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cell differentiation after injury
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The lung is a relatively quiescent organ during homeostasis but has a remarkable capacity

for repair after injury. Alveolar epithelial type | cells (AEC1s) line airspaces and mediate gas
exchange. After injury, they are regenerated by differentiation from their progenitors — alveolar
epithelial type Il cells (AEC2s) — which also secrete surfactant to maintain surface tension and
alveolar patency. While recent studies showed that the maintenance of AEC2 stemness is Wnt
dependent, the molecular mechanisms underlying AEC2-AEC1 differentiation in adult lung repair
are still incompletely understood. Here, we show that WWTR1 (TAZ) plays a crucial role in AEC
differentiation. Using an in vitro organoid culture system, we found that tankyrase inhibition
can efficiently block AEC2-AEC1 differentiation, and this effect was due to the inhibition of TAZ.
In a bleomycin-induced lung injury model, conditional deletion of TAZ in AEC2s dramatically
reduced AEC1 regeneration during recovery, leading to exacerbated alveolar lesions and fibrosis.
In patients with idiopathic pulmonary fibrosis (IPF), decreased blood levels of the receptor for
advanced glycation end products (RAGE), a biomarker of AEC1 health, were associated with more
rapid disease progression. Our findings implicate TAZ as a critical factor involved in AEC2-to-AEC1
differentiation, and hence the maintenance of alveolar integrity after injury.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive disease with a complex and incompletely understood
etiology. A conceptual model for IPF pathogenesis implicates defective alveolar epithelial cell (AEC) repair
after repetitive injuries, resulting in compromised gas exchange, loss of barrier function, inflammation,
extracellular matrix (ECM) accumulation, and progressive interstitial fibrosis. There is evidence for “reac-
tivation” of multiple pathways involved in embryonic lung development in IPF, e.g., Hh, Notch, Wnt,
and Hippo. Genetic studies strongly implicate alveolar epithelial type II cell-associated (AEC2-associated)
genes in familial and sporadic forms of pulmonary fibrosis (1), suggesting that compromised epithelial
regenerative capacity is a key event driving IPF pathogenesis.

The alveolar epithelium is maintained and repaired by proliferation and hyperplasia of AEC2s,
followed by differentiation into alveolar epithelial type I cells (AEC1s). In epithelial injury models,
multiple progenitor cell populations have been proposed to differentiate into AEC2s (2-5). AECl1s, on
the other hand, were demonstrated to differentiate from AEC2s four decades ago (6, 7), further sup-
ported by recent observations using in vivo lineage-tracing technology (8, 9). However, the molecular
mechanisms underlying AEC2-AEC1 differentiation are poorly understood. Recently, Hogan and col-
leagues described a 3D alveolosphere organoid culture system, in which lineage-labeled mouse AEC2s
were seeded with mouse PDGFRa* lung fibroblasts in Matrigel. 3D spheroids develop within 14 days,
with SPC* (surfactant protein C) AEC2s on the outside and AECIs expressing characteristic markers,
including HOPX, AQPS5, and PDPN, inside the lumen (Figure 1A and ref. 8). We employed this system
to screen small-molecule inhibitors of various signaling pathways to identify potentially novel factors
involved in AEC biology, including AEC2 proliferation and differentiation.

Results

To facilitate screening, we substituted normal human lung fibroblasts (NHLFs) for mouse primary PDG-
FRa* lung fibroblasts as the stromal cells in the culture. Alveolospheres exhibited comparable growth
and differentiation phenotypes to those reported by Barkauskas et al. (ref. 8 and Figure 1, B-D and H).
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In this mixed-species coculture, gene expression profiles of AECs could be distinguished from those in
the stromal cells using species specific gPCR probes.

Among compounds screened, IWR-1, a selective tankyrase inhibitor (10), significantly inhibited AEC2-
AECI1 differentiation when added continuously to the cultures. In the control cultures, AECIs differentiated
from the exterior AEC2s and localized toward the inner lumen of the spheroids. Possibly due to the long
and squamous shape of AECIs and their interaction with AEC2s, the surface of those spheroids became
spiny and irregular (Figure 1, C, D, and H). However, in IWR-1-treated cultures, we observed rounded
spheres with smooth surfaces (Figure 1, E-G). Using confocal microscopy, we found that in the IWR-1—
treated organoids, HOPX* AEC1s were absent inside the lumen, while peripheral SPC* AEC2s were intact
(Figure 1, I vs. H, and Supplemental Videos 1 and 2; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.128674DS1). The ratios of AEC2-specific (Spc) to AEC1-specific
(e.g., Hopx, Aqp5, and Pdpn) gene expression were significantly increased in IWR-1-treated alveolospheres
(Figure 1J). This effect was due to failure of AEC2-AECI1 differentiation and not to a toxic effect of IWR-1
on AEC2s, as the proliferation rates of AEC2s were comparable with and without IWR-1 treatment (Sup-
plemental Figure 1A). When IWR-1 was applied after AEC1 differentiation, AEC1s remained intact in
the spheroids, suggesting that IWR-1 was not selectively toxic to AEC1s (Supplemental Figure 1B). Prior
studies have shown that isolated AEC2s acquire AEC1 morphological features and expression markers after
growing on regular tissue culture plates (11, 12). We observed many squamous AQP5* AEC1-like cells after
culturing AEC2s for 5 days, but IWR-1 treatment resulted in rounded undifferentiated cells with very weak
AQP5 expression (Figure 1K and ref. 13). Furthermore, we did not observe significant effects of IWR-1 on
cell number (Supplemental Figure 1C). While this culture condition typically promotes AEC1 differentia-
tion, IWR-1-treated cells retained AEC2 marker expression (SPC") after 5 days of culture (Supplemental
Figure 1D). Taken together, these data show that IWR-1 blocks AEC2-AEC]1 differentiation in vitro.

To account for potential off-target effects, we tested other available tankyrase inhibitors (XAV939,
JW55) and observed similar phenotypes to cultures treated with IWR-1. In contrast, we did not observe
similar effects in cultures treated with PJ34 (a broad-spectrum PARP inhibitor with >100x selectivity for
PARP1 over tankyrase; ref. 14), PNU-74654 (B-catenin/ TCF inhibitor), or IWR-1-exo (nonfunctional dias-
tereomer of IWR-1; Figure 2, A and B).

Tankyrase plays a regulatory role in both the Wnt/B-catenin and Hippo/YAP/TAZ signaling path-
ways (10, 15). Specifically, it attaches poly(ADP-ribose) groups (PARsylates) Axin, a limiting component
of the B-catenin destruction complex and targets it for degradation. Therefore, tankyrase inhibitors can
stabilize the destruction complex and promote B-catenin degradation. Furthermore, the same destruction
complex can also serve as a cytoplasmic sink for YAP/TAZ and promote TAZ degradation (15, 16).

To assess whether IWR-1 inhibition of AEC2-AEC]1 differentiation in vitro was attributable to canoni-
cal Wnt pathway inhibition, we seeded the organoid culture with LysoTracker-sorted AEC2s from Ctnnb1"
T mice. LysoTracker has been used previously to isolate AEC2s from nonlineage-labeled mice for organoid
culture (17), and we observed that over 95% of lineage-labeled AEC2s were also LysoTracker* (Supple-
mental Figure 2). We introduced CRE recombinase via adenovirus at the onset of culture to delete the
floxed alleles (ref. 18 and Supplemental Figure 3, A and B). Most spheroids exhibited clonal gene deletion,
suggesting that adenoviral infection and Cre-driven recombination occurs at an early single AEC2 stage
(Supplemental Figure 3, A and B, and Figure 2C). More than half of spheroids had deleted p-catenin
in culture (Supplemental Figure 3C), but we observed AECI1 differentiation in the both B-catenin*/* and
f-catenin™~ spheroids based on individual spheroid confocal images (Figure 2C and Supplemental Videos
3 (B-catenin*’*) and 4 [B-catenin"])and full-plate images (Figure 2D). We did not observe significant differ-
ences in AEC2:AECI ratios between WT and B-catenin™~ spheroids by cell-type specific gene expression
(Figure 2E). Consistent with a recent report showing that lack of Wnt signaling may actually promote
AEC2-AECI1 differentiation under steady-state conditions (19), we conclude that B-catenin inhibition was
not responsible for the defective AEC2-AECI differentiation phenotype observed with tankyrase inhibitors.

As the B-catenin destruction complex can also regulate YAP/TAZ in a tankyrase-dependent manner
(15, 16), we immunostained spheroids to assess whether YAP or TAZ might be involved in AEC2-AEC1
differentiation. While YAP was not detected in the AECs (Figure 3A), TAZ localized to the nuclei of
AECIs inside the lumen of the spheroids but not in AEC2s on the surface (Figure 3B), suggesting that
TAZ may play a role during differentiation. We could not detect TAZ in spheroids treated with IWR-1
(Figure 3C). To assess the specific role of TAZ in AEC2-AECI differentiation, we generated conditional
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Figure 1. IWR-1 inhibits AEC2-to-AEC1 differentiation in vitro. TdTomato* lineage-labeled AEC2s were sorted
from SPC-CreERT2; Rosa-Isl-tdTomato mouse lungs after tamoxifen administration. (A) 3D alveolar spheroid cul-
ture schematic: AEC2s were cultured in Matrigel with NHLF for 2 weeks or until alveolospheres developed. (B-G)
Cells were treated with either control (DMSO) (B-D) or IWR-1 (E-G) throughout culture. Merged bright-field (BF)
and fluorescence (FL) full-plate images (B and E) and FL close-ups (C and F) show the overall difference in shapes
of the cultured spheroids under these 2 conditions. (D and G) Representative high-power BF images emphasize
the distinct smooth surface of spheroids cultured with IWR-1 as compared to controls. (H and 1) Whole spheroids
were immunostained for AEC2 (SPC), AECT (HOPX), and Nuclei (Hoechst). Single focal planes of Z-stack images
are shown. Full Z-stack images are available as Supplemental Videos 1 (control) and 2 (IWR-1). (J) Gene expression
ratios (mean + SD, 3 biological replicates) between Spc and Hopx, Aqp5, and Pdpn were used to quantify the AEC2
versus AEC1 composition of each well. No signals were detected with NHLF alone with these mouse qPCR probes.
*P < 0.05; ***P < 0.001 (unpaired 2-tailed Student’s t tests). (K) Sorted AEC2s from C57B6 mice were cultured
directly on cell culture-treated slides without (control) or with IWR-1 for 5 days in the presence of 10% serum.
Cells were immunostained for AQP5 and nuclei were counterstained with Hoechst. Scale bars: 1 mm (B and E);
300 um (C and F); 30 um (D and G-1); 100 pm (K).
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Figure 2. Blockade of AEC2-to-AEC1 differentiation by tankyrase inhibition is not due to B-catenin inhibition. (A and B) Cells were treated as in Figure 1,
with additional small-molecule inhibitors as indicated. FL images (A) at the end of cultures are shown. (B) Quantification of different culture conditions

by AEC2 versus AEC1 gene expression ratios as in Figure 1) (Spc/Pdpn; mean + SD, 3 biological replicates). ****P < 0.001 for both XAV and JW55 conditions
versus none (1-way ANOVA with Tukey's test). (C-E) B-Catenin® AEC2s were infected with control adenovirus (Ad-control) or Ad-Cre in the spheroid
culture. (C) Confocal images show normal AEC1 differentiation in a B-catenin”/- spheroid. Note the B-catenin membrane-proximal expression in 3-caten-
in*/* but not in B-catenin”- spheroids. Full Z-stack images are available as the Supplemental Videos 3 (B-catenin*/*) and 4 (B-catenin™-). (D) BF full-plate
images show similar overall spheroid shapes after treatments. (E) Quantification of AEC2 versus AEC1 gene expression ratios show no differences between
treatments (Spc/Pdpn; mean + SD, 4-0 5 biological replicates) NS (unpaired 2-tailed Student’s t tests). Scale bars: 300 pm (A); 50 um (C); 1 mm (D).

TAZ-KO mice by crossing Taz"" to SPC-CreERTZ2; Rosa26tdTomato mice (SPC-Taz.KO-Tm mice). TAZ
was efficiently deleted from the tdTomato™ AEC2s after tamoxifen induction (Supplemental Figure 4). In
organoid cultures seeded with TAZ /- tdTomato* AEC2s, we observed similar spheroid phenotypes as with
tankyrase inhibition in WT AECs, i.e., rounded spheres with a high AEC2-to-AEC1 gene expression ratio,
and no AEC1s inside the spheroids (Figure 4, A—C). This strongly suggests that TAZ is required for AEC2-
to-AEC1 differentiation and that TAZ inhibition may explain the effect of tankyrase inhibitors. When we
cultured sorted AEC2s on culture plates, TAZ was activated (nuclear localized) on day 5 (Figure 4D) when

insight.jci.org  https://doi.org/10.1172/jci.insight.128674 4


https://doi.org/10.1172/jci.insight.128674
https://insight.jci.org/articles/view/128674#sd

RESEARCH ARTICLE

insight.jci.org

e

AP ]
[ LY . | TAZ+SPC |
°
IS
Q
o
o
=

Figure 3. TAZ, but not YAP, is expressed (nuclear localized) during differentiation in AEC organoid culture. (A) Untreat-
ed C57B6 alveolospheres were immunostained for YAP, SPC, HOPX, and Hoechst (nuclei). Note: Sporadic stromal NHLF
cells expressed YAP in their nuclei as indicated by the yellow arrow. (B and C) C57B6 alveolospheres were immunostained
for TAZ, SPC, and Hoechst. Cultures were treated with control (DMSO) (B) or IWR-1(C), respectively. Scale bars: 20 pm.

squamous AQP5* AEC]1-like cells developed (Figure 4E). TAZ~~ AEC2 cultures contained fewer AEC1-
like cells and more small undifferentiated cuboidal cells with weak AQP5 expression (Figure 4, E and F),
but there were similar overall cell numbers as in WT cultures, suggesting that TAZ deficiency did not affect
survival (Figure 4G). Taken together, these data suggest that the effect of tankyrase inhibition on AEC2-
AECI differentiation is dependent on TAZ and not B-catenin.

Intratracheal (i.t.) bleomycin installation is a commonly used murine model of lung injury, repair, and
fibrosis. Bleomycin initially damages the alveolar epithelium, followed by inflammation and interstitial fibrosis.
To assess the role of TAZ in AEC2s during lung epithelial repair, as well as its subsequent effects on fibrosis,
we delivered i.t. bleomycin to SPC-Taz.KO-Tm and control mice with a WT 7az locus (SPC-WT-Tm mice).
In the untreated group, TAZ was detected in very few tdTomato-labeled AEC2s (0.5% £ 0.24%, mean *
SEM, Figure 5, A and C). In contrast, TAZ was expressed in the majority of tdTomato* cells 10 days after
bleomycin injury (54% * 2.6%, mean + SEM, Figure 5, B and C). At that time point, the lineage-traced cells
were SPC* and RAGE", indicating they were still AEC2s (Supplemental Figure 5). These TAZ* AEC2s were
more abundant in actively regenerating regions, where increased numbers of tdTomato* alveoli were observed.
Many TAZ* AEC2s were found adjacent to tdTomato* newly regenerated AECls, suggesting that they may be
in an actively differentiating state (Figure 5B and Supplemental Figure 5). While most TAZ* cells were tdTo-
mato* and exhibited nuclear localization of TAZ, we did observe sporadic cytoplasmically localized TAZ in
tdTomato* AEC2 (Figure 5B, inset). YAP, on the other hand, was not detected in AECs after bleomycin injury
(Figure 5D). Taken together, these observations suggest that TAZ is activated in AEC2s upon epithelial injury
and TAZ* AECls developing in alveolosphere lumens in vitro may reflect AECs in the process of differentia-
tion in vivo. Under homeostatic conditions, the non-AEC2-traced (tdTomato") TAZ* cells in the control group
are mainly located in interstitial areas adjacent to alveoli (Figure 5A, inset), suggesting that TAZ may play a
distinct role in stromal cells. Next, we quantified newly regenerated or repaired alveoli in both strains after bleo-
mycin injury. In comparison with WT mice, alveoli marked by tdTomato* AEC1s were dramatically reduced
in SPC-Taz. KO-Tm mice (20.2% * 1.7% vs. 6.9% * 0.75%; mean * SEM, Figure 5, E-G). In particular, there

https://doi.org/10.1172/jci.insight.128674 5


https://doi.org/10.1172/jci.insight.128674
https://insight.jci.org/articles/view/128674#sd
https://insight.jci.org/articles/view/128674#sd

RESEARCH ARTICLE

insight.jci.org

SPC-WT-Tm SPC-Taz.KO-Tm

A

i

dkkk

X g

(fold vs. control)
i

AEC2:AEC1 Expression Ratio
b

Aqgp5+ AEC1 / Nucleated (%)
IS
I

SPC-WT-Tm M

Nucleated cells/field

SPC-Taz.KO-Tm

..

SPC-Taz.KO-Tm

| ___Hoechst | e Az | [ ____Merge |
Figure 4. TAZ is required for AEC2-to-AEC1 differentiation in vitro. (A-C) AEC2s sorted from SPC-WT-Tm or SPC-Taz.
KO-Tm mice. (A) FL images of the spheroids from the 3D culture are shown. (B) Quantification of AEC2:AEC1 gene
expression ratios (Spc/Pdpn; mean + SD, 6 biological replicates). (C) Confocal images show lack of HOPX* AECTs in the
lumen in the SPC-Taz.KO-Tm sphere. (D-G) Sorted AEC2s from SPC-WT-Tm or SPC-Taz.KO-Tm mouse lungs directly
plated on glass for 5 days. Cells were immunostained for TAZ (D) or AQP5 (E) after 5 days culture on plate. (F) Percent
(mean + SD) of AECTs (large, squamous, AQP5*) were quantified (n = 4 mice [WT]; n = 5 mice [SPC-Taz.K0]). (G) Quanti-

fication of numbers of nucleated cells per field from the two mouse strains. ****P < 0.0001; ***P < 0.001; NS (unpaired
2-tailed Student's t tests). Scale bars: 300 um (A); 30 um (C); 50 um (D and E).
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were substantially fewer fields exhibiting abundant regenerated or repaired alveoli in SPC-Taz.KO-Tm mice,
suggesting a defective repair process in areas with greater damage (Figure 5, F and G). Morphologically, the
newly regenerated AECIs in the SPC-Taz. KO mice were often shorter and lacked full extension, although it
is unclear whether they were functionally compromised (Figure 5, E and F, inset). On the other hand, AEC2
proliferation in those mice was comparable to WT (Ki67* AEC2s: 6.1% * 0.49% vs. 6.2% * 1.04%, mean +
SEM, Supplemental Figure 6, A and B). Taken together, these results suggest that TAZ deficiency inhibits
AEC2-to-AEC1 differentiation in vivo during alveolar repair after bleomycin injury.

To assess whether defective epithelial repair can contribute to fibrogenesis, we examined lungs 22
days after bleomycin injury, when ECM accumulation peaks. To visualize the relationship between alve-
olar structural alteration and fibrotic lesions, we immunostained lung sections for alveoli (RAGE to
mark AEC1s) and collagen deposition (collagen I). Compared with WT controls treated with bleomycin,
areas of alveolar destruction were more widespread in SPC-Taz.KO mice, revealed by the loss of RAGE
staining (Figure 6A, enlarged, yellow outlines). Regions of decreased RAGE staining exhibited substan-
tially greater collagen deposition in SPC-Taz.KO mice, resulting in more extensive fibrotic lesions than
in WT mice (Figure 6A and Supplemental Figure 7). To quantify active fibrogenesis, we administered
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Figure 5. TAZ deficiency leads to impaired epithelial repair after bleomycin injury. (A-C) Lungs of tamoxifen-
pretreated SPC-WT-Tm mice were immunostained for TAZ in untreated animals (A) or 10 days after bleomycin (B).
TAZ*tdTomato* traced AEC2s are indicated by yellow arrowheads in (B), while other TAZ* cells are indicated by
white arrowheads in A. Insets in A also show RAGE costaining. Insets in B show cytoplasmic expression of TAZ in
sporadic AEC2s. (C) Quantification shows the percentage (mean + SD) of AEC2 lineage-traced cells expressing TAZ
in the nuclei (n = 3 mice). Total counts: 589 AEC2s (untreated); 916 AEC2s (bleomycin). ****P < 0.0001 (unpaired
2-tailed Student’s t tests). (D) Lungs of tamoxifen-pretreated SPC-WT-Tm mice were immunostained for YAP 10
days after bleomycin instillation. YAP is only detected in certain untraced (tdTomato-) cells (white arrowheads), but
not traced (tdTomato*) AEC2s. (E-G) Tamoxifen pretreated SPC-WT-Tm and SPC-Taz.KO-Tm mice were immunos-
tained 10 days after bleomycin delivery. Dashed squares delineate newly regenerated alveoli, identified by squa-
mous AEC1s expressing AEC2 lineage tracer (tdTomato*; insets). (G) Quantification shows the percentage (mean

+ SD) of newly regenerated alveoli per image field; n = 43 randomly selected Z-stacked image fields from 3 WT
mice (total 3,343 alveoli counted); n = 41 randomly selected Z-stacked image fields from 3 Taz.KO mice (total 2,482
alveoli counted). ****P < 0.0001 (unpaired 2-tailed Student’s t tests). Scale bars: 30 um.

deuterated water (D,O) to animals from days 9 to 24 of the study to distinguish newly synthesized col-
lagen during the course of the study (i.e., deuterated hydroxyproline) from preexisting collagen already
deposited before the onset of fibrosis (20). Consistent with the increased collagen staining observed
by immunofluorescence, deuterated (“new”) hydroxyproline was significantly increased in lungs from
SPC-Taz.KO mice compared with control mice (Figure 6B). These data suggest that TAZ deficiency in
AEC2s compromises AEC2-to-AEC1 differentiation during epithelial repair, resulting in more severe
fibrosis after acute bleomycin-induced lung injury.

During homeostasis, AEC1s are slowly regenerated from a rare subpopulation of AEC2s that
is maintained by constitutive Wnt signaling (19). To investigate the role of TAZ in alveolar renew-
al during homeostasis, we examined the lungs from untreated SPC-WT-Tm and SPC-Taz.KO-Tm
mice 3 months after tamoxifen induction. We did not observe significant differences in the percent-
ages of renewal foci (Figure 6, C and D) nor in overall alveolar architecture in these uninjured lungs.
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https://doi.org/10.1172/jci.insight.128674

A

Untreated

Bleomycin

SPC-WT-Tm

RESEARCH ARTICLE

SPC-Taz.KO-Tm B oo D
_ 6+
2 804 3 NS
o >
S _ s —
% £ 607 PE e o
S 2 2 ==
5O © %
>= 40 £
T S _J)_
: S 2
zZ 204 *
Q= 0 T
& «®
& ©
&«
WT SPC-Taz.KO °
3

C SPC-WT-Tm

3 months after Tmx

Figure 6. Fibrosis is increased in TAZ-deficient mice in response to bleomycin injury in regions with defective epithelial repair. (A) FL images show
mouse lungs examined untreated or 22 days after bleomycin delivery. Lungs were immunostained for RAGE (AECT) and collagen I. Arrows indicate fibrotic
lesions with dense collagen deposition. Close-up images show more extensive alveolar epithelial loss (yellow polygons) in SPC-Taz.KO-Tm mouse lungs.
(B) Deuterated hydroxyproline levels (mean + SD) were measured as an indicator of newly synthesized collagen. **P < 0.01 (1-way ANOVA with Tukey's
test); n = 5 mice (each saline group); n = 15 mice (WT, BLM); n = 11 mice (SPC-Taz.KO, BLM). (C and D) SPC-WT-Tm and SPC-Taz.KO-Tm mice were examined
3 months after tamoxifen (Tmx) induction. Lungs were immunostained for RAGE and AEC2 lineage trace was indicated by tdTomato*. Circles delineate
newly regenerated alveoli, identified by squamous AEC1s expressing AEC2 lineage tracer (tdTomato*). High-magnification insets show comparable mor-
phologies of newly regenerated AECTs in these two strains. (D) Quantification shows the percentage (mean + SD) of newly regenerated alveoli in SPC-WT-
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tests). Scale bars: 0.5 mm (A); 100 um (A, enlarged); 30 um (C).

insight.jci.org

Morphologically, newly regenerated AEC1s in SPC-Taz.KO-Tm mice were similar to those seen in WT
mice, with a fully elongated structure (Figure 6C, close-up). These data suggest that TAZ is dispensable
during normal lung homeostasis.

Soluble RAGE (sRAGE) is expressed predominantly by AEC1s and is detectable in peripheral
blood. In patients with IPF, plasma sRAGE levels are decreased relative to controls (21) and may
reflect AEC1 health integrated across total lung tissue. We assessed plasma sRAGE in healthy con-
trols and a subset of IPF patients enrolled in the placebo arm of the ASCEND study (ref. 22 and
Supplemental Table 1). Baseline plasma sRAGE levels were significantly lower in IPF patients than
in controls (Figure 7A), and among IPF patients, they were significantly lower in those that experi-
enced disease progression in the subsequent year than those that did not progress (Figure 7B). Plasma
SRAGE levels decreased to a greater degree over 6 months in patients that progressed within a 1-year
time frame compared with nonprogressors (Figure 7C). While indirect, these observations suggest that
compromised AEC] integrity, as reflected in decreased plasma sRAGE, which may be a consequence
of deficient repair in response to injury, is prognostic for disease progression in IPF patients.
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Figure 7. Decreased blood levels of RAGE were associated with more rapid disease progression in IPF patients. (A)
Soluble RAGE levels in plasma from IPF patients and healthy controls. (B) Plasma sRAGE at baseline in IPF patients,
dichotomized by disease progression (defined as loss of >10% predicted forced vital capacity [FVC] or death) from
baseline to 1year of follow-up. (C) Change in plasma sRAGE levels from baseline to 6 months in IPF progressors and
nonprogressors. Statistical significance between the groups was determined by Wilcoxon rank sum test. BL, baseline.

Discussion

YAP and TAZ play important roles in embryonic development, homeostasis, tissue regeneration,
and tumorigenesis. In particular, their activities are induced transiently upon tissue injury, which can
expand progenitor cells, guide stem cell differentiation, and facilitate repair (23-27). Our study shows
that TAZ is directly involved in AEC2-to-AEC1 differentiation upon alveolar epithelial injury. YAP/
TAZ have been described as key transcription factors responding to mechanical stress, including cell
shape and surrounding ECM stiffness. YAP/TAZ become activated (nuclear localization) when cells
are at a high mechanosignaling level, e.g., growing on a rigid matrix, but remain inactive when cells
are rounded and attached to a soft ECM (28). Likewise, AEC2s spontaneously differentiate to AEC1s
when cultured on a stiff surface (11); while to maintain AEC2 fate, cells must be grown on a soft
surface (i.e., Matrigel; ref. 29). We speculate that in vivo mechanical stress might serve as a cue for
AEC2-to-AECI differentiation during repair. Interestingly, although YAP-deficient mice are embry-
onic lethal (30), TAZ-KO mice survive embryogenesis but display enlargement of the alveolar spaces
across the entire lung, suggesting that TAZ may also be involved in alveolarization during develop-
ment (31). Mechanical forces generated by fetal breathing are essential for AEC1 differentiation at the
lung sacculation stage (32), and a recent study connected YAP/TAZ to AEC1 differentiation during
lung development (33). Therefore, it is tempting to speculate that AEC1 regeneration might employ a
similar mechanical stress mechanism through the YAP/TAZ pathway during both embryonic develop-
ment and injury repair processes in adult lungs.

Recent studies showed that local Wnt signaling creates a stemness niche for AEC2 progenitor cells
during homeostasis (19, 34). After injury, Wnt signals are induced to expand the AEC2 progenitor pop-
ulation, recruiting additional AEC2s to serve as progenitors. Wnt signals help AEC2s to maintain their
stem cell plasticity; after proliferation and movement away from the paracrine Wnt source, AEC2s can
differentiate into AEC1s (19, 34). Our data suggest that the loss of a Wnt signal is insufficient to lead to the
full differentiation of AEC2s, which also requires TAZ activity in vitro and in response to injury in vivo. In
a parallel context, while Wnt plays a crucial role in intestinal homeostasis, YAP is transiently upregulated
upon injury and suppresses Wnt signaling. In this way, YAP inhibits the Wnt-driven homeostatic program
and promotes the repair program by regulating ISC proliferation and differentiation (35-37). Although the
precise molecular mechanisms whereby YAP/TAZ negatively regulate Wnt activity remain unclear, multi-
ple models have been proposed (15, 35, 38). Cytoplasmic YAP/TAZ can limit the activity of Wnt signaling
either by interacting with disheveled (DVL) or B-catenin (35, 38, 39). YAP/TAZ can also associate with the
destruction complex, which is involved in the degradation of p-catenin and TAZ itself (15, 16). Intriguing-
ly, we observed TAZ cytoplasmic expression in sporadic TAZ* AEC2s after lung injury (Figure 5B, inset).
While our experimental system is insufficient to identify the precise mechanism, those cells may be in the
process of differentiation by switching off the Wnt signal and turning on the TAZ signal.
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YAP has been shown to be dispensable in normal gut homeostasis, while it is necessary during
intestinal epithelial repair after injury (36). Likewise, our study shows that TAZ is dispensable for
normal adult lung homeostasis in the absence of injury. Upon injury, normally quiescent AEC2s are
recruited to act as progenitor cells to replace the lost alveolar epithelium (19). Unlike rare AEC2 stem
cells during homeostasis, which depend on a fibroblast-supplied Wnt niche, these cells quickly activate
autocrine Wnt activities through as-yet poorly understood mechanisms. We postulate that, along with
this Wnt signal, TAZ plays an essential role for alveolar regeneration in these AEC2s by mediating the
switch to AEC1 fate after proliferation. The fine tuning of these two signaling pathways helps AEC2s
to proliferate and differentiate sequentially, which ultimately restores the complex tissue architecture
of the alveolar epithelium.

Following the initial submission of this manuscript, a study implicating YAP and TAZ in alveolar
repair after acute Streptococcus pneumoniae infection was published (40). Similar to our findings, that
study showed that inadequate alveolar repair after acute injury contributed to increased fibrogenesis;
in contrast to our findings, alveolar repair in the S pneumoniae model was dependent on both YAP and
TAZ expression. Another recent study using a Pseudomonas aeruginosa acute infection model suggested
a role for Dlk-1 in downregulating Notch signaling to promote AEC2-AEC1 differentiation (41). Thus,
multiple developmental pathways, including Wnt, Hippo, and Notch, work together to mediate tissue
repair after alveolar injury. Previous studies examining the role of Wnt signaling in alveolar repair (19,
34, 42) used lineage-specific genetic ablation or viral infection to induce alveolar injury. Further mech-
anistic studies in these and other models are needed to reconcile the precise requirements for compo-
nents of each pathway in space and time. In humans with IPF, evidence for increased YAP activity in
cross-talk with mTOR/PI3K/AKT pathways has been suggested in alveolar epithelial cells (43). Other
studies have suggested that YAP activation may contribute to increased activation of myofibroblasts
(44), which, coupled with our observations and these other mechanistic studies, suggests that a proper
balance, sequencing, and cell-type specificity of Wnt and Hippo pathway activity may be necessary to
promote appropriate alveolar epithelial regeneration. Nevertheless, the generalizability of the obser-
vations across markedly different models suggests the fundamental nature of these pathways in tissue
repair and increases the likelihood that these models are translatable to human diseases such as IPF,
acute respiratory distress syndrome (ARDS), and emphysema.

Humans with IPF exhibit decreased expression of RAGE, an AEC1 marker, in lung tissue (45),
and have decreased levels of SRAGE in peripheral blood compared with healthy controls (21). We con-
firmed that IPF patients have decreased systemic SRAGE levels compared with controls and further
showed that decreasing SRAGE levels over 6 months correspond to an increased rate of lung function
decline over 1 year (Figure 7). In contrast to IPF, which has chronic low-level alveolar epithelial injury
and insufficient repair over a long time period, acute lung injury (ALI) and ARDS present with mas-
sive epithelial injury that can progress to death within days to weeks. Blood sSRAGE levels are elevated
in ARDS patients and associated with a poor prognosis (46), and a short-term spike in SRAGE after
injury resolves upon ALI resolution in an animal model (47). Taken together, these observations sug-
gest that while steady-state blood sRAGE levels may reflect overall AEC1 health, acute injury and
massive AEC1 death may result in the release of significant quantities of sSRAGE into the systemic
circulation. On the other hand, the decreased levels of serum sRAGE in IPF are likely to reflect
chronic low-level injury and inability to repair alveolar epithelium, hence the levels of this biomarker
must be interpreted in specific disease contexts (48). Taken together, our observations of decreased
SRAGE in IPF associated with disease progression are consistent with IPF representing a condition of
a chronically inadequate capacity to regenerate alveolar epithelium, which predisposes to an excessive
interstitial fibrotic response.

We observed exacerbated fibrosis resulting from inadequate repair of lung alveolar epithelial injury.
This provides a key mechanistic link between the loss of alveolar epithelial regenerative capacity and
fibrogenesis. Our study adds to an emerging body of work characterizing the importance of develop-
mental pathways, including Wnt, Notch, and Hippo, in adult lung epithelial repair and regeneration
after injury. Future studies elucidating the cross-talk between these mechanisms may have therapeutic
implications for interstitial lung disorders, such as IPF, ARDS, and emphysema, by enabling interven-
tions that promote proper alveolar epithelial regeneration to reestablish intact tissue architecture.
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Methods

Animals. SPC-CreERT2; Rosa-Isl-tdTomato (SPC-WT-Tm) mice were provided by Brigid Hogan (Duke Uni-
versity, Durham, North Carolina) (8). This strain was bred to 7az"" mice (made at Genentech) to generate
SPC-CreERT2; Taz""; Rosa-Isl-tdTomato (SPC-Taz. KO-Tm) mice. Induction of CreERT?2 alleles was done by
1.p. injecting 80 mg/kg tamoxifen (T5648; MilliporeSigma) in sunflower seed oil (S5007-1L; MilliporeSigma)
for 5 consecutive days. Subsequent studies were initiated at least 1 week after the completion of tamoxifen treat-
ment. Ctnnb1"" (catalog 004152) and C57BL/6 (C57B6, as WT) mice were both from The Jackson Laboratory.

Lung cell isolation and AEC2 sorting. Lung cells were isolated following a previously published protocol
with minor modifications (49). Tissues were disrupted and single cells were collected after lungs were
inflated and digested with a protease solution cocktail (5 U/mL dispase, 450 U/mL collagenase type I, 4
U/mL elastase, and 0.33 U/mL DNase I in DMEM/F12; ref. 49) for 45 minutes at 37°C with frequent
agitation. Cells were then washed by DMEM with 10% FBS (Invitrogen) and resuspended in ACK lysis
buffer for 3 minutes to lyse red blood cells. For samples without the lineage-tracing marker (from Ctnnb1"1,
Cre™ Rosa-Isl-tdTomato, or C57B6 mice), cells were first resuspended in DMEM plus 10% FBS containing
LysoTracker Green DND-26 (50 nM, L7526; Invitrogen) at 37°C for 45 minutes (17). After washing, cells
were blocked by purified rat anti-mouse CD16/CD32 antibody (553142; BD Biosciences) and stained with
antibodies for CD45 (17-0451-82, eBioscience), EpCAM (11-5791-82, eBioscience). AEC2s were sorted on
a BD FACSAuria Fusion cell sorter (BD Biosciences), based on the following markers: CD45~, EpCAM*,
Lysotracker®, or tdTomato*. Data were analyzed by Flowjo software.

AEC 3D organoid culture. AEC organoid culture was performed by following a previously published pro-
tocol with minor modifications (8). Sorted AEC2s were mixed with NHLFs (CC-2512; Lonza Walkersville
Inc.) at a 1:10 ratio. The cells were resuspended in a prechilled 1:1 mixture of mouse tracheal epithelial cells
(MTEC)/Plus medium (50) and growth factor-reduced Matrigel (356231; BD Biosciences). 10* AEC2s and
10° NHLF cells were placed in 90 uLL mixed media in a 24-well 0.4-um Transwell insert (3470; Costar). 500
uL. MTEC/Plus media was added to the lower chamber, with the following compounds added at 10 pM
at the beginning of the culture when indicated: IWR-1 (3532, R&D Systems); PJ-34 (P4365), PNU-74654
(P0052); IWR-1-ex0 (3947, R&D Systems); XAV939 (X3004); and JW55 (SML0630). All compounds other
than IWR-1 and IWR-1-exo were from MilliporeSigma. Media were changed every other day. We deter-
mined that a ROCK inhibitor (Y-27632) was not required in this culture, and therefore it was not added.

Adenovirus Cre—mediated gene deletion in the organoid culture. Adenovirus expressing Cre recombinase
(Ad-CMV-iCre, 1045, Vector Biolabs) or control (catalog 1240) was diluted and mixed with AEC2s and
NHLF cells at MOI = 3 (e.g., 3 X 10° PFU per insert) and plated into Transwell inserts at the beginning of
the culture. No virus was added in the lower chamber.

Cell isolation and staining from organoid culture. Spheroids were dissociated from Matrigel after treatment
with 1 mL dispase solution (5 U/mL, 354235; Corning) in DMEM/F12 (1:1) media at 37°C for 30 min-
utes. After washing with PBS, cells were incubated in 0.05% Trypsin-EDTA (25300, Gibco) for 10 minutes
at 37°C to create a single-cell suspension. Cells were then washed and stained for EpCAM. For intracellular
staining, the BD Cytofix/Cytoperm Fixation/Permeabilization Solution kit was used (554714; BD Biosci-
ences). Following the manufacturer’s recommendations, cells were stained intracellularly with an antibody
for B-catenin (50-2567-42; eBiosciences) after fixation and permeabilization. FACS was performed on a BD
LSR II flow cytometer (BD Biosciences), and data were analyzed by FlowJo software.

EAU labeling and flow cytometry. AEC organoid cultures were treated with either control or IWR-1 as
before. At day 6, cultures were pulsed with 10 uM EdU for 2 hours. Cells were collected and stained fol-
lowing manufacturer’s recommendations (c10419, Molecular Probes). The percentages of EdU™" cells were
calculated based on the total tdTomato* cells harvested.

RNA isolation and quantitative RT-PCR from organoid culture. RNA was isolated from the organoid
culture immediately after spheroids were dissociated from Matrigel by dispase (see above), using the
RNeasy Mini Kit (74106; Qiagen). Gene expression levels were quantified by RT-qPCR using Tagman
RNA-to-C, 1-Step Kit (4392938, Applied Biosystems). The reactions were run on a QuantStudio 6 Flex
Real-Time PCR System (Thermo Fisher). Threshold cycle values (Ct) were normalized to a housekeep-
ing gene, GAPDH (ACT). The relative gene expression levels of the 2 cell types (AEC2 vs. AEC1) were
calculated by the 22T method. The following Tagman gene expression assay kits from Applied Bio-
systems were used: Hopx (Mm00558630_m1), Spc (Mm00488144_m1), Pdpn ( Mm01348912_g1), Aqp5
(Mm00437579_m1), Taz Mm01289581_g1), and Gapdh mouse (4352661).
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Whole-spheroid culture and immunostaining. To perform the whole-spheroid immunostaining, the organ-
oid culture conditions were modified. Three thousand AEC2s and 30,000 NHLF cells were seeded in 30 uL
100% Matrigel per Transwell insert and cultured as described above. After culturing, inserts were removed
and washed with PBS and fixed with 4% paraformaldehyde for 2 hours at room temperature. The bottoms
of the inserts were removed with a blade, and the solidified Matrigel was released from the Transwell
inserts. The solidified gel was washed with PBS and blocked and permeabilized with PBS plus 0.5% Triton
X-100 plus 5% donkey serum (PTS) for 2 hours at room temperature. Primary and secondary antibodies
were used sequentially to immunostain the gel at 4°C for overnight each time. The gel was washed 3 times
with PBS plus 0.5%Triton X-100 (2 hours each wash) at room temperature after each staining step. To
mount the Matrigel, adhesive tape was used to raise the edge of the glass slide to create a space between the
slide and the cover glass. The gel was then placed in the middle of the slide and Fluoromount-G (0100-01;
SouthernBiotech) was used as the mounting media.

AEC2 culture on tissue culture treated plates. Sorted AEC2s (>95% purity) were directly cultured in 8-well
cell culture—treated chamber slides (154534, Labtek) in DMEM media with 10% FBS. 10° cells in 300 pL
media were used per well, in the presence of 10 uM IWR-1 when indicated. Media were changed every
other day. The cells were cultured for 5 days before imaging analysis.

Genomic DNA isolation from sorted AEC2s and quantitative PCR. Genomic DNA was isolated from sorted
AEC2s using the DNeasy Blood & Tissue Kit (69506; Qiagen). 7az DNA levels were quantified by gPCR
using Tagman Copy Number Assays (Applied Biosystems). Threshold cycle values (Ct) were normalized
to an internal reference, Tert (ACT). The genomic DNA levels were calculated by the 22T method. The
following Tagman assays from Applied Biosystems were used: 7az (Mm00551695_cn) and Tert (4458373).

Lung sections. After mice were euthanized, lungs and trachea were removed. Lung lobes were inflated and
fixed with 4% paraformaldehyde overnight at 4°C. Afterward, lungs were submerged in 15% and 30% sucrose
at 4°C overnight sequentially for cryoprotection, before embedding in Tissue Freezing Medium (TFM-5;
General Data Company). Frozen tissues were cryosectioned (12 pm) using a Cryostat (Leica CM3050S).

Lineage-tracing and cell analysis. To examine TAZ* and Ki67* tdTomato* AEC2s, 12-um Z-stacked imag-
es were captured in random fields with a x40 objective (Leica PL. APO CS x40) and a x20 objective (Leica
PL APO CS x20), respectively. The percentages of positively stained cells were calculated and averaged.
Lung alveoli were quantified by scoring forty 12-um Z-stacked random fields. Newly regenerated alveoli
were determined by the presence of AEC2-traced (tdTomato*) AECls in the alveoli. The percentage of
new alveoli in each image was calculated and plotted.

Microscopy. Images with a Z-stack of multiple optical sections were captured on a Leica TCS SPE spec-
tral confocal microscope. Images were processed and analyzed by ImageJ (NIH). Cells in the all Z-planes
were counted by the manual cell counter function in ImagelJ. The organoid whole plate culture images and
lung lobe images were captured on a Nikon Ti-E Perfect Focus inverted microscope. Large images were
generated by automatically stitching multiple adjacent frames from a multipoint acquisition using a motor-
ized stage. Images were analyzed by ImagelJ software (NIH).

Imaging antibodies. The following primary antibodies were used in immunostaining against various anti-
gens: pro-SPC (sc-7706; Santa Cruz Biotechnology), HOPX (sc-30216; Santa Cruz Biotechnology), PDPN
(14-5381-85; eBioscience), AQP5 (178615; Calbiochem), Ki67 (ab16667; Abcam), RAGE (MAB1179;
R&D Systems), Collagen I (ab34710; Abcam), YAP1 (14074S; Cell Signaling), TAZ (HPA007415; Milli-
poreSigma). Primary antibodies (1:100) were detected by Alexa Fluor-labeled Donkey secondary antibod-
ies (1:500; Invitrogen) with Hoechst 33342 (1:1000, H3570; Invitrogen, 1:1000).

Bleomycin administration, deuterated water labeling, and hydroxyproline measurement. Adult mice (older
than 12 weeks) were randomized based on their weights before the study to minimize variance between
experimental and control groups. For i.t. dosing, all mice were lightly anesthetized with isoflurane
in an induction chamber. Once anesthetized, the animals were removed from the chamber, manually
restrained, the mouth of the animal was opened and the tongue set aside. A 1-mL syringe with 50 pL
sterile injectable isotonic saline or bleomycin (0.70 U/kg, DNC 0703-3155-01; TEVA) in 50 pL sterile
isotonic saline) was connected to a 24-gauge gavage needle. The gavage needle was inserted into the tra-
chea and a dose of either vehicle or bleomycin was delivered i.t. After delivery, animals were monitored
continuously until fully awake and ambulatory.

Deuterated water labeling was used previously to assess the new collagen synthesis in bleomycin studies
(20). In our studies, the labeling was started at day 9 after bleomycin delivery (51), by i.p. injecting deuterated
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water (DLM-4-99.8-1000; Cambridge Isotope Laboratories) 35 mL/kg in 2 divided doses 4 hours apart.
Afterward, 8% deuterated water in drinking water was provided ad lib in a water bottle until the end of the study.

Deuterated water incorporation into hydroxyproline was analyzed as described previously (52). Mass
spectrometry and analysis were performed by Metabolic Solutions. New hydroxyproline content was
expressed as pg per lung.

Analysis of human samples. For human plasma samples, IPF patients described in this study are a subset
of the ASCEND study and are reported in detail previously (53). For measuring circulating sSRAGE levels,
residual EDTA anticoagulated plasma available from a subset of the placebo arm of the ASCEND cohort
was used. Specifically, to pick progressors, we included all patients from the placebo arm, where residual
sample was available AND the patient showed substantial disease progression, as defined by either death
or reduction in percent-predicted forced vital capacity by 10 units or more between baseline to 12 months
of follow-up. To pick an equivalent number of nonprogressors, we sampled randomly from the remaining
patients in the placebo arm that did not meet the progressor definition. Age- and sex-matched nondiseased
control samples were procured commercially (BioIVT). For plasma sRAGE measurement, sSRAGE was
measured from plasma using a Luminex kit from R&D Systems, with methods optimized from manufac-
turer’s recommendations.

Statistics. Data are expressed as the mean = SEM. All experiments were repeated 2 or more times. No
animals were excluded from analysis in any experiment. Data and statistical analyses were done with Prism
7 (GraphPad Software). Variable differences between experimental and control groups were assessed using
the 2-tailed Student’s ¢ tests. One-way ANOVA followed by Tukey’s test was used for multiple-comparisons.
A P value less than 0.05 was considered significant. Biological replicates were conducted using different
animals that were sex- and age-matched when comparing among different groups.

Study approval. All animal experiments were approved by the Institutional Animal Care and Use Com-
mittee at Genentech Inc. The ASCEND study was approved by independent ethics committees and institu-
tional review boards (see Supplemental Appendix A of ref. 53 for the names of the institutions that provided
approval) and by InterMune Inc. or designees. Written informed consent was given for biomarker analysis.
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