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Claudins, the integral tight junction (TJ) proteins that regulate paracellular permeability and cell polarity, are frequently
dysregulated in cancer; however, their role in neoplastic progression is unclear. Here, we demonstrated that knockout of
Cldn18, a claudin family member highly expressed in lung alveolar epithelium, leads to lung enlargement, parenchymal
expansion, increased abundance and proliferation of known distal lung progenitors, the alveolar epithelial type Il (AT2)
cells, activation of Yes-associated protein (YAP), increased organ size, and tumorigenesis in mice. Inhibition of YAP

decreased proliferation and colony-forming efficiency (CFE) of Cldn18~~ AT2 cells and prevented increased lung size,
while CLDN18 overexpression decreased YAP nuclear localization, cell proliferation, CFE, and YAP transcriptional
activity. CLDN18 and YAP interacted and colocalized at cell-cell contacts, while loss of CLDN18 decreased YAP
interaction with Hippo kinases p-LATS1/2. Additionally, Cldn18~~ mice had increased propensity to develop lung

adenocarcinomas (LuAd) with age, and human LuAd showed stage-dependent reduction of CLDN18.1. These results
establish CLDN18 as a regulator of YAP activity that serves to restrict organ size, progenitor cell proliferation, and
tumorigenesis, and suggest a mechanism whereby TJ disruption may promote progenitor proliferation to enhance repair
following injury.
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Introduction

Apical junctional complexes (AJCs) in polarized epithelia are com-
posed of adherens junctions (AJs) and tight junctions (TJs) (1, 2)
that mediate intercellular adhesion and paracellular permeability
to ions and solutes, respectively. TJs, the most apical component
of AJCs, are composed of integral membrane proteins (3, 4) linked
to the actin cytoskeleton via accessory proteins (5). Claudins are
a family of integral membrane proteins essential for T] forma-
tion and integrity (3, 6-8). Unique permeability properties of vari-
ous epithelia are determined by cell-specific patterns of claudin
expression. Targeted deletions in mice as well as human mutations
have revealed novel tissue-specific biological functions of claudins
in several organs including kidney (9, 10), skin (11), ear (12), and
peripheral nervous system (13). Interestingly, mice with knockout
of Cldnl5 demonstrated an unexpected phenotype of upper small
intestine enlargement (megaintestine) and increased crypt cell
proliferation without evidence of inflammation (14). Both up- and
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Claudins, the integral tight junction (T)) proteins that regulate paracellular permeability and cell polarity, are frequently
dysregulated in cancer; however, their role in neoplastic progression is unclear. Here, we demonstrated that knockout of
Cldn18, a claudin family member highly expressed in lung alveolar epithelium, leads to lung enlargement, parenchymal
expansion, increased abundance and proliferation of known distal lung progenitors, the alveolar epithelial type Il (AT2) cells,
activation of Yes-associated protein (YAP), increased organ size, and tumorigenesis in mice. Inhibition of YAP decreased
proliferation and colony-forming efficiency (CFE) of Cldn18~/- AT2 cells and prevented increased lung size, while CLDN18
overexpression decreased YAP nuclear localization, cell proliferation, CFE, and YAP transcriptional activity. CLDN18 and YAP
interacted and colocalized at cell-cell contacts, while loss of CLDN18 decreased YAP interaction with Hippo kinases p-LATS1/2.
Additionally, Cldn18~- mice had increased propensity to develop lung adenocarcinomas (LuAd) with age, and human LuAd
showed stage-dependent reduction of CLDN18.1. These results establish CLDN18 as a regulator of YAP activity that serves
to restrict organ size, progenitor cell proliferation, and tumorigenesis, and suggest a mechanism whereby T} disruption may
promote progenitor proliferation to enhance repair following injury.

downregulation of claudin expression have been observed in a
number of cancers, although how these changes contribute to car-
cinogenesis and/or neoplastic progression remains controversial
(15-18). These studies suggest that, in addition to traditional roles
in regulating epithelial barrier function and polarity, claudins also
regulate cell functions such as proliferation that might contribute
to tumorigenesis.

CLDN18 is one of the most highly expressed claudin family
members in lung alveolar epithelium (19, 20). It is expressed at
low levels in airway epithelium and is not expressed in lung endo-
thelium (21). Cldn18 has 2 promoters, each with a unique exon
1 spliced to common exons 2 through 5. Alternative promoter
usage leads to production of lung- and stomach-specific isoforms
(22). Deletion of the stomach-specific Cldn18.2 isoform in mice
leads to loss of TJ strands and increased paracellular H* leakage
in the stomach, resulting in atrophic gastritis and metaplasia but
without evidence of tumor formation (23). Recently generated
Cldn187~ mice with deletion of both isoforms showed increased
lung permeability to ions and solutes, consistent with known roles
of claudins in regulation of barrier function (24, 25).

The conserved Hippo signaling pathway is a key regulator of
organ size, stem/progenitor cell function, and tumorigenesis that
exerts opposing effects on cell proliferation and apoptosis by con-
trolling cellular localization of the downstream transcriptional
coactivator Yes-associated protein (YAP) (26, 27). Cellular local-
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ization of YAP is determined by activity of the core Hippo kinases
mammalian sterile 20-like 1/2 (MST1/2) and large tumor suppres-
sor homolog 1/2 (LATS1/2), which phosphorylate YAP on serine
residues leading to its cytoplasmic retention by 14-3-3 proteins and
proteasomal degradation (26, 28). Dephosphorylated YAP translo-
cates to the nucleus where it functions as a transcriptional coacti-
vator of target genes (29) primarily via interactions with transcrip-
tion enhancer factors 1-4 (TEF/TEAD 1-4) (30). Uncontrolled YAP
activation leads to tissue overgrowth (31, 32), while increased YAP
activity has been demonstrated in several cancers including lung
adenocarcinoma (LuAd) (33, 34). YAP localization and activity are
also regulated through interactions with membrane-associated
proteins important for maintenance of cell polarity (e.g., Crb3 [ref.
35] and angiomotins [AMOTs] [refs. 36, 37]) and cell-cell contact
(e.g., E-cadherin and a-catenin [refs. 38-40]) in both a Hippo-
dependent and -independent manner.

Stem/progenitor cell populations in adult lung have been iden-
tified in region-specific niches along a proximal-distal axis, func-
tioning as facultative progenitors that become activated for respira-
tory epithelial repair following injury (41-43). AT2 cells have been
identified as progenitors of distal lung epithelium (44, 45) that
are relatively quiescent under physiological conditions, becoming
activated following injury. Molecular mechanisms that maintain
homeostasis or activate endogenous lung stem/progenitor cells to
promote adult lung repair are not yet well defined. In particular, a
role for sites of cell-cell contact in modulating signals to regulate
lung progenitor cell function has not been previously explored.
We report in this study that, in addition to previously reported
increases in lung epithelial permeability to ions and solutes,
Cldn187 mice show enlargement of lung, stomach, and kidney,
sites of CLDN18 expression. Lung parenchyma in Cldnl87- mice
is expanded with increased abundance and proliferation of AT2
cells together with activation of YAP signaling. Inhibition of YAP
and overexpression of CLDN18 inhibit AT2 cell proliferation and
progenitor capacity. Interestingly, aged Cldnl87- mice showed
increased propensity to develop LuAd, with stage-specific down-
regulation of CLDNI8 in human LuAd. These results identify
CLDN18 as a potentially novel regulator of YAP activity that acts to
restrict progenitor cell proliferation and suggest a tumor suppres-
sor role for CLDN18. Furthermore, since TJs become established
during normal tissue morphogenesis and are frequently disrupted
following injury, they suggest a mechanism whereby extracellu-
lar signals are transduced from sites of cell-cell contact to control
organ size during development and regulate stem/progenitor cell
proliferation and expansion following injury.

Results

Loss of Cldnl8 causes hypercellularity and increased organ size. We
previously generated mice with total knockout of Cldn18 (24). In
addition to alterations in epithelial permeability and ion trans-
port, we observed increased lung cellularity from embryonic day
18 (E18) onward (Figure 1A and Supplemental Figure 1A; supple-
mental material available online with this article; https://doi.
0rg/10.1172/JC190429DS1) with areas of more marked alveo-
lar wall hypercellularity (Figure 1A), as well as airspace enlarge-
ment (Figure 1A and Supplemental Figure 1, A and B) as previ-
ously reported (25). Lungs of Cldnl87 mice are visibly enlarged
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(Figure 1B) with unchanged body size and weight (Supplemental
Figure 2, A and B). Further characterization revealed increased
lung dry weight relative to body weight (Figure 1C) and increased
lung volume (Figure 1D) with unchanged compliance. Micro-
computerized tomographic (micro-CT) imaging shows lung
enlargement with significantly expanded parenchyma (Figure
1E and Supplemental Table 1). Examination of other CLDN18-
expressing organs (Supplemental Figure 3A; see complete uned-
ited blots in the supplemental material) revealed visible enlarge-
ment of stomach, duodenum, and kidney (Supplemental Figure
3, B and C). The size of non-CLDN18-expressing organs (Supple-
mental Figure 3D) was similar between WT and Cldn18” mice at
2 months of age, with progressive enlargement of spleen, heart,
and liver with increased age in Cldn187- mice (data not shown),
perhaps due to circulatory changes accompanying increased lung
size. Consistent with the visible increase in stomach size, gastric
mucosal thickness was increased in Cldn187- compared with WT
mice (Supplemental Figure 4, A and B).

Loss of Cldnl8 leads to expansion of distal lung epithelial pro-
genitors. Organ enlargement is known to result from dysregu-
lated progenitor cell homeostasis (26, 46). AT2 cells, identified
by expression of NK2 homeobox 1 (NKX2-1) (Figure 1, F and G)
and surfactant protein C (SFTPC) (Figure 1, H and I) in the alve-
olar compartment, are significantly increased (41.6% * 3.9% vs.
21.9% + 0.4% and 30.3% * 1.1% vs. 13.9% * 1.1% of total cells,
respectively) in lungs of Cldn187- mice versus WT mice. In addi-
tion, numbers of AT2 cells isolated from Cldni8”/ mice are sig-
nificantly greater than from WT lungs (3.3 £ 0.2 x 10°¢ vs. 2.5 *
0.2 x 10¢ cells, respectively, Figure 1), with unchanged cell size
(Supplemental Figure 5). Furthermore, SFTPC protein is signifi-
cantly increased in Cldn18”/lungs (Supplemental Figure 6, A and
B) with a decrease in alveolar epithelial type I (AT1) cell mark-
ers compared with WT lung (Supplemental Figure 6, C and D),
suggesting that increased AT2 cell number underlies parenchy-
mal expansion in Cldnl8”/ mice. We also generated mice with
tamoxifen-inducible AT2 cell-specific deletion of CldnI8 by cross-
ing Sftpc/R12, Cldn18"#, and ROSA™ ™ mice, resulting in mice
with the genotype Sfipc”EX1%;Cldn18"f;ROSA”™ in which AT2
cells are labeled with a Tomato (Tm) fluorescent reporter. Admin-
istration of tamoxifen (Tmx) resulted in an approximately 70%
reduction in Cldnl8 expression in isolated AT2 cells (Supplemen-
tal Figure 7A). Following Tmx treatment, Tm* AT2 cells increased
approximately 1.6-fold in Sftpc”E8%Cldn18";ROSA ™™ (14.3% *
0.89%) compared with control Sfipc”ER"”ZROSAY™ (9.2% *+ 1.2
%) mice (Supplemental Figure 7B). AT2 cell expansion in mice
with both ubiquitous and AT2 cell-specific knockout of Cldnl8
suggests a potentially novel role for this T] protein in regulating
lung epithelial stem/progenitor cell homeostasis and indicates
that effects are epithelial cell specific.

Loss of Cldn18 increases lung AT2 cell proliferation in vivo. Rep-
resentative images (Figure 2, A and C) and quantification (Figure
2, B and D) show increased numbers of EAU*/NKX2-1* cells at E18
(11.6% * 1.3% vs. 4.6% * 0.7%) and 3 weeks postnatally (9.0% *
0.8% vs. 2.5% * 0.5%) in Cldn18”- versus WT lungs. Flow cytom-
etry of AT2 cells isolated from Cldn18/- and WT mice show an
approximately 5-fold increase in the percentage of AT2 cells in S
and G2/M phase (5.4% * 0.9% vs. 1.6% * 0.3% and 5.2% * 0.5%
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Figure 1. Increased cellularity, alveolar epithelial type Il (AT2) cell abundance, and parenchymal expansion in Cldn18~- mice. (A) H&E staining shows
increased cellularity in Cldn18~- lungs (age 1 month) with variability among mice (middle and right panels). Scale bar: 50 um. n > 7 each genotype. (B)
Lungs of Cldn18~- mice (age 3 weeks) are enlarged. Representative of 3 mice for each genotype. (C) Lung dry weight/body weight (BW) ratios of Cldn18-/-
mice are increased. n > 33 mice of each genotype, age 5-9 months. Bar graphs represent means + SEM. Unpaired 2-tailed t test. *P < 0.05. (D) Pressure-
volume curves show increased lung volume in C/dn18~- mice with unchanged compliance. Each data point represents the mean + SEM of 3 mice of each
genotype, age 7-8 months. Two-way ANOVA with Bonferroni's correction. *P < 0.05 for Cldn18~/- versus WT lungs at zero pressure. (E) Left panel (whole
lung): Texture-based volume rendering shows lung enlargement in Cldn18~- mice. Right panel (alveoli): High-resolution CT shows increased parenchymal
thickness in Cldn187- mice. Representative of 3 mice for each genotype. (F and G) Representative immunofluorescence and quantification show increased
numbers of NKX2-1* cells (pink) in Cldn18~/- versus WT mice. Nuclei labeled with DAPI (blue). n = 3 age-matched mice of each genotype, age 2-9 months.
Unpaired 2-tailed t test. *P < 0.05. Scale bars: 50 pm. Representative immunofluorescence (H) and quantification (I) show increased numbers of SFTPC*
cells (green) in Cldn18~- versus WT mice. Nuclei labeled with DAPI (blue). n = 3 age-matched mice of each genotype. Unpaired 2-tailed t test. *P < 0.05.

Scale bars: 50 um. (J) AT2 cell yield is increased in C/dn18~- mice. n = 10 mice per group with 8 independent cell isolations. Unpaired 2-tailed t test.

*P < 0.05. Bar graphs represent the mean + SEM for C, G, I, and J.

vs. 1.2% * 0.3%, respectively) (Figure 2, E and F). TUNEL assay
shows low levels of apoptosis in both Cldn187/- and WT mice (0.2%
vs. 0.1%, respectively) (Supplemental Figure 8), indicating that
increased cell number is the result of increased proliferation rather
than decreased apoptosis. Flow cytometry of Tm* AT2 cells isolated
from SftpcER% Cldn18"f;ROSA* "™ mice shows an approximately
5-fold increase in the percentage of AT2 cellsin S (6.4% *1.4% vs.
1.4% * 0.2%) and G2/M (6.3% *1.7% vs. 1.7% * 1.1%) phase, com-
pared with those from Sfipc”ER4ROSA*™ mice (Supplemental
Figure 9), indicating that both ubiquitous and AT2 cell-specific loss
of Cldnl8 activates signaling that promotes AT2 cell proliferation.
Increased colony formation and proliferation of AT2 cells from
Cldn18"- mice in 3D organoid culture. We further examined if loss
of CLDNI8 alters proliferation of lung stem/progenitor cells
in vitro using a 3-dimensional (3D) organoid coculture system
(44, 47). AT2 cells (CD24 Scal; purity 95% * 5%) isolated from
EPCAM"/CD45°CD34 CD31" populations (Supplemental Fig-
ure 10) were cocultured with MLg lung fibroblasts for 14 days.
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Cldn187/- AT2 cells showed an increase in colony-forming effi-
ciency (CFE) and sphere size compared with WT cells (Figure 2,
G-I). Mixed cultures of Tm* AT2 cells and unlabeled AT2 cells
generated colonies consisting of exclusively labeled or unlabeled
cells, indicating clonality (Supplemental Figure 11). Aquaporin-5*
(AQP5") cells are located in the center of colonies, while SFTPC*
cells are located at the perimeter (Figure 2J]), as previously
reported (44). Western analysis and linear regression analysis
show similar acquisition of AT1 cell markers by Cldni8/ and
WT AT2 cells grown on polycarbonate filters (Supplemental
Figure 12), indicating similar transdifferentiation into AT1-like
cells. Labeling with anti-Ki67 antibody (Ab) showed increased
proliferation of Cldnl8/- compared with WT AT2 cell colonies
(36.8% * 0.3% vs. 11.4% * 1.1%) (Figure 2, K and L). Addition-
ally, primary AT2 cell colonies were dissociated by enzymatic
digestion after approximately 2 weeks in spheroid culture and
EPCAM" cells were replated with fresh MLg cells. Increased CFE
of Cldni8"/ cells was maintained following passage, indicating
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Figure 2. Increased alveolar epithelial type Il (AT2) cell proliferation in C/dn18~/- lungs in vivo and colony-forming efficiency and proliferation in vitro.
Representative immunofluorescence (IF) images (A) and quantification (B) show EdU*NKX2-1* (yellow) cells are increased in Cldn18~/- mouse lungs at E18.
n =5 mice of each genotype. Unpaired 2-tailed t test. *P < 0.05. Scale bars: 50 um. Representative IF images (C) and quantification (D) show EdU*NKX2-1*
cells (arrow) are increased in Cldn18~- mouse lungs 3 weeks postnatally. n = 5 mice of each genotype. Unpaired 2-tailed t test. *P < 0.05. Scale bars: 50 pum.
Representative FACS (E) and quantification (F) show a greater percentage of AT2 cells in S and G2/M phase in Cldn18~- versus WT mice. PI, propidium
iodide. n = 3 mice of each genotype (age ~5 months). Two-way ANOVA with Bonferroni’s correction. *P < 0.05 versus WT. Increased size (G and H) and
number (1) of colonies generated from Cldn18~- AT2 cells. n > 3 biological replicates. Unpaired 2-tailed t test. *P < 0.05. Scale bars: 100 um. (J) SFTPC (red)/
AQPS5 (green) double staining shows that both WT and Cldn18~/- AT2 cells in 3D culture give rise to cells expressing the AT1 cell marker AQP5. n = 3. Scale
bars: 50 um. Ki67 (red) and SFTPC (green) double staining (K) and quantification (L) demonstrate increased proliferation of C/dn18~- AT2 cells in organoid
culture. DAPI is the nuclear counterstain. n = 3 biological replicates. Unpaired 2-tailed t test. *P < 0.05. Scale bars: 20 pm. Bar graphs represent the mean +

SEM forB, D, F, H, I, and L.

maintenance of stem cell function (Supplemental Figure 13).
These data suggest that knockout of CldnI8 increases AT2 cell
proliferation in a cell-autonomous manner, while differentiation
capacity remains unchanged.

Activation of YAP signaling in whole lung and AT2 cells from
Cldn18/~ mice. Consistent with its recognized role in regulating
stem/progenitor cell proliferation and organ size (46), immunostain-
ing revealed increased nuclear YAP (Figure 3A) and decreased cyto-
plasmic p-YAP (Figure 3B) in adult Cldni87" lungs, with increased
nuclear YAP (brown) as early as E18 (Figure 3C). YAP protein (Fig-
ure 3D) and YAP mobility (Figure 3E) are increased, while p-YAP
is decreased (Figure 3D) in Cldnl87- AT2 cell lysates. Quantitative

reverse transcription PCR (QRT-PCR) shows increased expression
of YAP target genes including Ccndl (cyclin D1), Areg (amphiregu-
lin), Ckd6 (cyclin-dependent kinase 6), and Ctgf (connective tissue
growth factor) (Figure 3F), with increased cyclin D1 protein in adult
Cldn18/- mice (Figure 3, G-1). In 3D culture, Cldnl87/- AT2 cells also
show increased nuclear YAP and decreased p-YAP (Figure 3]).
Inhibition of YAP signaling prevents increases in lung size and
inhibits proliferation and CFE of AT2 cells from Cldn18~ mice. Verte-
porfin (VP), a pharmacologic inhibitor of YAP-TEAD association
and YAP-induced liver overgrowth (48), administered from E13
through postnatal day 14 (P14) inhibits increases in lung weight rel-
ative to body weight at P16 (Figure 4A). Similarly, VP administered
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Figure 3. Activation of YAP signaling in whole lung and alveolar epithelial type Il (AT2) cells in Cldn18~/- mice. Representative immunofluorescence (IF)
image shows increased nuclear YAP (A) and decreased cytoplasmic p-YAP (B) in lungs of adult C/dn18~- mice (age ~2 months). n > 3 mice of each genotype.
DAPI (blue) is the nuclear counterstain. Scale bars: 20 um. (C) Representative immunochistochemistry of lung sections at E18 shows increased nuclear

YAP (brown) in Cldn18~-mice. n = 3 for WT, 2 for C/dn18~- mice. Hematoxylin is the nuclear counterstain (blue). Scale bars: 50 um. (D) Western blot shows
increased YAP and decreased p-YAP in Cldn18~- AT2 cells (age ~2 months). Tubulin and B-actin are loading controls. n = 2 mice of each genotype. (E) Rep-
resentative Phos-tag Western blot shows increased dephosphorylated YAP (arrow) in Cldn18~- AT2 cells (age ~2 months). n = 3 independent experiments.
(F) gRT-PCR shows increased expression of YAP target genes in Cldn18- versus WT lungs. n = 5 independent experiments. Z test. *P < 0.05. (G) Repre-
sentative image shows increased expression of YAP target cyclin D1 (brown) in Cldn18~/- (age 2-9 months) mouse lung. Hematoxylin (blue) is the nuclear
counterstain. n = 3 mice of each genotype. Scale bars: 50 um. Western analysis (H) and quantification () of whole-lung samples demonstrate higher levels
of cyclin D1 protein in Cldn18~/- compared with WT lungs. n = 4 mice of each genotype. Z test. *P < 0.05. (J) Representative image shows increased nuclear
YAP (green) and decreased cytoplasmic p-YAP (red) in Cldn18~/- AT2 cells in 3D culture. PI (red) and DAPI (blue) are nuclear counterstains. Scale bars: 50 um.
n = 3 independent experiments. Bar graphs represent the mean + SEM for F and I.

from P4-P12 inhibited increases in Cldn187/- AT2 cell proliferation
(Figure 4B) compared with Cldn18/- mice treated with phosphate-
buffered saline (PBS). Yap shRNA (Figure 4C) and VP prevent
Cldni8-knockout-induced increases in colony number (Figure 4, D
and F) and size (Figure 4, E and G). VP decreases Cldn18/- AT2 cell
proliferation (29.2% * 3.7% control vs. 10.7% * 0.4% VP) (Figure 4,
H and I), confirming a role for YAP activation in regulation of lung
stem/progenitor cell function downstream of CLDN18.

CLDNI18 modulates AT2 cell proliferation and CFE and inter-
acts with p-YAP to regulate YAP signaling. CLDN18 overexpres-
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sion in Cldn187/- AT2 cells in 3D culture decreases CFE (Figure 5,
A and B), nuclear YAP (Figure 5C), and proliferation (Figure 5D).
CLDNI18 overexpression in MLE-15 cells similarly inhibits prolifer-
ation and YAP nuclear localization (Supplemental Figure 14, A-C).
CLDNI18 overexpression decreases transcriptional activity of a
YAP-responsive luciferase reporter in MLE-15 cells but not that of
anonphosphorylatable constitutively active YAP mutant, YAPSSA
(Figure 5E), implicating Hippo kinases in regulation of YAP activ-
ity by CLDN18. Co-immunoprecipitation (co-IP) was performed
to evaluate CLDN18/YAP interactions. p-YAP is identified in the
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Figure 4. YAP inhibition decreases proliferation and colony-forming efficiency (CFE) of alveolar epithelial type Il (AT2) cells from Cldn18~/- mice. (A)
Verteporfin (VP) prevents increases in lung dry weight/body weight (BW) ratio in C/dn18~/- lungs at postnatal day 16 (P16) following administration of VP
from embryonic day 13 (E13) to P14. Control (C) = vehicle. n > 9 mice for each group. Two-way ANOVA with Bonferroni's correction. *P < 0.05 versus all others.
(B) VP inhibits increases in EAU*NKX2-1* cells in Cldn18~- lungs following administration from P4 to P12. Control (C) = vehicle. Five fields (x40) were counted
for each lung. n > 3. Two-way ANOVA with Bonferroni’s correction. *P < 0.05 versus all others. (C) Representative image shows decreased YAP expression
(red) in Cldn18~/- AT2 cells transduced with lentivirus expressing Yap shRNA in 3D culture. Scale bars: 50 um. n = 2 independent experiments. Yap shRNA
(MOI = 5) prevents increases in colony number (D) and size (E) in Cldn18~- AT2 cells after 14 days of treatment. N is nonsilencing shRNA control. n = 3 inde-
pendent experiments. Two-way ANOVA with Bonferroni’s correction. *P < 0.05 versus all others. VP (0.75 uM) prevents increases in colony number (F) and
size (G) in Cldn187- AT2 cells after 14 days of treatment. n = 3 independent experiments. Two-way ANOVA with Bonferroni's correction. *P < 0.05 versus all
others. (H) Ki67 staining (red) and quantification (I) show VP (0.75 uM) inhibits Cldn18~- AT2 cell proliferation. DAPI is the nuclear counterstain. n = 3 inde-
pendent experiments. Unpaired 2-tailed t test. *P < 0.05. Scale bars: 50 um. Bar graphs represent the mean + SEM for A, B, D-G, and I.

CLDNI18 Ab-precipitated protein complex in WT AT2 cell mem-
brane lysates (Figure 5F). Additionally, the TJ-associated protein
zonula occludens-1 (ZO-1) coprecipitates with CLDN18 and p-YAP
in WT AT?2 cell lysates (Figure 5F). An overexpressed CLDN18-
green fluorescent protein (GFP) fusion protein associates with
p-YAP and ZO-1 in MLE-15 cell membranes (Supplemental Figure
14D), consistent with p-YAP localization at TJs. Confocal images
show that overexpressed DsRed-YAP and CLDN18-GFP colocal-
ize at sites of cell-cell contact in MLE-15 cells (Figure 5G), sug-
gesting that CLDN18 regulation of YAP signaling involves p-YAP
sequestration at TJs. Mass spectrometry identified CLDN18 as a
YAP binding partner in WT (but not Cldn18/") AT2 cells (Supple-
mental Figure 14, E and F). Co-IP using p-LATS1/2 Ab (Figure
5H) for pulldown followed by Western blotting for p-YAP, or the

reciprocal using p-YAP antibody (Figure 5I) for pulldown followed
by Western blotting for p-LATS1/2, reveals a reduction of p-LATS
interaction with p-YAP as well as an overall reduction of p-LATS
and p-YAP in AT2 cell membranes from Cldni8”/~ mice. Further-
more, CLDN18 interacts with p-LATS in WT AT2 cell membranes
(Figure 5H and Supplemental Figure 14G). These findings suggest
that in addition to membrane sequestration, CLDN18 promotes
interaction between p-LATS and p-YAP resulting in increased YAP
phosphorylation and furthermore, that CLDN18 modulates Hippo
kinases to regulate YAP phosphorylation and activity.

Loss of CLDN18 leads to adenocarcinoma development in aged
Cldn18/- mice and CLDNI8 is downregulated in human LuAd.
Alterations of CLDN18 in LuAd (49, 50) and the known role of
AT2 cells as the cell of origin of LuAd led us to evaluate lung
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Figure 5. CLDN18 regulates AT2 cell proliferation and YAP activity, and CLDN18 and YAP interact. CLDN18 overexpression prevents increases in colony
number (A) and size (B). n = 3 independent experiments. Unpaired 2-tailed t test. *P < 0.05. Nuclear YAP (C) and EdU labeling (red) (D) decrease following
transduction of Cldn18~- AT2 cells with CLDN18-expressing lentivirus. GFP fluorescence (green) (D) indicates most cells were transduced with virus. n = 3.
Scale bars: 50 um. (E) CLDN18 overexpression inhibits activation of a YAP luciferase reporter, but not of YAP mutant, YAP5SSA, that is resistant to phos-
phorylation by LATS1/2. YAP- and YAP+ indicate absence versus presence of overexpressed YAP, respectively. n = 3 independent experiments. One-way
ANOVA with Bonferroni's correction. *P <0.05. (F) Endogenous CLDN18 associates with p-YAP and Z0-1in WT AT2 cell membranes. I1gG = negative control.
Input is cell lysate. (G) pDsRed-YAP was cotransfected with pCMV-CLDN18-GFP (upper panel) or control vector pCMV-GFP (lower panel) into

MLE-15 cells. YAP colocalizes with CLDN18 at sites of cell-cell contact. n = 2. Scale bars: 5 um. (H) IP with anti-p-LATS1/2 Ab shows decreased p-LATS1/2
and decreased association of p-LATS1/2 with p-YAP in Cldn187- (lane 4) compared with WT (lane 3) AT2 cell membranes. IgG = negative control IP with WT
and Cldn18- lysates (lanes 1and 2, respectively). n = 3 independent experiments. Input is lung tissue lysate; p-LATS1/2 cannot be detected in input. (I)

IP with anti-p-YAP Ab shows decreased p-YAP and decreased association of p-YAP with p-LATS1/2 in Cldn18~ (lanes 2 and 4) compared with WT (lanes 1
and 3) AT2 cell membranes. IgG = negative control. n = 3 independent experiments. Input is lung tissue lysate; p-LATS1/2 cannot be detected in input. Bar
graphs represent the mean + SEM for A, B, and E. Inputs were run in the same gel (F, H, and 1) but were noncontiguous.

tumor development in Cldnl8”/- mice. Lungs of 9- to 10-month-
old Cldni8/- mice do not show obvious tumors. However, by
18-20 months of age, approximately 80% of Cldni8”/- mice
compared with approximately 12% of WT mice develop tumors
(Figure 6, A and B), generally in a subpleural location and typi-
cally adenocarcinomas with papillary features and fibrovascular
cores (Figure 6B). Tumor cells show increased nuclear/cytoplas-
mic ratio and mitotic figures (Supplemental Figure 15A). Alveo-
lar mononuclear cells (likely macrophages) are associated with
nearly all tumors (Supplemental Figure 15B). Representative
micro-CT images show that some Cldnl87/- mice have more than
one lung tumor at 16 months of age (Figure 6C and Supplemental

jci.org  Volume128  Number3  March 2018

Table 2) without visible tumors in WT mice. Tumor cells express
AT2 cell marker SFTPC, but not club cell marker SCGB1A1 (Fig-
ure 6D), suggesting an AT2 cell origin.

We analyzed CLDNI8 expression in human LuAd using micro-
array data from matched human LuAd and adjacent nontumor
lung samples (51) and RNA sequencing (RNA-seq) data gener-
ated by The Cancer Genome Atlas (TCGA) Research Network
(52). Analysis of gene expression data shows significant reduc-
tion of CLDN18 mRNA in human LuAd compared with nontumor
lung tissue (Figure 6E). Double immunofluorescence staining for
CLDNI18 (red) and NKX2-1 (green) shows decreased CLDN18
protein expression in human LuAd compared with adjacent non-
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Figure 6. Increased tumor development in aged Cldn18~- mice. (A) Frequency of lung tumors in mice (age 18-20 months) determined by H&E staining.
Bar graph represents the mean + SEM. Fisher’s exact test. n = 17-22 mice. *P < 0.05. (B) H&E staining of a representative lung adenocarcinoma (LuAd) in
a Cldn18~- mouse at 3 different magnifications, shows peripheral/subpleural location in lung (left panel) and papillary features (middle and right panels).
n = 22. Scale bars (from left to right): 1 mm, 200 pum, and 100 um. (C) Ex vivo micro-computed tomography (micro-CT) lung images. Lung specimens from
age-paired (15-16 months) WT and Cldn18~- mice (n = 3) were scanned. Upper panel (i and ii): 3D reconstruction of representative WT and C/dn18~- mouse
lungs. Scale bar: 5 mm. Lower panel (iii and iv): Representative coronal sections of micro-CT images corresponding to lungs in upper panel. Tumors are
indicated by arrows. (D) Cells in tumors of C/dn18~/- mice are SFTPC* (red) but SCGB1A1-. DAPI (blue) is the nuclear counterstain. n = 3 biological replicates.
Scale bar: 20 um. (E) C/dn18 mRNA expression is reduced based on data from the Illumina Human WG-6v3.0 Beadarray in 58 matched microdissected
LuAd and adjacent nontumor lung (Adj-NTL) (left panel) (C/dn18.7) and RNA-seq data from 287 LuAd and 19 NTL based on data generated by The Cancer
Genome Atlas (TCGA) Research Network (C/dn18.7 and -18.2) (right panel). Paired t test for Beadarray data and unpaired t test for TCGA data. (F) Repre-
sentative confocal images of CLDN18 (red) and NKX2-1 (green) show decreased CLDN18 protein expression in human LuAd compared with Adj-NTL. n = 3.
Scale bars: 50 um. DAPI is the nuclear counterstain. (G) Stage-dependent decreases in CLON18 mRNA expression using microarray data from 58 matched
human LuAd and adjacent NTL samples fit with an exponential regression model. P = 1.75 x 10-%2.

tumor lung (Figure 6F and Supplemental Figure 16), with stage-  role for CLDN18 in regulating alveolar epithelial T] composition
dependent reductions in human LuAd (Figure 6G). Tumors in  and permeability properties in Cldnl87- mice (24). Unexpect-
both Cldn18/- mice (Figure 7A) and human LuAd (Figure 7B) show  edly, we found an increase in size of lung, stomach, and kidney,

strong nuclear YAP expression. all major sites of CLDN18 expression. We focused on the lung to
further explore mechanisms underlying increased organ size. We
Discussion demonstrate thatincreased lung size is mainly the result of paren-

Located at sites of cell-cell contact, AJC proteins are well suited ~ chymal expansion accompanied by increased abundance and
to transmit extracellular signals to regulate normal tissue main-  proliferation of AT2 cells, progenitors of distal lung epithelium.
tenance and restore homeostasis following disruption of the epi-  Mice with deletion of Cldn18 only in AT2 cells similarly showed
thelial barrier (53). We previously showed a critical nonredundant ~ increases in AT2 cell number and the proportion of AT2 cells
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Figure 7. Nuclear YAP expression in lung adenocarcinoma (LuAd). (A

) Nuclear YAP (red) is present in Cldn18~- mouse lungs in areas both with and without

tumor. Lower panel shows higher magnification views of rectangle in upper panel. DAPI is the nuclear counterstain. n = 2. Scale bars: 20 pm. (B) Nuclear
YAP is increased in human LuAd compared with normal lung. Lower panel shows higher magnification views of rectangle in upper panel. DAPI is the

nuclear counterstain. n = 2. Scale bars: 20 um.

in S and G2/M phase, indicating epithelial cell specificity. These
findings suggest a potentially novel role for alveolar epithelial
CLDN18 in restricting stem/progenitor cell proliferation (and
thereby organ size). Consistent with in vivo results, Cldn187/- AT2
cellsin 3D culture showed increased CFE, which was maintained
afterpassaging. Lungs of Cldn18~/-mice showed increased nuclear
YAP with upregulation of several YAP target genes. Cldnl8/- AT2
cellsin 3D culture also showed increased nuclear YAP, while inhi-
bition of YAP signaling decreased Cldn18/~ AT2 cell proliferation
in vivo and proliferation and CFE in vitro. Conversely, overex-
pression of CLDN18 decreased YAP nuclearlocalization and CFE
of Cldni8/- AT2 cells and decreased YAP transcriptional activ-
ity. Endogenous CLDN18 interacted with both ZO-1 and p-YAP,
suggesting complex formation among these proteins localized
to TJs, while overexpressed CLDN18 was similarly associated
with both ZO-1 and p-YAP. Colocalization of YAP and CLDN18
at sites of cell-cell contact further suggests that CLDN18 plays a
role in sequestering p-YAP at TJs. Cldn18”/- mice show increased
propensity to develop LuAd with age, while human LuAd show
stage-dependent reduction of CLDNI8 and increased nuclear
YAP. These findings identify a potentially novel role for integral
T] protein CLDN18 in regulating organ size and restricting distal
lung epithelial progenitor capacity and proliferation, and indi-
cate a role for YAP activation in regulating distal lung epithelial
progenitor function.

A possible role for claudins in regulation of organ size and/or
cell proliferation was suggested by the phenotype of Cldnl57 mice
that showed upper small intestine enlargement with expansion of
proliferating crypt cells and an increased number of crypts per
villus (14), although underlying mechanisms were not explored.
In the current study, we demonstrate an increase in lung size
with expansion and increased proliferation of AT2 cells, uncover-
ing a role for CLDN18 in regulation of organ size and progenitor
function. In the stomach, which was also enlarged, we observed
expansion of the gastric mucosa (Supplemental Figure 4) with
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increased proliferation (data not shown). These results differ
from previous studies in Cldni8.27/~ mice in which deletion of the
stomach-specific isoform led to paracellular H* leakage, upregu-
lation of interleukin-1f, and atrophic gastritis (23) without organ
enlargement or tumorigenesis, perhaps as a result of compensa-
tory increases in CldnI8.1. The paradigm of CLDN18 restricting
progenitor cell proliferation can therefore be extended to other
sites of CLDN18 expression.

Hippo/YAP signaling regulates stem/progenitor cell prolifera-
tion and differentiation in many organs (26, 46, 54). In the lung,
YAP is required for correct proximal-distal patterning of the airway
and regulation of airway epithelial cell fate (55, 56). Conditional
deletion of YAP led to disruption of branching morphogenesis, with
expansion of distal epithelial progenitors and reciprocal reduction
of proximal Sox2-expressing progenitors and impaired adult air-
way epithelial cell differentiation (56). Nuclear YAP promoted air-
way basal cell identity, whereas YAP overexpression blocked basal
cell terminal differentiation, and YAP overexpression in differenti-
ated secretory cells promoted a stem cell-like identity (55). Activa-
tion of YAP in lung airway epithelium following deletion of Mst1/2
under control of the Scgblal promoter inhibited lung sacculation
and maturation and resulted in club cell hyperplasia with increased
bronchiolar epithelial cell proliferation and decreased differen-
tiation (57). Additionally, increased nuclear YAP and decreased
p-YAP were observed in airway epithelial cells following naphtha-
lene injury or club cell ablation, suggesting a role for YAP signaling
in bronchiolar epithelial repair following injury (57).

AT?2 cells serve as progenitors of adult distal lung, under-
going both self-renewal and transdifferentiation to give rise to
AT1 cells during normal turnover and following injury (44, 45,
58). Knowledge of signaling pathways that regulate stem cell
proliferation and/or differentiation during alveolar repair and
regeneration is limited. A recent study implicated YAP activa-
tion in response to mechanical tension in distal lung progenitor
proliferation and expansion after pneumonectomy, suggesting
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a role for YAP signaling in alveolar regeneration in this context
(59). In the current study, we show that loss of CLDN18 leads
to YAP activation and progenitor expansion in distal lung in the
absence of injury, uncovering a role for YAP signaling in regu-
lating distal lung epithelial progenitor maintenance and prolif-
eration downstream of CLDN18 and suggesting that CLDN18
regulates AT2 cell quiescence by restricting YAP activity.
Cldn187/- AT2 cells were still able to give rise to AT1 cells in vivo
and in both 2D and 3D culture in vitro, indicating that YAP acti-
vation as a result of loss of CLDN18 did not significantly affect
distal lung epithelial cell fate (55). Outcome of YAP activation
may thus be context dependent and distinct in conducting air-
ways and distal lung.

The Hippo pathway is the major regulator of YAP activity (60,
61). Upstream signals that activate Hippo (and inactivate YAP)
include extracellular soluble factors via G protein-coupled recep-
tors, mechanotransduction, cell-cell contact, and polarity (28, 62),
including apical polarity complexes such as Crb3 (63). There is
also accumulating evidence for Hippo kinase-independent modu-
lation of YAP activity through direct interactions with cell mem-
brane- and cytoskeleton-associated proteins that regulate apical-
basolateral polarity and cell-cell contact (26). In this regard, AJ
proteins E-cadherin and a-catenin inhibit YAP signaling by both
Hippo-independent and -dependent mechanisms (39, 40). Simi-
larly, AMOTSs, TJ-associated scaffolding proteins that maintain TJ
integrity and epithelial polarity, regulate YAP activity leading to
sequestration in cytoplasm and at TJs (64). AMOTs also promote
LATS activation by serving as a scaffold that brings Hippo kinases
and YAP together at TJs (65). We have demonstrated in the cur-
rent study a role for integral T] protein CLDN18 in regulating YAP
activity. Co-IP demonstrates interaction among p-YAP, CLDN18,
Z0-1, and p-LATS1/2 in WT AT?2 cells. Furthermore, when over-
expressed, CLDN18 and YAP colocalize at sites of cell-cell con-
tact, suggesting sequestration of p-YAP at TJs. Decreased p-YAP in
Cldn18”- lungs and AT2 cells and decreased p-LATS/p-YAP inter-
action in membranes of Cldn187- AT2 cells suggest that CLDN18
is required for Hippo signaling, and furthermore that CLDN18
serves a scaffolding function that promotes interaction between
the Hippo kinases and p-YAP at TJs. Loss of CLDN18 likely dis-
rupts a membrane protein complex that includes YAP and Hippo
kinases leading to increased nuclear translocation of dephosphor-
ylated YAP. Elucidation of specific protein-protein interactions
that mediate CLDN18 interaction with p-YAP/YAP will require
further investigation.

Claudin expression is frequently altered in cancer (18, 66,
67), with variable up- and downregulation depending on tissue
type and disease stage (15, 18, 68-70). There is thus no unify-
ing concept as to how claudin dysregulation contributes mecha-
nistically to carcinogenesis. CLDN18 expression is altered in
both gastric cancer and LuAd, although most studies have not
distinguished between expression of Cldni8.1 versus Cldnil8.2
isoforms. CLDN18 was significantly downregulated in gastric
cancer compared with surrounding normal gastric mucosa and
its expression correlated inversely with proliferative potential
at the invasive front and invasive properties of a gastric cancer
cell line (71), while downregulation of CLDN18 correlated with
poor survival (72). In contrast, there are reports of sustained
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membranous CLDN18.2 expression in gastric cancer, as well
as ectopic upregulation in tumors of lung, ovary, and esopha-
gus (73). Based on these studies, Ab-mediated therapeutic tar-
geting of CLDN18.2 in cancers with upregulation of CLDN18.2
has been suggested (74). However, CLDN18 expression was
detected in only approximately 20% of LuAd (50), with overall
expression being lower in tumors than in normal lung tissue,
while CLDN18.2 was expressed in only 3.7% of LuAd (74). Thus,
targeting of CLDN18.2 would not be helpful for the majority of
LuAd. Our analysis (Figure 6E) indicates that the CLDN18.1 iso-
form is downregulated in LuAd. Consistent with these findings,
overexpression of CLDN18.1 was found to suppress abnormal
proliferation and motility of A549 cells, a human LuAd cell line,
via inhibition of PI3K/PDK1/Akt signaling (75). Therapeutic tar-
geting of CLDN18 should therefore take into account the specific
isoform that is altered in a particular subtype of LuAd.

We show that loss of CLDN18 activates YAP signaling and
promotes proliferation of AT2 cells, recognized cells of origin
for LuAd. Furthermore, loss of CLDN18 leads to development
of LuAd in aged mice, while TCGA data show stage-specific
downregulation of CLDN18.1 in LuAd. Mechanisms underlying
CLDN18.1 downregulation in LuAd remain to be determined.
YAP expression correlates with poor prognosis in non-small
cell lung cancer (49) and YAP activity drives tumor progression
in mouse models of LuAd (34). Although YAP hyperactivation
regulates cellular properties important for cancer development
(e.g., promotion of stemness, proliferation and dedifferentia-
tion, and resistance to apoptosis), precise mechanisms leading
to tumorigenesis as a result of YAP activation remain unclear
(33). The number of stem cell divisions within a tissue correlates
strongly with risk of carcinogenesis, suggesting accumulation of
random mutations and genomic instability due to uncontrolled
AT2 cell proliferation in Cldn187- mice as a potential mechanism
underlying tumorigenesis (76). Our results establish an impor-
tant regulatory role for TJs in general and CLDN18 in particular
in restricting YAP activity to prevent uncontrolled progenitor
cell proliferation and resulting tumorigenesis, while also sug-
gesting that transient modulation of CLDN18 and/or YAP func-
tion may be of benefit by harnessing progenitor cells to promote
regeneration following lung injury.

Methods

Constitutive and epithelial cell-specific Cldnl8-knockout mice.
Generation of Cldnl8/ mice has recently been reported (24).
Sfipc+/<PRT2 (Harold A. Chapman, UCSF) mice (77) crossed to Cldn18"'
mice were further crossed with ROSA™ ™ reporter mice (78), yielding
mice with the genotype Sfipc”“#87%; Cldn18";ROSA*™. Cldnl8 knock-
out was induced by administration of Tmx at a dose of 100 mg/kg i.p.
for 2 consecutive days. Control mice with the genotype Sftpc~rT2;
ROSA*™ received the same dose of Tmx to label AT2 cells.

Tissue preparation and morphological analysis. Tissues harvested
from WT and Cldnl87- mice were prepared as previously described
(24). To quantify tumors, H&E-stained lung sections from WT and
Cldn187- mice were examined by light microscopy in a blinded fashion.

Lung volume measurement. Lung volume was measured as previ-
ously described (79). Briefly, mice were mechanically ventilated for 10
minutes with 100% oxygen. The tracheal tube was then clamped for 10
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minutes to allow circulating blood to absorb oxygen and collapse air-
spaces. Total volume at pressures of 0, 5, 10, 15, 20, 25, and 30 cmH,0
was measured using a suspension technique after inflation with PBS.

Micro-CT imaging. Lungs were fixed and inflated with 4% para-
formaldehyde (PFA) at 20 cmH,O pressure overnight and then incu-
bated through a serial ethanol gradient (50%, 70%, 80%, 90%, and
100%) followed by incubation with 100% hexamethyldisilazane
overnight before air drying (80). Lung specimens were scanned at an
isotropic resolution of 10 microns at 45 kVp, 200 mAs (81). CT image
raw data were analyzed using AMIRA software (FEI) to create vol-
ume renderings (82). 3D segmentation to compartmentalize the lung
into tissue and conducting airway was performed based on thresh-
old of gray value difference between tissue and air. Small sections
(~1 mm®) were cut from the distal portion of the lung and scanned
at an isotropic resolution of 0.7 microns. Volumes of whole lung
(VTlung) and conducting airway (VCairway) were measured based
on CT scan contrast data of whole lung. Alveolar airspace and paren-
chymal fractions (Falv and Fpar) of 1-mm?® lung sections were calcu-
lated based on CT scan contrast data of the small section, assum-
ing that the 2 fractions could be applied to the remainder of distal
lung. Alveolar airspace (Valv) and parenchymal (Vpar) volume of the
whole lung were calculated by multiplying (VTlung - VCairway) by
Falv and Fpar, respectively. The relationship among different com-
partments shown in Supplemental Table 1 is presented as the fol-
lowing equation: VTlung = VCairway + Valv + Vpar. For radiographic
measurement of lung tumors, regions of high density on acquired CT
images were automatically detected, counted, and volumetrically
quantified. A CT threshold (320 Hounsfield units [HU]) was used to
segment lung tumor from normal lung areas.

Isolation of mouse AT2 cells. For cell isolation for 3D culture,
mouse lungs were digested with elastase (4 U/ml, LS002280,
Worthington Biochemical). Cells were resuspended at 10° cells
in 100 ul of HEPES-buffered salt solution (HBSS) in a mixture of
Abs, including anti-CD45, anti-CD31, anti-CD34, anti-SCA-1,
anti-EPCAM, anti-CD24, and relevant isotype controls. AT2 cells
(CD45CD31'CD34 SCA-1'CD24") were sorted from the EPCAM?*
lung epithelial population using a MoFlo XDP (Beckman Coul-
ter) or FACSAria (BD Biosciences) sorter as previously described
(83). Data were analyzed using FlowJo software (TreeStar). For
passaging, colonies were dissociated using dispase (354235, BD
Biosciences) followed by magnetic selection for EPCAM* cells.
For 2D culture and cell cycle analysis, AT2 cells were isolated
from WT and Cldni8” mice as previously described (84). For cell
cycle analysis of Tm* AT2 cells, single-cell suspensions were gen-
erated by dissociation with dispase of lungs from Sfipc™/<rERT2;
Cldn18"";ROSA™ and control Sfipc”ER"4ROSA ™™ mice.

3D Matrigel culture. Sorted AT2 cells (4,000-5,000 cells) were
grown in 3D culture on Transwell filter inserts (353095, BD Bioscienc-
es) as previously described (83). Images were taken after 14-16 days in
culture. For passaging, EPCAM" cells (~5,000) were replated in Matri-
gel with fresh MLg cells (American Type Culture Collection). Image]
software (NIH) was used for quantification of colony size. Filters were
fixed in 4% PFA, embedded in Histogel (HG-4000, Thermo Fisher Sci-
entific), and processed for paraffin embedding.

Culture of MLE-15, 293T, and AT2 cells. MLE-15 cells (Jeffrey A. Whit-
sett, University of Cincinnati) were cultured in HITES medium as previ-
ously described (85). For 2D culture, mouse primary AT2 cells were seeded
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on Transwell polycarbonate filters (Corning) coated with rat laminin-5
(Millipore) at 750,000 cells/cm?and cultured as previously described (84).

Abs. Primary Abs used for Western blottingwere CLDN18 (700178,
Life Technologies), AQP5 (AQP005, Alomone Labs), Tla (A205002,
Affinity Bioreagents/Thermo Fisher Scientific), RAGE (MAB11451,
R&D Systems), caveolin-1 (ab2910, Cell Signaling Technology), pro-
SFTPC (AB3786, EMD Millipore), eIF-4E (610270, BD Biosciences
Pharmingen), lamin A/C (sc20681, Santa Cruz Biotechnology), ZO-1
(40-2200, Life Technologies), cyclin D1 (2978s, Cell Signaling Tech-
nology), p-YAP (4911, Cell Signaling Technology), YAP (4912, Cell Sig-
naling Technology), and a-tubulin (6-11B-1, Sigma-Aldrich).

Primary Abs used for immunostaining were NKX2-1 (MS-699-P1,
Leica-Novocastra), cyclin D1 (2978s, Cell Signaling Technology),
CLDN18 (700178, Life Technologies), Ki67 (abl16667, Abcam), pro-
SFTPC (WRAB-9337, Seven Hills Bioreagents), p-YAP (4911, Cell Sig-
naling Technology), YAP (4912, Cell Signaling Technology), and AQP5
(sc-9890, Santa Cruz Biotechnologies).

Primary Abs used for FACS were CD45 (30-F11, eBiosciences),
CD34 (13-0341-82, eBiosciences), CD31 (13-0311, eBisciences),
SCA-1 (108109, Biolegend), EPCAM (118215, Biolegend), and CD24
(562789, BD Biosciences).

Abs used for co-IP were p-LATS1/2 (A8125, One World Lab),
p-YAP (4911, Cell Signaling Technology), and CLDN18 (700178,
Life Technologies).

Immunofluorescence. Samples were incubated with primary Abs
at 4°C overnight following microwave antigen retrieval (Antigen
Unmasking Solution, Vector Laboratories). Slides were incubated
with Alexa 488-labeled goat anti-mouse Ab (Life Technologies),
FITC-conjugated donkey anti-goat IgG (sc2024, Santa Cruz Bio-
technologies), or goat biotinylated anti-rabbit/-mouse IgG followed
by Cy3-conjugated streptavidin (Jackson ImmunoResearch) or
fluorescein-labeled Avidin DCS (Vector Laboratories). Nuclear
staining was performed with 4',6-diamidino-2-phenylindole (DAPI)
or propidium iodide (PI) Vectashield mount (Vector Laboratories).
Images were captured using a Nikon Eclipse 80i microscope with
cooled CCD camera (QImaging). Confocal images were captured
using a Zeiss LSM 510 confocal system (Carl Zeiss) or Leica TCS SP8
confocal microscope (Leica Microsystems).

Quantification of NKX2-1* cells. Lung sections from WT and
Cldn187/-mice were stained for NKX2-1 with DAPI as nuclear counter-
stain. Five random pictures were taken using the x40 lens of a Nikon
Eclipse 80i microscope. Numbers of NKX2-1* and total cells (DAPT*)
were counted in each of 5 lung fields for each genotype. Approximately
4,000 cells from each group were counted.

Quantification of SFTPC* and Tm" cells. Lung sections stained with
SFTPC with DAPI as nuclear counterstain were scanned with an Axio
Scan.Z1 (Carl Zeiss Microscopy). The number of SFTPC* and DAPT*
cells were counted in 2 randomly chosen regions for each genotype
using Imaris software (Bitplane). Approximately 50,000 DAPI* cells
from each group were counted. For Tm* cell counting, frozen lung sec-
tions were stained with DAPI, scanned, and counted.

EdU labeling. 5-Ethynyl-2'-deoxyuridine (EdU) was injected i.p. at
50 mg/kg body weight 24 hours prior to harvest. EQU incorporation
was detected with a Click-iT Plus EAU Imaging Kit (10337, Life Tech-
nologies) following immunostaining for NKX2-1. E18 lung sections
were scanned (Axio Scan.Z1) and a total of approximately 13,000 and
approximately 17,000 NKX2-1* cells were counted from each genotype
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using Imaris software. To determine the percentage of EQU'NKX2-1*
cells postnatally, a total of approximately 1,000 NKX2-1* cells from 5
random fields were counted. To label proliferating MLE-15 cells, EQU
(10 uM) was added to culture medium 48 hours after transfection. To
label proliferating AT?2 cells in 3D culture, EQU (10 pM) was added to
medium 3 hours before harvesting cells.

Nuclear protein extraction. Nuclear protein was extracted from
MLE-15 cells using a Panomics Nuclear Extraction Kit (AY2002).

Western analysis. Preparation of protein lysates from AT2 cells or
whole lung and subsequent Western analysis were performed as pre-
viously described (86). Antigen-Ab complexes were visualized and
quantified by enhanced chemiluminescence (Pierce) using a Fluor-
Chem Imaging System (Model 8900, Alpha Innotech) or an Azure
Imager c300 (Azure Systems). See complete unedited blots in the
supplemental material.

RNA isolation, RT-PCR, and gRT-PCR. RNA extraction and cDNA
synthesis were performed as previously described (86). qRT-PCR was
performed with SYBR-Green reagent (Applied Biosystems) ina 7900HT
Fast Real-Time PCR System (Applied Biosystems). Sequences of prim-
ersused are as follows: Cldni8 forward 5'-GACCGTTCAGACCAGGTA-
CA-3' and reverse 5'-GCGATGCACATCATCACTC-3'; Ccndl forward
5-GCGTACCCTGACACCAATCT-3"andreverse5'-CACAACTTCTC-
GGCAGTCAA-3'; Cdk6 forward 5'-GCCTATGGGAAGGTGTTCAA-3'
and reverse 5-GGGCTCTGGAACTTTATCCA-3'; Ctgf forward
5'-CCACCCCAAACCAGTCATAA-3" and reverse 5'-TGCTGTGCAG-
GTGATAAAGC-3'; and Areg forward 5-CATCGGCATCGTTATCA-
CAG-3"and reverse 5'-ACAGTCCCGTTTTCTTGTCG-3'.

Cell ¢ycle analysis. Cell cycle analysis for AT2 cells was performed
using PI as previously described (87). Tm* AT2 cells were stained with
Hoechst 33323 (H3570, Thermo Fisher Scientific). Flow cytometry
analysis was performed using a FACSAria or LSRII flow cytometer (BD
Biosciences) and ModFit LT Version 4 or 5 software.

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay. TUNEL assay was performed using the In Situ Cell
Death Detection Kit (11684795910, Roche Diagnostics).

Virus generation. Mouse Yap shRNA-expressing vector
(TRCNO000300325) was obtained from Sigma-Aldrich. CLDN18.1
c¢DNA (NCBI reference sequence: NM_016369.3) cloned into lenti-
viral vector pLenti-C-turboGFP (pLenti-C-turboGFP-C18) was from
Origene. Lentiviral expression plasmids were cotransfected into 293T
cells together with helper plasmids pPCMVAR8.91 and pMDG as previ-
ously described (85). Viral titers were determined by p24 Elisa Assay
Kit (Cell Biolabs).

Lentiviral YAP knockdown and CLDNI8 overexpression in AT2 cells.
Freshly isolated AT2 cells (100,000 cells) were mixed with virus
expressing Yap shRNA (MOI = 5) (nonsilencing shRNA used as con-
trol) or CLDN18 (pLenti-C-turboGFP-CLDN18) (pLenti-C-turboGFP
as control) (MOI = 3) and incubated overnight at 4°C. The next day,
virus-transduced cells were washed, mixed with MLg fibroblasts, and
seeded for 3D culture. 3D cultures were processed for CFE analysis
and harvested at day 14 for H&E staining and immunostaining.

VP treatment. VP, brand name Visudyne (1786, Selleckchem) was
dissolved in dimethyl sulfoxide (DMSO) at 100 mg/ml and diluted
in PBS to 15 mg/ml. VP was administered i.p. at 100 mg/kg body
weight daily from P4 to P11, and lungs were harvested at P12 for
evaluation of cell proliferation. To examine dry weight/body weight
ratios, pregnant females were injected (100 mg/kg body weight) at
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E13, E15, E17, and E19 followed by postnatal injection into pups from
P4 and then every other day up to P14 at the same dose of VP. Lungs
were harvested on P16. VP was added to AT2 cells in 3D culture from
day 2 at a concentration of 0.75 uM. 3D cultures were imaged and
harvested for staining at day 14.

Transient transfections in MLE-15 cells. Twenty-four hours after
seeding, 0.5 pg 5xUAS-Luc, 0.3 pg GAL4-TEAD (from Jiandie Lin,
University of Michigan), and 30 ng pEGFP-C3-Yap (from Marius
Sudol, National University of Singapore) or pPCMV-Flag-YAP5SA were
cotransfected into MLE-15 cells together with 0.25 ug pCMV6-AC-
CLDN18-GFP or control pPCMV6-AC-CLDN18-GFP (Origene). Lucif-
erase assay was performed 48 hours following transfection and nor-
malized to protein concentration.

Phos-tag Western blotting. Phos-tag gels were prepared according
to the manufacturer’s instructions (300-93523, Wako Chemicals).
Protein separation and immunoblotting were performed using stan-
dard protocols for Western blotting.

Cell membrane isolation. Cells were resuspended in 2 ml mannitol
buffer (300 mM mannitol, 10 mM HEPES, pH 7.4, 3 mM EGTA, and
1 mM EDTA), followed by sonication. Cell membrane fractions were
obtained by ultracentrifugation for 30 minutes at 60,000 g at 4°C.
Membrane pellets were resuspended in RIPA buffer (150 mM NacCl,
1.0% IGEPAL CA-630, 0.5% sodium deoxycholate, 0.1% SDS, and
50 mM Tris, pH 8.0) and incubated on ice for 2 hours, followed by
ultracentrifugation for 30 minutes at 60,000 g. Supernatants were
collected and protein concentration determined by Bio-Rad Protein
assay (500-0006, Bio-Rad).

Cross-linking Ab to protein A/G beads. Cross-linking of protein A/G
Sepharose beads (Santa Cruz Biotechnology) with CLDN18, p-LATS1/2,
p-YAP, or YAP Ab or IgG were performed as previously described (85).

Co-IP. Thirty microliters of cross-linked CLDN18, p-LATS1/2,
or p-YAP Ab or IgG was added to each sample (70 pg in 200 ul RIPA
buffer) and incubated overnight at 4°C. Immunoprecipitated proteins
were eluted in Laemmli sample loading buffer.

Mass spectrometry. Membrane protein lysate (70 pg in RIPA buf-
fer) from mouse AT2 cells was immunoprecipitated with mouse
monoclonal anti-YAP Ab (SC101199, Santa Cruz Biotechnology) cross-
linked with protein A/G beads. Immunoprecipitates were loaded onto
SDS gels and stained with colloidal Coomassie blue (24590, Thermo
Fisher Scientific). Mass spectrometric analysis of bands of interest was
performed at the Proteomics Core Facility in the Liver Center at the
University of Southern California (USC).

Microarray and RNA-seq analysis of CLDN18 expression in LuAd.
The relationship between CLDNI8 expression and tumor/nontumor
status and/or stage was examined using CLDNI8 mRNA expres-
sion microarray data from Illumina Human WG-6 v3.0 Expression
BeadChips, processed as described previously (51). Level 3 CLDN18
RNA-seq data were directly downloaded from TCGA data portal web-
site (52) (https://tcga-data.nci.nih.gov/tcga/) and log2 transformed.
To evaluate the relationship between tumor stage and CLDNI8 expres-
sion, we built an exponential regression model in R (version 3.1.1)
examining expression versus stage, defining normal lung as stage O,
tumor stage 1 as 1, and similarly for the other stages.

Statistics. Values are the mean * SEM. Significance (P < 0.05) for 3
or more group means with 1 and 2 factors was determined by 1-way and
2-way ANOVA, respectively. Post hoc analyses were performed with
Bonferroni’s corrections. Two group means and a 2 x 2 contingency
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table were compared for significance using 2-sided ¢ tests and Fisher’s
exact test, respectively. Z tests were used to determine if ratiometric (i.e.,
normalized) data were different from control. Statistical analyses were
performed using SPSS version 19 (IBM) and Microsoft Office Excel 2013.

Study approval. De-identified human LuAd and nontumor lung
samples were collected at Keck Hospital of USC (USC IRB proto-
col HS-06-00447). Paraffin-embedded normal lung tissue was
obtained from remnant human transplant lungs under an approved
protocol (USC IRB protocol HS-07-00660). All animal protocols
were approved by the Institutional Animal Care and Use Committee
(IACUC) at USC.
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