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Claudin 18 (CLDN18) is a tight junction protein that is highly expressed in the lung. While mice lacking CLDN18 exhibit
the expected loss of epithelial integrity in the lung, these animals also have unexpectedly large lungs. In this issue of the
JCI, Zhou, Flodby, and colleagues reveal that the increased lung size of Cldn18–/– mice is the result of increased type 2
alveolar epithelial (AT2) cell proliferation. This increase in proliferation was shown to be driven by translocation of the
transcriptional regulator Yes-associated protein (YAP) to the nucleus and subsequent induction of proliferative pathways.
CLDN18-deficent mice also had increased frequency of lung adenocarcinomas. Together, the results of this study
advance our understanding of the mechanisms that likely regulate homeostasis of the normal lung as well as promote the
proliferative state of malignant cells found in lung adenocarcinomas thought to originate from AT2 cells.
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Loss of junction protein 
increases lung size
Previous studies by Li et al. (1) and LaFem-
ina et al. (2) have shown that mice lack-
ing the tight junction protein claudin 18 
(CLDN18), which is highly expressed in 
lung alveolar epithelium, have an expected 
defect in epithelial barrier function in the 
alveoli as the result of defective epithelial  
apical tight junctions. Unexpectedly, 
CLDN18-deficent animals are also charac-
terized by lungs that are notably larger than 
those of WT mice. In this issue, Zhou, Flod-
by, and colleagues further examine the role 
of CLDN18 in an effort to understand why 
mice lacking in this protein have larger lungs 
(3). Their study reveals important mecha-
nisms that regulate proliferation of the fac-
ultative progenitors of lung alveoli, type 2 
alveolar epithelial (AT2) cells. The authors 
have identified an elegant signaling cas-
cade whereby distal lung tissue potentially  
senses and responds to disruptions in cell-
cell contacts between AT2 cells and their 

neighbors by activating proliferation of the 
affected AT2 cells via nuclear transloca-
tion of YAP.

Like many interesting discoveries, 
the work by Zhou, Flodby et al. resulted 
from studying an unexpected phenotype 
in a knockout mouse model, namely the 
unexpectedly large lungs observed in 
CLDN18-deficient mice. Zhou, Flodby, 
and colleagues determined that prolifer-
ative indices were increased in AT2 cells 
of Cldn18–/– mice, thus narrowing the 
search for the cellular culprits responsi-
ble for the increased organ size down to 
the facultative progenitors of the alveolar 
epithelium. Importantly, an increase in 
AT2 cell number, rather than an increase 
in cell size, was shown to explain the 
enlarged lungs of CLD18-deficent mice. 
Moreover, these changes in proliferative 
indices were detectable in the developing 
mouse lung by embryonic day 18. Addi-
tionally, Zhou, Flodby, and colleagues 
evaluated if the observed effects of 

Cldn18 deletion were detectable postna-
tally and were intrinsic to lung epithelial 
perturbations. The enlarged lung phe-
notype was carefully replicated in adult 
animals with AT2-specific, tamoxifen- 
inducible deletion of Cldn18. Important-
ly, perturbation of this apical tight junc-
tion protein in AT2 cells of adult mice 
directly increased AT2 cell proliferation. As 
AT2 cells are normally quiescent in unin-
jured lung tissue, understanding mecha-
nisms that promote AT2 cells to reenter 
into the cell cycle are important, because 
proliferating AT2 cells have potential to be 
harnessed for lung regeneration.

CLDN18 deficiency sends YAP 
to the nucleus
An emerging body of literature has impli-
cated several pathways in promoting pro-
liferation of lung alveolar progenitors, 
either during development or in adults. For 
example, FGF, Wnt, activated KRAS, and, 
most recently, YAP signaling have all been 
reported to promote alveolar epithelial cell 
proliferation (4–9). However, the utility 
of targeting these pathways to specifically 
enhance lung alveolar progenitor prolifer-
ation is limited, as their initiating ligands 
and/or receptors tend to be broadly  
expressed in multiple organs during 
many developmental time points. Thus, 
it has been unclear if there might be lung 
epithelium-specific– sensors of injury, 
mechanical stress, or barrier disruption in 
adults that could rapidly initiate signaling 
through one or more of these proprolif-
erative pathways. The findings by Zhou, 
Flodby, et al. are exciting and suggest 
that the 18.1 isoform of CLDN18, which 
is a relatively lung-specific tight junction 
protein, can act to directly initiate YAP 
activity in AT2 cells, thus revealing that 
the site of cell-cell contacts modulate lung 
alveolar progenitor cell cycle and function. 
Through a series of elegant mouse genetic  
models and in vitro studies to evaluate 
Cldn18 deletion, knockdown, or overex-
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Claudin 18 (CLDN18) is a tight junction protein that is highly expressed 
in the lung. While mice lacking CLDN18 exhibit the expected loss of 
epithelial integrity in the lung, these animals also have unexpectedly large 
lungs. In this issue of the JCI, Zhou, Flodby, and colleagues reveal that 
the increased lung size of Cldn18–/– mice is the result of increased type 2 
alveolar epithelial (AT2) cell proliferation. This increase in proliferation 
was shown to be driven by translocation of the transcriptional regulator 
Yes-associated protein (YAP) to the nucleus and subsequent induction of 
proliferative pathways. CLDN18-deficent mice also had increased frequency 
of lung adenocarcinomas. Together, the results of this study advance our 
understanding of the mechanisms that likely regulate homeostasis of the 
normal lung as well as promote the proliferative state of malignant cells 
found in lung adenocarcinomas thought to originate from AT2 cells.
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found that in addition to activating nuclear 
YAP and inducing AT2 cell proliferation, 
reduced CLDN18 also led to the emer-
gence of lung adenocarcinomas in aging 
Cldn18-null mice. Intriguingly, human 
lung adenocarcinomas, which are pro-
posed to be of AT2 cell origin, exhibited  
this same pattern of reduced CLDN18 and 
increased nuclear YAP. Thus, the work by 
Zhou, Flodby, and colleagues nicely exem-
plifies both the promise and perils of aug-
menting YAP activity in epithelial progeni-
tors via CLDN18 perturbations.

CLDN18 is a logical target for lung 
researchers to interrogate, as it is one of the 
claudins most highly expressed in the alveo-
lar epithelium and its gene has binding sites 
for the lung epithelium-selective transcrip-
tion factor, NKX2-1 (1, 2, 13, 14). It should 
be noted that organ enlargement in Cldn18-
null mice was not limited to the lung and ex-
tended to other organs, including the stom-
ach and kidney, that are known to express 
CLDN18. However, the identity of the pro-
genitor cell types responsible for and the 
contribution of downstream YAP-regulated 
mechanisms to increased organ size in other 
CLDN18-expressing tissues remain unclear.

Given the growing interest of the 
research community in understanding  
how lung progenitors sense injury, reenter 
the cell cycle, and potentially regenerate 
alveoli, a number of additional interesting 
questions are also raised by the present 

intact capacity to differentiate into type 1 
alveolar (AT1) epithelial progeny. Taken 
together, the work significantly extends 
the recently reported observations of a 
role for YAP in lung epithelial cells, par-
ticularly related to AT2 cell proliferation.

Clinical implications and future 
directions
The discovery that loss of CLDN18 in creas-
es proliferation of alveolar progenitors 
capable of giving rise to both AT1 and AT2 
cells has several important clinical impli-
cations and raises the intriguing possibility 
that pharmacological modulation of either 
CLDN18 or its binding partner YAP has 
potential to promote lung regeneration or 
alveolar repair after injury. The develop-
ment of a therapeutic strategy to induce 
lung regeneration is a very high hurdle that 
has yet to be surmounted in clinical trials, 
despite the enormous burden of morbidi-
ty and mortality that results from diseases 
that involve the alveolar epithelium, such 
as acute lung injury, acute respiratory 
distress syndrome (ARDS), and pulmo-
nary fibrosis. As is the case in many tis-
sues, however, there is a fine line between 
appropriate progenitor cell proliferation 
during repair after injury and unrestrained 
proliferation during oncogenesis. Like 
several other proproliferative regulators, 
YAP has been implicated in many malig-
nancies, and Zhou, Flodby, and colleagues 

pression, Zhou, Flodby et al. conclude 
that CLDN18 in apical tight junctions of 
AT2 cells directly associates with ZO-1, 
phosphorylated YAP (p-YAP), and Hippo 
pathway kinases (p-LATS1/2). Therefore, 
loss of CLDN18 disrupts this membrane 
protein complex, leading to nuclear trans-
location of dephosphorylated YAP and 
induction of the AT2 cell cycle (Figure 1).

YAP has previously been shown to 
have a variety of important roles in lung 
epithelial cells. For example, YAP activa-
tion was recently shown to promote AT2 
cell proliferation in mice during compen-
satory lung growth following pneumonec-
tomy (9). In addition, a growing body of 
literature implicates YAP as a regulator 
of airway epithelial cell developmental 
patterning, differentiation, and prolifer-
ation (10–12). Analogous to the current 
work by Zhou, Flodby, and colleagues, 
Varelas and colleagues demonstrated that 
in airway epithelia, the apically polarized 
crumbs protein CRB3 promotes interac-
tions between YAP and Hippo kinases 
at apical junctions, thus contributing to 
cytoplasmic retention of p-YAP (10). Loss 
of Crb3 and consequent nuclear trans-
location of dephosphorylated YAP pro-
motes emergence of basal airway progen-
itors while blocking their differentiation 
(10). In contrast, Zhou, Flodby et al. have 
shown that YAP-driven AT2 cell prolifera-
tion in their model is accompanied by an 

Figure 1. Schematic summarizing the effects of CLDN18 deficiency in type 2 alveolar epithelial (AT2) cells. (A) Normally CLDN18 in AT2 cells is found as part of 
a membrane complex in epithelial apical tight junctions, bound to the tight junction (TJ) protein ZO-1, as well bound to Hippo kinases (p-LATS), and phosphor-
ylated YAP (p-YAP). The phosphorylation of YAP by p-LATS sequesters p-YAP protein in the cytoplasm bound to CLDN18 in the apical junction protein complex. 
(B) In contrast, loss of CLDN18 in AT2 cells results in loss of tight junction epithelial barrier function as well as loss of p-LATS activity, allowing dephosphorylated 
YAP to translocate to the nucleus where it promotes proliferation.
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work. For example, are other pathways, 
such as Wnt, FGF, or KRAS signaling, 
proposed to promote AT2 cell prolifera-
tion, activated by reduced CLDN18? Do 
disrupted cell-cell contacts or reduced 
junctional integrity in alveoli selectively 
regulate YAP activity or more generally 
activate a diverse variety of factors that 
drive AT2 cell proliferation? In addition, it 
will be interesting to discern the order in 
which cytoplasmic p-YAP– and CLDN18- 
mediated tight junctional integrity is 
reestablished after epithelial cell num-
bers have been reconstituted. Finally, the 
downstream transcriptional regulators 
that drive AT2 cell proliferation, even if 
predominantly driven by YAP, remain 
almost entirely unstudied and likely rep-
resent the keys to promoting effective lung 
regeneration in the years ahead.
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