that the increase
in Axin2 expression correlates with an increased number of
AT2”Xin2 cells, we used FACS to isolate Axin2+ epithelial cells
from Axin2CreERT2-TdTom |yngs at P4 (Figure 20) and subjected
them to extracellular staining for the AT1 marker Pdpn and
intracellular staining for the AT2 marker Sftpc (Figures S4A-
S4C). When compared to E18.5 Axin2+ epithelial cells, there
was a 2-fold increase in the number of AT2°¥"? cells at P4,
with a concomitant reduction in the number of Axin2+ AT1s
(Figure 2P). Of note, the efficiency of intracellular staining
for Sftpc is around 50% (Figures S4D-S4G). Thus, a wave
of Wnt signaling occurs during late sacculation into early
alveologenesis that activates this pathway in a sublineage of
AT2s called AT2*¥"2 cells, which are important for alveolar
growth and maturation.

20reEF1’T2-TdTom'. R26 RE YFP

The AT2”¥"2 gyblineage Promotes Alveologenesis by
Promoting Growth of the Alveolar Epithelium In Vivo
AT2s undergo a significant increase in cell number during alveolo-
genesis (Yang et al., 2016). To examine the proliferative potential
of the AT2™2 population, we performed in vivo clonal analysis
using the R26R?"? " reporter and 5-ethynyl-2-deoxyuridine (EdU)
incorporation in the total AT2 population versus the AT2**"2 sup-
lineage. Sftpc*ET2:R26RP™2" and Axin2C™ERT2-TdTom: pogRB2-1
pups were administered tamoxifen at P4, followed by a chase
to P30 (Figures 3A and 3B). The average clone size differed be-
tween the AT2 and AT2*"2 sublineages, with the AT2/n2.
derived clones being larger (1.49 cells per clone for total AT2
versus 1.65 cells per clone for AT2""2 p < 0.02) (Figure 3C).
Importantly, the number of multi-cellular clones generated by
the AT2™"2 syblineage was significantly greater than the overall
AT2 population. While the AT2*"2 sublineage contained predom-
inantly two- and three-cell clones, the majority of clones from
the total AT2 population were composed of one and two cells
(Figure 3D). These data suggest that AT2s"*"2 have an increased
ability for growth and expansion during lung alveologenesis.
Next, we directly assessed the proliferative potential of the
AT22 population at P4 and compared it to the overall AT2 line-
age using EdU labeling (Salic and Mitchison, 2008). Following a
short chase of 2 hr, lungs were harvested and immunostained to
examine EdU incorporation, Sftpc, and RFP expression (Figures
3E-3H). Approximately 3% of the total AT2 lineage were prolifer-
ating at P4. Of this proliferating AT2/Sftpc+ population, 70%
were AT22 cells, while approximately 30% were the Sftpc+
non-AT2%"2 population (Figure 3l). These results suggest that
AT2”"2 cells preferentially drive alveolar growth and expansion.

The AT2%%"2 Sublineage Is Highly Enriched in Genes
Important for Lung Alveologenesis

To define the gene expression characteristics behind the
enhanced proliferation in the AT2™™2 syblineage, we per-
formed transcriptome analysis on Sftpc®tF"2:R26REYFF and
Axin2CreERT2-TdTom pg AT2 cells obtained by FACS. Principal-
component analysis using two variables illustrates significant
gene expression differences between the total AT2 populations
and the AT22 syblineage (Figure 4A). There were 4,101 differ-
entially regulated genes between total AT2 and AT2*"2 cells
(see Table S1; GEO: GSE82154). Functional enrichment analysis
of molecular functions and biological processes indicates
that the AT2*X"2 sublineage is highly enriched in multiple biolo-
gical processes associated with alveologenesis. These include
the cell cycle, vascular development, and extracellular matrix
production and interactions (Figure 4B). Interestingly, genes
involved in metabolism/lipid metabolism, a function associated
with mature AT2s, are downregulated in AT2""2 cells. Despite

(M) Total AT2s isolated by FACS following a 24-hr tamoxifen induction. SSC, side scatter.
(N) Expression of Axin2 mRNA at P4 compared to E18.5 in AT2s showing a 2-fold increase in expression.
(O and P) Axin2+ lung epithelial cells are isolated using negative selection for CD31 and CD45 (upper FACS plot) and positive selection for TdTomato and EpCAM

(lower FACS plot).

(P) By flow cytometry, isolated Axin2+ lung epithelial cells are composed predominantly of AT2s

staining.

AXin2 a5 measured by intracellular Sftpc and extracellular Pdpn

Quantification of cell numbers, gPCR data, and cell-type percentage are represented as mean + SEM. *p < 0.05, two-tailed Student’s t test; n = 3—4 for each
group. Scale bars, 50 um in (B), (D), (F), (H), (J), and (K); 10 um in (C), (E), (G), and (I); and 5 um in (J) and (K). See also Figures S2-S4.
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(A and B) Clonal expansion is enhanced in
AT2s™"2 during alveologenesis. Following lineage
tracing with the R26R®?" reporter, AT2s™"2 can
expand clonally to a greater extent than the AT2
lineage in general. Arrows indicate single-cell
clones, dashed-line circles indicate two-cell
clones, and solid-line circles indicate three-cell
clones. Note the three-cell clone in the AT22
lineage trace versus the two-cell clone in the
Sftpc+ lineage trace.

(C) Quantitatively, the average AT:
is larger than that of AT2s in general.

(D) The distribution of clone size exhibits a shift
toward more two- and three-cell clones in AT2-
s™iN2 compared to the total AT2 population.

(E-H) Assessment of proliferation by EdU incor-
poration at P4 shows that the majority of AT2s™"2
are actively proliferating compared to a minority of
Axin2— AT2s. Arrows represent EdU+ AT2s”*n2,
and arrowheads indicate EdU+ Axin2- AT2s.
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***p < 0.05, two-tailed Student’s t test; n = 3 with
ten independent fields of view per mouse. Scale
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4E-4L). In addition, enrichment of Wnt
ligand, receptors, and co-receptors was
observed in AT2"2 cells compared to

[] AT2g"on-Axin2 the AT2 total population (Table S2). These
I AT25A%n2 data indicate that the AT2*"2 syblineage
is distinct from the AT2 population in
i general and suggest that they act as
1 signaling hubs for alveolar growth and
differentiation.
Increased Wnt Signaling Activity
+ Enhances Ex Vivo Lung Organoid

Formation from Alveologenesis
Stage AT2s

this finding, AT2""2 cells express known AT2 marker genes
such as Sftpc and Abca3 at levels equal or similar to that of
the total AT2 population (Figures 4C and 4D). AT2*"2 cells do
not express, or do not express different levels of, early distal
endoderm genes including Sox9, 1d2, or Foxp2, indicating that
they do not represent an immature developmental progenitor
(see GEO: GSE82154). Importantly, the transcriptome data
demonstrated that the AT2*"2 sublineage expresses growth
factor signaling components known to play important roles in
lung development and stem cell biology, including Fgf18, Shh,

To further characterize the ability of the

AT2n2 g blineage to promote alveolar
growth during the alveologenesis stage of lung development, we
took advantage of an ex vivo lung organoid model and adapted
it for use in early postnatal lung alveolar epithelium (Barkauskas
et al., 2013). FACS was used to isolate AT2s from
SftpcCeERT2:R26REYFF and AT24"2 cells from Axin2CreERT2-TdTom
P4 pups. Five thousand isolated Sftpc+ or Axin2+ alveolar epithe-
lial cells were co-cultured with 50,000 adult lung fibroblasts to form
lung alveolar organoids (Figures 5A and 5B). Quantification of
colony-forming efficiency (CFE) demonstrated an increase in
CFE for the AT2™" sublineage compared to the total Sftpc+ AT2
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Figure 4. The AT2%"2 Syblineage Is Highly Enriched in Genes Important for Alveologenesis

(A) Principal-component analysis illustrates unique segregation of the AT2*"2 sublineage from the total AT2 population.

(B) Microarray analysis comparing the total AT2 population with the AT2**"2 sublineage demonstrates enrichment of upregulated genes for cell cycle, vascular
development, and extracellular matrix interactions and production and downregulation of genes associated with metabolism and lipid metabolism in the AT2/*"2
sublineage.

(C-L) gPCR analysis on genes important in alveolar growth and differentiation confirms microarray findings on selected genes.

Quantification of qPCR data is represented as mean + SEM. *p < 0.05, two-tailed Student’s t test; n = 4 for each group. See also Tables S1 and S2.

population (Figure 5C). Both total AT2s and AT2s™"2 have the Wnt signaling and Wnt responsiveness have been shown to be
ability for self-renewal (Figure 5C), and both are capable of important for intestinal organoid growth, and Wnt agonists are
multi-lineage differentiation, as noted by expression of Sftpc and  used for standard organoid culture (Farin et al., 2012, 2016; Yin
Pdpn for AT2 and AT1 cells, respectively (Figures 5D-5G). et al., 2014). Therefore, we asked whether activating Wnt
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Figure 5. AT2s"%"2 Exhibit Enhanced Ex Vivo Lung Organoid Formation

(A-C) AT25™"2 exhibit an increase in colony-forming efficiency for lung alveolar organoid formation compared to total AT2s at passage 0 (P0) and passage 1 (P1).
By passages 2 and 3 (P2 and P3, respectively), these differences are no longer significant.

(D-G) In (D) and (F), H&E staining shows organoid structure in total AT2s and AT2s™2, (E and G) Immunohistochemical staining for the AT2 and AT1 markers,
Sftpc and Pdpn, respectively, demonstrate that total AT2s and AT2s™" are composed of both differentiated AT2s and AT1s.

(H-L) Wnt3a treatment increases CFE, while IWP-2 treatment inhibits CFE in AT2-derived organoids. Treatment with both IWP-2 and Wnt3a shows that inhibition
can be rescued, in part, with exogenous Wnt ligand.

Quantification of CFE is represented as average CFE + SEM. *p < 0.05, two-tailed Student’s t test; n > 3 for each group in four independent experiments for (A)(l),
and n > 2 for each group in three independent experiments for (J)~(N). See also Figure S5.

signaling in the overall AT2 cell lineage would result in enhanced  IWP-2 (Chen et al., 2009) resulted in the inhibition of lung orga-
organoid formation. Treatment of the AT2 lineage with Wnt3a  noid formation, which was partially rescued with the addition of
resulted in a significant increase in CFE (Figures 5H-5L). Wnt3a to the culture media (Figures 5K and 5L). Importantly,
Conversely, treating with the Wnt ligand secretion inhibitor ~AT22 cells lose TdTomato expression after they are placed
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in culture (Figures S5A-S5C), likely due to disruption of the
alveolar niche. Treatment with recombinant Wnt3a can maintain
TdTomato expression (Figure S5D), suggesting that a persistent
Wnt signal is required for continued organoid formation.

Wnt Activation Promotes Clonal Expansion of AT2 Cells
during Alveologenesis In Vivo

Our ex vivo lung organoid assays suggest that AT2"%"2 cells pro-
mote alveolar growth during alveologenesis. To determine
whether Wnt signaling is important for alveolar epithelial growth
in vivo, we generated SftocC®ERT2:Ctnnb17E3/%):R26REYFF to
activate Wnt/B-catenin signaling using the activated B-catenin
allele (Ctnnb1"®3/*) (Harada et al., 1999). Of note, activating
Wnt/B-catenin with the Axin2CERT2-TdTom gjiele results in
rapid neonatal lethality due to non-pulmonary related defects,
precluding their use in these studies. Wnt/B-catenin signaling
was activated by tamoxifen treatment at P4, and lungs were
examined at P30. SftpcC*ERT2:Ctnnb1"E94):R26REYFP |ungs
exhibited increased cellularity, with an increase in AT2 cell num-
ber (Figures 6A-6C; Figures S6A and S6B). Proliferation was
increased by more than 3-fold in SfipcCER2:Ctnnb 11Ex3/);
R26REYFP AT2s compared to control mice (Figures 6D-6F).

To determine whether activation of Wnt/B-catenin signaling
promoted clonal expansion of AT2 cells during alveolo-
genesis, we utilized SftocCEF 2:Ctnnb1™**:R26R®?" and
SftpcCeERT2:Ctnnb 1163 4):R26RB2-! treated with tamoxifen at
P4 to track the expansion of AT2 cells. Wnt activation in AT2s re-
sulted in a significant increase in clone size compared to control
mice after 4 weeks (Figures 6G-6l). Whereas the clone size
distribution ranged from one to three clones, with predominantly
one-cell clones in control mice, SftocC R 2:Ctnnb11E3/+).
R26R™2" mutant mice developed clones ranging from one cell
to six cells, with the majority of clones containing two or more
cells (Figure 6J). These data indicate that AT2s with enhanced
Whnt activity exhibit increased clonal expansion.

Recent data in adult mice suggest that AT1 and AT2 cells can
exhibit bidirectional differentiation (Barkauskas et al., 2013; Jain
et al., 2015). Therefore, we examined the relative ratios of AT2s
and AT1s in Ctnnb1™®3* mutant mice and compared them
with their control mice counterparts. We performed lineage tracing
from P4 to P30 in mice with the R26R®"* " reporter that can outline
the extended structure of AT1s and AT2s derived from Sftpc+ cells
with CFP (cyan fluorescent protein), YFP (yellow fluorescent
protein), GFP (green fluorescent protein), or RFP (red fluorescent
protein). In addition, we utilized the R26RE"*" reporter with subse-
quent antibody staining for Agp5 and Sftpc. We found no signifi-
cant differences in the percentage of lineage-traced AT2s versus
that of AT1s in the two groups examined (Figures 6K-6M and
S6C), suggesting that activation of Wnt signaling did not affect
AT2-AT1 differentiation at this stage of development.

Inhibition of Wnt Signaling Impedes AT2 Cell Expansion
and Shunts Differentiation toward the AT1 Lineage
during Lung Alveologenesis

To examine the impact of loss of Wnt/B-catenin signaling on AT2
proliferation and differentiation during lung alveologenesis,
we generated Sftpc®®E 72 Ctnnb1™"":R26REY to conditionally
delete B-catenin in AT2s at P4 and analyze alveolar development
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through P30. Loss of B-catenin in AT2s at this stage of lung
development did not appear to grossly alter lung morphology
(Figures S7A and S7B). However, immunostaining revealed a
statistically significant decrease in AT2s (Figures S7C-S7E).
Likewise, there was a notable 2.5-fold decrease in AT2 prolifer-
ation as measured by Ki67 staining (Figures 7A-7C).

Interestingly, loss of B-catenin expression in Sftpc
Ctnnb1™":R26RP™" mutants, resulted in a marked increase in
the number of AT1 cells in the clones derived from Sftpc+
AT2s (Figures 7D-7F). These findings suggested that Wnt
signaling normally restricts the differentiation of the AT2 lineage
into the AT1 lineage during lung alveologenesis. To further
corroborate whether Wnt signaling is essential for the restriction
of AT2-AT1 differentiation, we generated Sftpoc®®cF72:Ctnnb 17"
R26R™™E mutants and controls to outline the full cell surface
of lineage-traced cells (Muzumdar et al., 2007). Following
the induction of recombination at P4, Sftpc®cF2:Ctnnb1™":
R26R™™™E mutant mice produced an approximately 5-fold in-
crease in lineage-traced AT1 cells (Figures 7G-71). These studies
reveal dynamic Wnt responsiveness in late lung development
that promotes AT2 growth and inhibits differentiation of AT1 cells
during alveologenesis (Figure 7J).

CreERT2.

DISCUSSION

Generation of the lung alveolus is the definitive step in the develop-
ment of a functional respiratory unit for gas exchange. Pathway-
mediated differentiation and maintenance of alveolar epithelial
cell populations during alveologenesis have remained a poorly
understood aspect of lung development. While a role for Wnt
signaling in promoting early lung distal endoderm progenitor fate
has been described (Shu et al., 2005; Volckaert et al., 2013), the
pathways mediating later saccular and alveolar epithelial develop-
ment are less understood. Our data indicate that Wnt signaling, an
important regulator of early lung development, is reactivated
during alveologenesis to provide a wave of AT2 cell growth for
the final important stages of lung growth and development.

Whnt signaling plays critical roles during early lung endoderm
specification, branching morphogenesis, and lung mesenchymal
development (Cohen et al., 2009; De Langhe et al., 2008; Goss
et al., 2009; Kadzik et al., 2014; Konigshoff and Eickelberg,
2010; Li et al.,, 2002, 2005; Mammoto et al., 2012; Maretto
et al., 2003; Miller et al., 2012; Okubo and Hogan, 2004; Rajago-
pal et al., 2008; Shu et al., 2002, 2005; van Amerongen et al.,
2012). Our data now show that, as lung development progresses,
Wnt responsiveness in lung epithelial cells wanes until early al-
veologenesis, when there is a re-emergence of Wnt-responsive
alveolar epithelial cells called AT2s™"2. While previous studies
have examined some aspects of the structural remodeling that
occurs during the alveolar stage of lung development (Amy
et al., 1977; Bourbon et al., 2005; Branchfield et al., 2016; Mas-
saro and Massaro, 2007), little is known about how the alveolus
expands during early postnatal lung growth and, in particular,
the molecular pathways that regulate this process. As the lung
grows into its final mature size in the adult, the AT2 and AT1 line-
ages expand to accommodate this growth. However, recent
studies suggest that AT1 and AT2 cell expansion is not balanced
during alveologenesis. While AT1s stop proliferating during the
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Figure 6. Wnt Activation Increases AT2 Proliferation and Expansion during Alveologenesis In Vivo

(A-C) Activation of Wnt signaling increases total alveolar epithelial cell and AT2 cell numbers when cells were lineage traced from P4 to P30 compared to
SftocCERT2:Ctnnb1*/* control mice. Both total Nkx2.1+ and Sftpc+ cells are increased in the alveolar region.

(D-F) Proliferation as measured by Ki67 staining is increased in Sftpc®E72:Ctnnb 173+ mutants compared to controls. Arrows indicate Ki67+ Sftpc lineage-
marked cells.

(G-J) Wnt activation in AT2s results in clonal expansion of AT2s as noted by increased cell number per clone and increased clone size. Note the larger size of the
CFP clone in H as compared to the YFP and RFP clones in G. Arrows indicate single-cell clones, dashed-line circles indicate two-cell clones, and solid-line circles
indicate three-cell clones.

(K-M) AT1 cell differentiation is unaffected by activation of Wnt signaling in AT2s, as noted by co-staining for the YFP lineage mark and Agp5.

Quantifications of cell number counts, percent Ki67+, average clone size, and percentage of YFP+ cells are represented as mean + SEM. *p < 0.05; n.s., not
significant, two-tailed Student’s t test; n > 4 for each group. See also Figure S6.
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% (A-C) Proliferation is reduced in Sftpc
1
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2
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Ctnnb1™" mutant AT2s compared to controls
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following deletion of B-catenin from P4 to P30.
(D-F) Loss of Wnt signaling in SftpcCEhT2;
Ctnnb1"":R26RP" mutants from P4 to P30 leads
to increased differentiation into AT1s during
alveologenesis, as noted by the increase in clones
exhibiting the spread and flattened morphology of
AT1 cells. Arrows indicate single-cell clones,
dashed-line circles indicate two-cell clones, and
solid-line circles indicate three-cell clones.

(G-l) These data were confirmed using the
R26R™™C reporter to outline the cell surface of the
AT1 cells along with Agp5 co-immunostaining.

(J) lllustration depicting the role of re-emergent
Wnt signaling in balancing epithelial growth and
differentiation during lung alveologenesis.
Quantifications of percent Ki67+, average per-
centage of clone, and percentage of YFP+ cells are
represented by mean + SEM. *p < 0.05, two-tailed
Student’s t test, n > 4 for each group; **p < 0.05,
two-tailed Student’s t test; n = 133 clones for con-
trols and n = 203 clones for Sftpc®52:Ctnnb 17"
mutants. See also Figure S7.
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period of life (Mulugeta et al., 2015).
Our data show that the re-emergence of
Wnt signaling promotes growth of the
postnatal alveolar epithelium and bal-
ances the epithelial composition of the
alveolus through control of AT2-AT1
differentiation.

Disruption in alveolar growth underlies
many important pediatric lung diseases,
2 including BPD (Bourbon et al., 2005).
Moreover, premature infants who are
born prior to the completion of alveolo-
genesis often have long-term conse-
quences, including impaired lung function
and pulmonary hypertension (Islam et al.,
2015; Stenmark and Abman, 2005). While

mature AT2s
Sftpc
Abca3
Lamp3

mature AT1s
Agp5
Pdpn
Hopx

first few days after birth, AT2s continue to proliferate and expand
throughout alveologenesis (Yang et al., 2016). This difference
may be due to the ability of the AT1 cell to dramatically remodel
and spread over a great distance in the alveolus, allowing it to
grow through cellular remodeling rather than proliferation
(Wang et al., 2016; Weibel, 2015; Yang et al., 2016). Given the
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clinicians have recognized the impor-

tance of alveologenesis in lung function
for many decades, the basic understanding of the cellular inter-
actions and molecular pathways involved in promoting this late
developmental process has remained an enigma. Cellular prolif-
eration is generally thought to be low during this developmental
period, but our data suggest that AT2 cell expansion, primarily
through expansion of the AT2""2 syblineage, plays a critical



role in postnatal alveolar growth. The wave of Wnt signaling that
occurs during early postnatal lung alveologenesis identified in
the present study is critical for the final stages of lung develop-
ment by promoting a burst of AT2 expansion to meet the needs
of the adult organ. Interestingly, while loss of B-catenin-depen-
dent Wnt signaling in AT2s results in the transition of some of
the AT2 population into AT1s, further increases in B-catenin-
dependent Wnt signaling did not result in inhibition of AT2 to
AT1 differentiation. This suggests that there is a threshold of
Whnt signaling required to maintain the AT2 fate and that an addi-
tional increase in Wnt signaling only promotes AT2 cell prolifera-
tion. As such, studies pharmacologically modulating Wnt
signaling following experimental injury could provide important
insight into whether this pathway could be used therapeutically
to treat neonatal lung disease.

EXPERIMENTAL PROCEDURES

Animals

Description and genotyping information regarding the Ctnnb1™", Ctnnb 11"+
R26REY™P, R26RP™?7, and R26R™™E mouse lines has been previously
described (Brault et al., 2001; Harada et al., 1999; Madisen et al., 2010; Muzum-
dar et al., 2007; Snippert et al., 2010). The Sftpc®57™2 mouse line was a
generous gift from Hal Chapman at the University of California, San Francisco
(UCSF), and its construction has been previously described (Chapman et al.,
2011). The Axin2CreERT2-TdTomato m 56 was constructed by inserting an expres-
sion cassette—consisting of a CreERT2 cDNA linked to a 2A self-cleaving
peptide sequence linked to a TdTomato cDNA—into the start codon of the
Axin2 locus. Full details on the construction of this reporter line are available
upon request. All animal studies were performed under the guidance of the
University of Pennsylvania Institutional Animal Care and Use Committee.

Tamoxifen Induction of Cell-Lineage Tracing

Tamoxifen (Sigma) was dissolved in 100% ethanol and diluted with corn oil
(Sigma) to produce a 10% ethanol:tamoxifen:corn oil mixture at 20 mg/mL.
Mice were injected intraperitoneally (i.p.) with the indicated doses to induce
recombination based on the observed efficiency of each Cre and reporter
line. For lineage tracing in Sftoc®F™ mice, they were injected i.p. with
100 pg/g of mouse for the R26REYF” and R26R™ ™€ alleles. For clonal analysis
using the R26R®?" allele, 5-10 pg/g was used. Induction of recombination in
Axin2CreERT2-TdTomato p4 155 was accomplished using 100 pg/g of mouse for
the R26REY™ and R26R™ ™€ alleles and 200 pg/g for the R26RE™ allele.

Histology

Lungs were inflated with 2% paraformaldehyde under constant pressure of
30 cm water and allowed to fix overnight. Tissue was embedded in paraffin
and sectioned. H&E staining was performed to examine tissue morphology.
Immunohistochemistry was used to detect protein expression using the
following antibodies on paraffin sections: GFP (chicken, Aves, 1:500), GFP
(goat, Abcam, 1:100), RFP (rabbit, Rockland, 1:250), Nkx2.1 (rabbit, Santa
Cruz, 1:50), Sox2 (rabbit, Seven Hills, 1:500), Sox9 (rabbit, Santa Cruz,
1:100), Pecam (rat, HistoBioTec, 1:20), SM22« (goat, Abcam, 1:100), Pdgfra
(rabbit, Cell Signaling, 1:50), Pdgfra (goat, R&D Systems, 1:50), Pdgfrp (rabbit,
Cell Signaling, 1:100), Pdgfrf (goat, R&D Systems, 1:400), Scgbial (goat,
Santa Cruz, 1:20), Tubb4 (mouse, BioGenex, 1:20), Sftpc (rabbit, Millipore,
1:250), Sftpc (goat, Santa Cruz, 1:50), Pdpn (mouse, Hybridoma Bank, 1:50),
Aqgp5 (rabbit, Aocam, 1:100), and Ki67 (rabbit, Abcam, 1:50).

Quantification of Alveolar Epithelial Cell Number

Immunostaining using the indicated cell-lineage-specific markers was used to
identify lineage-traced alveolar epithelial cell types. Confocal microscopy us-
ing a Leica TCS SP8 confocal scope was used to capture images. For each
mouse, confocal z stack images were taken in at least ten random alveolar
areas. All images were subject to ImageJ software analysis. Cell counts

were performed manually using the Cell Counter plug-in for Imaged. At least
ten different regions of each lung or 1,000 cells were counted for each mouse.

Quantification of Proliferation

Proliferation was assessed using either the Click-iT EdU Alexa Fluor 647
Imaging Kit (ThermoFisher Scientific) or Ki67 immunostaining. For proliferation
analysis using EdU, P4 pups were administered 50 mg/kg EdU via injection i.p.
Two hours post-injection, the lungs were harvested for tissue processing as
described previously. Following double immunostaining for RFP and Sftpc,
lung sections were processed with the Click-iT EdU reaction. The z stack
optical sections were attained via confocal microscopy and ten independent
alveolar fields of view were assessed for RFP, Sftpc, and EdU expression.
Cell counts were performed using ImagedJ software.

Quantification of Clonal Analysis

Clonal analysis was performed after induction of recombination at P4 followed
by a 4-week chase. Lungs were harvested as described and fixed overnight in
2% paraformaldehyde. The next day, the lungs were washed with PBS for 2 hr.
The lungs were embedded in OCT compound (Fisher HealthCare) and frozen
on dry ice and ethanol. 12 um lung sections were cut and subjected to immu-
nostaining for Sftpc to identify all AT2s, followed by counterstaining with DAPI.
At least ten z stack sections were analyzed from random fields. Each single-
colored clone was analyzed for number of cells in each clone. Single-colored
cells within 50 um of one another were considered in the same clone. Average
number of cells per clone was calculated in addition to the categorical range of
distribution for clone size.

Lung Alveolar Epithelial Cell Isolation

Lungs from Axin2CreERT2-TdTomato s \were harvested at P4 and processed into
single-cell suspensions using a dispase (Collaborative Biosciences)/collagenase
(Life Technologies)/DNase solution. Axin2+ AT2s were sorted from the single-
cell suspensions using either a MoFlo Astrios EQ (Beckman Coulter) or
FACSJazz (BD Biosciences) flow cytometer, with antibody staining for
CD31-PECy7 (eBioscience), CD45-PECy7 (eBioscience), and EpCAM-APC
(eBioscience). Following negative selection for CD31 and CD45, Axin2 AT2s
were positively selected for TdTomato and EpCAM and sorted into a modified
MTEC-Plus medium (small-airway, epithelial-cell basal medium, or SABM
[Lonza], instead of DMEM/F12), called MTEC-SAGM. The total AT2 population
(Sftpc+ AT2s) was isolated from lungs of P4 SftocC®ER72:R26REY™ pups
following the induction of recombination on P3. Cells were sorted from single-
cell suspensions after enzyme digestion and isolated based on enhanced
YFP (EYFP) fluorescence. Lung fibroblasts for organoid assays were isolated
from adult wild-type mice. Briefly, lungs were harvested, digested, and pro-
cessed into a single-cell suspension, with subsequent plating on plastic
tissue culture dishes. Cells were maintained in DMEM/F12 (Life Technologies)
supplemented with 10% fetal bovine serum (FBS) and 1x penicillin-strepto-
mycin (Life Technologies). Following three passages, the highly enriched
mesenchymal population was analyzed to be more than 99% pure mesen-
chyme, as determined by flow cytometry assessment using antibodies for
epithelial (EpCAM-APC), endothelial (CD31-PECy7), hematopoietic (CD45-
PECy7), and mesenchymal cells (CD140a:Pdgfra [eBioscience] and CD140b:
Pdgfrf [eBioscience]) (Peng et al., 2015).

Ex Vivo Lung Alveolar Organoid Assay

For lung alveolar organoid formation, 5,000 Axin2+ or Sftpc+ AT2s were mixed
with 50,000 primary lung fibroblasts and centrifuged into cell pellets in micro-
centrifuge tubes. Pellets were resuspended in a 1:1 mixture of MTEC-SAGM:
Matrigel (45 pL of modified MTEC-SAGM followed by the addition of 45 uL of
growth-factor-reduced, phenol-free Matrigel [Corning]). The mixture was then
aliquoted into a 24-well cell culture insert (Falcon) and allowed to solidify at
37°C. MTEC-SAGM was then placed into each well of the 24-well plate.
Ligands and chemical antagonists were added to both the insert and well cul-
ture media at the initial formation of organoids. Wnt3a was used at a concen-
tration of 200 ng/uL. IWP-2 was used at 5 pM. DMSO was used for vehicle
treatment. Media with or without treatments were replaced every other day
until day 14, when organoids were assayed for total number by manual counts.
For self-renewal assays, after 14 days, organoids were incubated with dispase
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(Stem Cell Technology) for 30 min and then incubated in 0.25% trypsin-EDTA
for 30 min. Single-cell suspensions were obtained, and the cells were re-sorted
to regenerate organoids.

Flow Cytometry for Expression of Sftpc and Pdpn in Axin2+ Cells
Cells obtained by FACS from the Axin2CreERT2-TdTomato | ngs were subjected to
further analysis for expression of Sftpc and Pdpn. Cells were first stained with
the extracellular Pdpn antibody (Pdpn-eFluor660, eBioscience, 1:100), fol-
lowed by fixation and permeabilization using a standard intracellular staining
kit (eBioscience). Cells were stained with anti-Sftpc primary antibody (goat,
Santa Cruz, 1:50) or its goat immunoglobulin G (IgG) isotype control, both
followed by Alexa Fluor 488 secondary antibody. Cells were assessed using
a BD Accuri C6 flow cytometer, and results were expressed as percentage
of Axin2+ EpCAM+ cells.

Transcriptome Analysis

Comparison of the transcriptomes of P4 Axin. and
SftpcCreERT2:RO6REYFP pups was performed using microarray analysis.
FACS-based isolation of AT2 or AT2*%"2 cells from the lungs of five pups for
each genotype was performed as described earlier. Cells were collected in
RNAProtect Cell Reagent (QIAGEN) and subjected to RNA extraction using
a combination of TRIzol (Life Technologies) and the RNEasy MiniElute Cleanup
Kit (QIAGEN). Biotinylated cRNA probe libraries were constructed and then
hybridized to Affymatrix Mouse Gene 2.0ST arrays. Microarray data were
analyzed using the Oligo package available at the Bioconductor website
(http://www.bioconductor.org). The raw data were background corrected by
the robust multichip average (RMA) method and then normalized by an
invariant set method. Genes with 80% of samples with an expression signal
above the negative control probes were considered detectable or present. Dif-
ferential gene expression analysis was performed using the limma package
available at the Bioconductor website. The p values were adjusted for multiple
comparisons using a false discovery rate. Principal-component analysis was
performed in R using the prcomp function. Gene Ontology enrichment analysis
was performed using the ToppFun tool available from the ToppGene Suite
website (https://toppgene.cchmc.org). The accession number for the micro-
array data is GEO: GSE82154.

ZCreERTZ- TdTomato

Statistical Analysis

Statistical analysis was performed on the data using Excel and R. A two-tailed
Student’s t test was used for the comparison of two experimental groups.
Using the R, a Fisher’s exact test was performed to determine an association
between clone size and genotype/treatment in all experiments. Statistical data
were considered significant if p < 0.05.

ACCESSION NUMBERS

The accession number for the microarray data reported in this paper is GEO:
GSE82154.
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