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Abstract

Claudins are a family of transmembrane proteins integral to the structure and function of tight 

junctions (TJ). Disruption of TJ and alterations in claudin expression are important features of 

invasive and metastatic cancer cells. Expression of CLDN18.1, the lung-specific isoform of 

CLDN18, is markedly decreased in lung adenocarcinoma (LuAd). Furthermore, we recently 

observed that aged Cldn18−/− mice have increased propensity to develop LuAd. We now 

demonstrate that CLDN18.1 expression correlates inversely with promoter methylation and with 

LuAd patient mortality. In addition, when restored in LuAd cells that have lost expression, 

CLDN18.1 markedly attenuates malignant properties including xenograft tumor growth in vivo as 

well as cell proliferation, migration, invasion and anchorage-independent colony formation in 
vitro. Based on high throughput analyses of Cldn18−/− murine lung alveolar epithelial type II cells, 

as well as CLDN18.1-repleted human LuAd cells, we hypothesized and subsequently confirmed 

by Western analysis that CLDN18.1 inhibits insulin-like growth factor-1 receptor (IGF-1R) and 

AKT phosphorylation. Consistent with recent data in Cldn18−/− knockout mice, expression of 

CLDN18.1 in human LuAd cells also decreased expression of transcriptional co-activator with 

PDZ-binding motif (TAZ) and Yes-associated protein (YAP) and their target genes, contributing to 

its tumor suppressor activity. Moreover, analysis of LuAd cells in which YAP and/or TAZ are 

silenced with siRNA suggests that inhibition of TAZ, and possibly YAP, is also involved in 

CLDN18.1-mediated AKT inactivation. Taken together, these data indicate a tumor suppressor 

role for CLDN18.1 in LuAd mediated by a regulatory network that encompasses YAP/TAZ, 

IGF-1R and AKT signaling.
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Introduction

Lung cancer is the leading cause of cancer death worldwide, with ~1.8 million new cases 

diagnosed each year, and prognosis remains poor (1). Despite advances in treatment and 

incorporation of new drugs and targeted therapies, 5-year survival of LuAd patients is only 

~15% (1). Therefore, improved understanding of disease biology and development of novel 

diagnostic, prognostic and therapeutic tools would enhance management of LuAd.

Claudins (CLDNs) are transmembrane protein components of both epithelial and endothelial 

tight junctions (TJs) (2). They are critical for the assembly and function of TJs and play 

essential roles in regulating paracellular permeability and maintaining polarity. Claudins are 

altered in various cancers and their role in carcinogenesis is context-dependent (3). CLDN3 

and CLDN4 are frequently upregulated in ovarian, breast, prostate and pancreatic tumors (4–

6), while CLDN7 is downregulated in breast cancer but elevated in stomach cancer (7,8). 

There is as yet no unifying hypothesis as to the role of claudins in carcinogenesis.

The lung-specific CLDN18.1 is one of the most highly expressed claudin family members in 

alveolar epithelial cells (9). Another splicing isoform, CLDN18.2, is normally expressed in 

stomach (10,11) and ectopically in pancreatic, esophageal, ovarian and lung cancers (12–
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14). Whereas numerous studies have focused on ectopic expression of CLDN18.2, 

investigation of CLDN18.1 in cancer has been limited (15,16). Using Cldn18−/− mice, in 

which both Cldn18.1 and Cldn18.2 isoforms are globally deleted, we recently assigned a 

role for CLDN18 in regulating not only epithelial permeability and ion transport, but also 

proliferation of lung alveolar epithelial type II (AT2) cells, organ size and tumorigenicity 

(17,18). In the present study, we address in vivo and in vitro the contributions of CLDN18.1 

to the malignant phenotype of human LuAd.

Molecular mechanisms underlying lung carcinogenesis involve interplay of multiple 

signaling pathways. The insulin-like growth factor (IGF) pathway has been implicated in 

induction and maintenance of different malignancies including lung cancer (19,20). A major 

downstream effector of IGF signaling is the phosphoinositide 3-kinase (PI3K)/AKT 

pathway, increased activity of which is frequently observed in NSCLC (21,22). Aberrant 

activation of the PI3K/AKT/mTOR pathway has been reported in more than 40% of LuAd 

cases from The Cancer Genome Atlas (TCGA) network (cBioportal.org) (23). Further 

underscoring the importance of the PI3K/AKT pathway in lung cancer, 

phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PIK3CA) was 

among 18 genes recurrently mutated in a cohort of 412 LuAd patients (24).

Yes-associated protein (YAP) and transcriptional co-activator with PDZ-binding motif 

(TAZ) are well-known critical regulators of organ size and tumorigenesis (25,26). Both YAP 

and TAZ are highly expressed in LuAd (25), and knockdown of either is sufficient to inhibit 

cell proliferation, invasion and clonogenicity of LuAd cell lines (27,28). As a key 

downstream effector of the Hippo pathway, nuclear YAP/TAZ signaling is involved in 

context-dependent combinatorial regulation of a rich transcriptional program that mediates 

diverse biological processes (29,30). YAP/TAZ activity is regulated in both Hippo kinase-

dependent and -independent manners (25,31). We have recently reported that CLDN18 

interacts with YAP in murine AT2 cells, resulting in nuclear exclusion and downregulation 

of YAP target genes (18).

In the present study, we investigated the role for CLDN18 in lung carcinogenesis using 

complementary in vivo and in vitro experimental models, as well as publicly available high-

throughput data from LuAd patients. Our data indicate a tumor suppressor role for 

CLDN18.1 in human LuAd cells which involves interplay among IGF-1R, YAP/TAZ and 

AKT.

Materials and methods

Analysis of data from the LuAd patient cohort of TCGA

DNA methylation data and matching gene-level RNA-sequencing (RNA-seq) data were 

retrieved from the data portal of TCGA (https://tcga-data.nci.nih.gov/tcga/). DNA 

methylation data were generated using the Illumina Infinium HumanMethylation450 

platform and Level 3 data are represented by β-values which define the ratio of the intensity 

of the methylated bead type to the combined locus intensity. The TCGA Level 3 RNA-seq 

dataset quantifies transcript levels by normalized counts using the RNA-seq by Expectation-

Maximization (RSEM) method. Kaplan Meier curves were generated using Partek 
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Genomics Suite 6.6 (Partek, St. Louis, MO) for LuAd patients based on clinical data and 

isoform-specific RNA-seq data retrieved from the National Cancer Institute Genomic Data 

Commons data portal (https://portal.gdc.cancer.gov). Normalized counts of CLDN18.1 
(uc003erp.1) were standardized by mean-centering and scaling to dichotomize tumors into 

groups expressing either high or low levels of this isoform.

Animal procedures

Isolated lung AT2 cells and whole lung extracts were derived from mice with global deletion 

of both Cldn18 isoforms as previously described (17). In vivo tumorigenicity assays were 

carried out in female athymic nude mice (Jackson Laboratories, Bar Harbor, ME). Briefly, 

LuAd cells were grafted subcutaneously in the flanks of eight-week-old mice (1x106 cells 

per flank). Mice were fed a Dox-containing diet (625 mg/kg) (Teklad Diets, Madison, WI; 

#TD.01306) for doxycycline (Dox)-induced gene expression in the xenografts. Tumor length 

(l) and width (w) were measured weekly, and tumor volume (V) was calculated as V = lw2/2 
(32). Mice were euthanized after 6 weeks and tumors were excised and weighed. All animal 

studies were performed in compliance with the University of Southern California 

Institutional Animal Care and Use Committee guidelines.

Preparation of plasmids and lentiviral particles

For promoter methylation studies, the CLDN18.1 sequence between positions −300 and −1 

relative to the transcription start site was PCR-amplified using human genomic DNA as 

template and the primer pair 5′-AGTCTGGTTTAAGACAGAGCAC-3′ and 5′-

GCCGAAGGTGTGAAGCTAA-3′. The amplicon was ligated into the TA cloning vector 

(Invitrogen, Carlsbad, CA; #K4500-01) and the insert was excised using Acc65I and BamHI 

and directionally cloned into Acc65I/BamHI-digested CpG-free pCpGL-basic luciferase 

vector (gift from Dr. Peter Jones, Van Andel Research Institute, Grand Rapids, MI) to yield 

pCpGL-300. For Dox-inducible CLDN18.1 expression, the Myc-Flag-tagged coding 

sequence of CLDN18.1 was cloned into the SpeI/XbaI-digested lentiviral entry vector 

pEN_TmiRc3 (ATCC, Manassas, VA; MBA-248), and the resulting plasmid was 

recombined using the Gateway system (Invitrogen; #11791-020) with the pSLIK-Hygro 

destination vector (ATCC; MBA-237) to yield pSLIK-Tet-rtTA-CLDN18.1-Hygro. All 

constructs were verified by sequencing. For preparation of lentiviral particles, HEK293T 

cells were co-transfected with pSLIK-Tet-rtTA-CLDN18.1-Hygro, the pCMV8.91 

packaging plasmid and the pMDG envelope plasmid, using the calcium chloride method 

(33). Culture medium containing virus particles was harvested after 48 hours and virus titer 

(typically 108 lentiviral particles/ml) was determined using a p24 Elisa Assay Kit (Cell 

Biolabs, San Diego, CA; #VPK-108-H).

Cell culture procedures and generation of stable cell lines

Primary human AT2 cells were obtained from remnant transplant lungs in compliance with 

Institutional Review Board-approved protocols for the use of human source material in 

research (HS-07-00660). Human H23 (#CRL-5800) and H358 (#CRL-5807) LuAd cell lines 

from the American Type Culture Collection (ATCC, Manassas, VA) were cultured in 

RPMI-1640 medium (Invitrogen; #11875-119) supplemented with 4 mM L-glutamine, 10% 

fetal bovine serum (FBS) (Hyclone, Logan, UT; #SH30071.02), 100 U/ml penicillin and 100 

Luo et al. Page 4

Int J Cancer. Author manuscript; available in PMC 2019 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://portal.gdc.cancer.gov


μg/ml streptomycin. Both cell lines were authenticated at the Genetic Core of the University 

of Arizona based on polymorphic short tandem repeat (STR) loci. To generate stable H23 

and H358 subclones with Dox-inducible CLDN18.1, cells were transduced with the pSLIK-

Tet-rtTA-CLDN18.1-Hygro lentivirus in the presence of 10 μg/ml polybrene at multiplicity 

of infection (MOI)=2. Transduced cells were selected with 100–150 μg/ml of hygromycin 

(Life Technologies, Carlsbad, CA; #10687-010) for 10 days, resulting in H23/C18 and 

H358/C18 Dox-inducible CLDN18.1-expressing sublines. All studies were performed with 

cells pretreated with Dox for 2 days to induce CLDN18.1 expression. Mouse lung epithelial 

(MLE-15) cells (gift from Dr. Jeffrey Whitsett, University of Cincinnati) were cultured in 

HITES medium (RPMI 1640, 10 nM hydrocortisone, 5 μg/ml insulin, 5 μg/ml human 

transferrin, 10 nM β-estradiol, 5 μg/ml selenium, 2 mM L-glutamine, 10 mM HEPES, 100 

U/ml penicillin and 100 μg/ml streptomycin) supplemented with 2% FBS (34). Human 

embryonic kidney HEK293T cells (ATCC; #CRL-1573) were grown in Dulbecco’s modified 

Eagle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO; #5796) supplemented with 4 mM 

L-glutamine, 10% FBS, 100 U/ml penicillin and 100 μg/ml streptomycin. Human AT2 cells 

were isolated as previously described (35).

Methylation, transient transfections and luciferase assays

The plasmids pCpGL and pCpGL-300 (20 μg) were each incubated for 48 hours at 37°C 

with 50 units of methyltransferase SssI (New England Biolabs, Ipswich, MA; #M0226L) 

and 160 μM S-adenosylmethionine (SAM) (New England Biolabs; #B9003S). Control, 

unmethylated DNA was prepared by incubating the plasmids as above, except the 

methyltransferase was omitted. Completeness of methylation was verified using the 

methylation-sensitive restriction enzyme HhaI. MLE-15 cells were seeded in 24-well plates 

(6x104 cells/well) and transfected after 24 hours with 0.75 μg/well of either methylated or 

unmethylated pCpGL or pCpGL-300 firefly luciferase plasmids, along with 50 ng Renilla 

luciferase control vector using Superfect reagent (Qiagen, Valencia, CA; #301307). Reporter 

activity was determined 48 hr later with the Dual-Luciferase Reporter System (Promega, 

Madison, WI; #E1960). siRNA transfections of H23/C18 cells were performed with 

Lipofectamine RNAi-MAX (Thermo Fisher, Waltham, MA; #13778030) according to the 

manufacturer’s instructions. Non-targeting (control) and YAP and TAZ siRNAs were 

purchased from Dharmacon (Chicago, IL). Sequences of siRNAs used are provided in 

Supplemental Table 1.

RNA isolation and quantitative real-time PCR

Total RNA was extracted from cultured H23/C18 cells and from human AT2 cells using 

RNeasy Plus Mini Kit (Qiagen, Germantown, MD; #74134). cDNA synthesis was carried 

out with Superscript (Invitrogen; #18080-051). qRT-PCR was performed with a thermal 

cycler (Applied Biosystems, Foster City, CA; 7900HT). Primer sequences are provided in 

Supplemental Table 2.

Western analysis

Protein extracts (10–60 μg) were resolved by SDS-PAGE and transferred to PVDF 

membranes (Bio-Rad; #162-0177) as previously described (36). Sources of antibodies and 

their dilution factors were as follows: anti-CLDN18 (Life Technologies, Grand Island, NY; 
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#700178; 1:500), anti-lamin A/C (Santa Cruz Biotechnology, Santa Cruz, CA; #sc20681; 

1:2000), anti-α-tubulin (Sigma-Aldrich, #6-11B-1; 1:5000), anti-β-actin (Abcam, 

Cambridge, MA; #ab8227; 1:5000) and anti-GAPDH (Ambion, Foster City, CA; #AM4300; 

1:2000). Anti-phospho-IGF-1R (#3027; 1:200), anti-IGF-1R (#3018; 1:200), anti-phospho-

S127-AKT (#4911; 1:200), anti-AKT (#3477; 1:500), anti-Erk1/2 (#4695; 1:200), anti-

phospho-Erk1/2 (#4370; 1:200), anti-YAP (#4912; 1:200), anti-p-YAP (#4911; 1:200) and 

anti-TAZ ((#4883; 1:200) were from Cell Signaling Technology (Beverly, MA).

Immunofluorescence and confocal microscopy

For immunostaining, 6x104 H23/C18 or H23 cells were seeded on 12 mm Transwell filters 

(Corning, Corning, NY; #3401) and cultivated for two days before fixation with 4% 

paraformaldehyde (PFA). After permeabilization with 0.1% Triton-X, filters were incubated 

with primary Abs overnight at 4°C followed by 1hr incubation with biotinylated anti-rabbit 

or -mouse IgG (Vector Laboratories, Burlingame, CA; #BA-1000 or #BA-2000, 1:300) and 

10 min incubation with Cy3- or Alexa 488-conjugated streptavidin (Jackson 

ImmunoResearch, West Grove, PA; #016-160-084 or Invitrogen, #S11223; 1:300). Primary 

Abs for CLDN18, YAP and TAZ were the same as those used for Western analysis; anti-E-

cadherin was from BD Biosciences (Franklin Lake, NJ; #610181; 1:1000). For CLDN18.1/

ZO-1 double staining, filters were incubated overnight with mouse anti-cMyc, targeting 

Myc-tag of CLDN18.1 (Sigma; #M4439; 1:100) and rabbit anti-ZO-1 (Invitrogen; 

#40-2200; 1:100), followed by sequential incubations with biotinylated goat anti-rabbit IgG, 

Cy3-conjugated streptavidin and Alexa 488-labeled goat anti-mouse Ab (Invitrogen; 

#A-10680; 1:300). Images were captured using a Nikon Eclipse 80i microscope (QImaging, 

Surrey, BC, Canada) and confocal images were captured using a ZEISS LSM 510 confocal 

system (Carl Zeiss, Jena, Germany).

Cell counting and proliferation assay

For cell growth assays, H23/C18 and H23 cells pretreated with Dox or vehicle were seeded 

in 24 well plates at a density of 6x104 cells/well. Cells were then counted daily using a Z1 

coulter particle counter (Beckman Coultier, Brea, CA) up to day 5. To evaluate proliferation 

of H23 and H23/C18 cells, 5-ethynyl-2′-deoxyuridine (EdU; 10 μM) was added to the 

culture medium 1 hr before fixation with 4% PFA. EdU incorporation was detected with the 

EdU Imaging Kit (Life Technologies; #10337).

Soft agar anchorage-independent growth assay

H23 and H23/C18 cells were suspended in growth medium containing 0.3% agar (Fisher 

Scientific, Hampton, NH; #BP1423-500) and 1.5 ml (4x104 cells) was added per well (22 

mm) in 12-well plates. Prior to seeding, each well was prepared with a 1.5 ml basal layer of 

0.6% agar in growth medium. Cells were incubated at 37°C with a change of media 

supplemented with Dox or vehicle every other day. Colonies were fixed in 4% PFA after 14 

days and stained with crystal violet.
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Migration and invasion assays

For migration assays, 6x104 H23/C18 cells were seeded in the upper chamber of a non-

coated FluoroBlok 12 mm insert (Corning; #62406-504). Inserts coated with Matrigel 

(Corning; #354234) were used for invasion assays. After incubation at 37°C for 48 hrs in the 

presence or absence of Dox, cells were stained with 4 μg/ml Calcein-AM (VWR, Radnor, 

PA; #89044-502) for 1 h and fluorescence was measured from the bottom of the plates using 

the CytoFluor4000 fluorescence plate-reader (Applied Biosystems) at wavelengths of 

490/520 (Ex/Em).

Microarray analysis

Total RNA was extracted from AT2 cells from wild type and Cldn18−/− mice using an 

RNeasy kit (Qiagen) and global expression profiling was performed in quadruplicate using 

Mouse Ref8 v2.0 BeadChips (IIlumina, San Diego, CA) by the Southern California 

Genotyping Consortium at the University of California, Los Angeles. Raw data processing 

was done using GenomeStudio (Illumina) and extended analyses were carried out using R 

(version 2.11.1) as previously described (35). The complete microarray dataset has been 

deposited to Gene Expression Omnibus (GEO) with the accession number GSE106233.

Reverse phase protein array (RPPA) analysis

H23/C18 cells with and without Dox and wild type and Cldn18−/− knockout mouse AT2 

cells were subjected to RPPA analyses at the Functional Proteomics RPPA Core Facility, 

MD Anderson Cancer Center. Detailed descriptions for sample processing and data analysis 

as well as antibody information are provided on their website: https://www.mdanderson.org/

research/research-resources/core-facilities/functional-proteomics-rppa-core.html.

Statistical analyses

Unless otherwise specified, data are presented as mean ± standard error of the mean (SEM). 

Significance (p < 0.05) was determined by two-sided t-test for comparison of two group 

means and Z-test for comparisons between normalized data. Significance (p < 0.05) for ≥ 3 

group means with one and two factors was determined by one-way and two-way analysis of 

variance (ANOVA), respectively. Post-hoc analyses were performed with Fisher’s least 

significant difference (LSD) test. Significance (p < 0.05) for Kaplan-Meier curves was 

determined using the log-rank test. Ingenuity Pathway Analysis (IPA) package (http://

www.ingenuity.com) was used for analysis of differentially expressed RNAs (microarray) 

and proteins (RPPA). Fisher’s exact test as implemented in IPA software was used to 

calculate p-values of significance level 0.05.

Results

Methylation and expression patterns validate a tumor suppressor role for CLDN18.1 in 
human LuAd

Consistent with a tumor suppressor role in human lung alveolar epithelial cells, methylation 

of a CpG island near the CLDN18.1 transcription start site was increased in tumor versus 

normal tissue in the TCGA LuAd patient cohort (Figure 1A), while in vitro methylation of 
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the CLDN18.1 promoter resulted in strong transcriptional inhibition of a linked luciferase 

reporter (Figure 1B). Methylation of the CpG island near the CLDN18.1 transcription start 

site was inversely correlated with CLDN18 mRNA expression in the TCGA LuAd patient 

cohort (Figure 1C). Furthermore, comparison of the survival rates of patients expressing 

CLDN18.1 mRNA at levels above versus below the mean normalized counts (mean = 911 

± 1396) in the TCGA LuAd patient cohort indicates that higher CLDN18.1 expression is 

associated with significantly better survival (Figure 1D). Similar to pancreatic and other 

cancers, a small fraction of tumors in the TCGA LuAd patient cohort exhibited ectopic 

expression of the stomach-specific CLDN18.2 isoform, which was associated with 

decreased methylation (Supplemental Figure 1A–C). In contrast to CLDN18.1, there was no 

significant inverse association between CLDN18.2 expression (mean = 1132 ± 3998) and 

patient survival in the TCGA LuAd cohort (Supplemental Figure 1D). These results validate 

a tumor suppressor role for CLDN18.1 in human LuAd consistent with the development of 

such tumors in the Cldn18−/− mouse model (18).

Expression of CLDN18.1 in human LuAd cells suppresses xenograft tumor growth

To address the role of CLDN18 in suppressing human lung carcinogenesis in vivo, we 

conditionally expressed CLDN18.1 in the H23 human LuAd cell line and tested 

tumorigenicity in a mouse xenograft model. Cells were transduced with a doxycycline 

(Dox)-inducible CLDN18.1 lentiviral vector, yielding cells termed H23/C18. Dox-induced 

CLDN18.1 expression was confirmed by qRT-PCR and Western analysis, and confocal 

microscopy verified its co-localization with zonula occludens (ZO-1) at tight junctions 

(Figure 2A–C). Expression of CLDN18.1 affected neither intracellular distribution of 

junctional proteins ZO-1 and E-cadherin nor any gross cell morphology features in both 

H23/C18 and H358/C18 human LuAd cell lines (Supplemental Figure 2A–C). CLDN18.1 

was induced two days prior to implantation by treating cells with 0.5 μg/ml Dox, a 

concentration that increased CLDN18.1 mRNA and protein expression to levels comparable 

to primary human AT2 cells (Figure 2A–B). Dox-treated and control cells were inoculated 

subcutaneously into the flanks of nude mice and CLDN18.1 induction continued in vivo by 

administration of Dox in the diet (Supplemental Figure 3). Tumors were detectable in the 

control group after 2 weeks and their mean volume reached 314 ± 19.90 mm3 by 6 weeks. In 

contrast, H23/C18 cells in which CLDN18.1 was induced by Dox did not form tumors until 

3 weeks, and their mean volume was only 98 ± 19.36 mm3 at 6 weeks (Figure 2D–E). 

Tumor weight at 6 weeks was 136 ± 20.35 mg in the control group versus 49 ± 9.22 mg in 

the CLDN18.1-expressing group (Figure 2F). As expected, Dox affected neither the size nor 

the weight of xenograft tumors formed by the parental (non-transduced) H23 cells, 

attributing the inhibition of xenograft tumor growth to CLDN18.1 induction (Figure 2D–F). 

The ~70% decrease in tumor volume and weight (p<0.05) in the Dox-treated group (Figure 

2D–F) directly indicates that CLDN18.1 plays a tumor suppressor role in human LuAd cells 

in vivo.

CLDN18.1 inhibits malignant properties of LuAd cells in vitro

In pursuit of cellular mechanisms underlying the tumor suppressor role of CLDN18 in 

human LuAd cells, we investigated effects of Dox-induced CLDN18.1 expression on 

malignant properties of cultured LuAd cells. Dox significantly reduced cell growth rate in 
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both the H23/C18 (Figure 3A) and the H358/C18 model (Supplemental Figure 4). The 

decreased growth rate was not attributable increased apoptosis (Supplemental Figure 5). 

Rather, assessment of cell proliferation based on EdU incorporation demonstrated Dox-

mediated decrease in EdU+ cells (Figure 3B–C). Dox treatment did not affect the number of 

Edu+ cells in cultures of parental H23 cells (Supplemental Figure 6A).

We next investigated the effects of CLDN18.1 on cell migration and invasion using Boyden 

chamber assays. Dox-induced CLDN18.1 expression decreased the number of cells that 

crossed the membrane in the migration assay by ~2-fold (Figure 3D–E). Remarkably, Dox 

decreased the number of cells that crossed the Matrigel-coated membrane in the invasion 

assay by ~16-fold (Figure 3F–G). We next tested the effect of CLDN18.1 on anchorage-

independent growth in the H23/C18 culture model. As shown in Figure 3H–J, CLDN18.1 

markedly inhibited both the number and size of colonies formed by H23/C18 cells in soft 

agar. As control, Dox treatment did not affect anchorage-independent growth of parental 

H23 cells (Supplemental Figure 6B–D). These data suggest that CLDN18.1 suppresses 

LuAd tumor growth by inhibiting cell proliferation, both anchorage-dependent and -

independent, and by decreasing cell migration and invasion.

CLDN18.1 suppresses IGF-1R/AKT signaling

We employed two experimental systems, primary AT2 cells from Cldn18−/− mice and 

H23/C18 cells with Dox-inducible CLDN18.1, to pursue pathways involved in the tumor 

suppressor function of CLDN18 in lung alveolar epithelial cells in an unbiased fashion. 

First, we investigated global gene expression in AT2 cells freshly isolated from Cldn18−/− 

versus wild-type control mice. Ingenuity Pathway Analysis (IPA) of 135 differentially 

expressed genes (Supplemental Table 3) suggests that IGF-1 signaling is the most altered 

pathway in AT2 cells isolated from Cldn18−/− mice (Figure 4A). Indeed, Western blot 

analysis with anti-phospho-IGF-1R and pan-IGF-1R Abs indicates specific upregulation of 

the phosphorylated active receptor in AT2 cells from Cldn18−/− as compared to wild type 

mice (Figure 4B). Quantitative analysis indicates ~1.7-fold increase in IGF-1R 

phosphorylation/activation upon loss of Cldn18 (Figure 4B). We also used the same Western 

blot to assess the effect of Cldn18 loss on phosphorylation (activation) of AKT, a major 

downstream effector of IGF-1R. As expected, activation of IGF-1R was associated with a 2-

fold activation of AKT (Figure 4B).

To further identify pathways potentially mediating the tumor suppressor function of 

CLDN18.1 in LuAd, we subjected Dox-treated and control H23/C18 human LuAd cells to 

functional proteomics analysis using RPPA of over 300 antibodies. Supplemental Table 4 

lists 77 proteins that were altered by Dox treatment (fold change ≥ 1.2), and IPA of these 

proteins again suggested that IGF-1 and AKT signaling were among the pathways most 

strongly affected by CLDN18.1 (Figure 4C). Indeed, Western analysis demonstrated that 

Dox-mediated CLDN18.1 induction in H23/C18 cells resulted in a ~2 fold decrease in the 

phosphorylation of both IGF-1R and AKT (Figure 4D). In contrast, CLDN18.1 induction in 

the H23/C18 cells did not alter ERK1/2 phosphorylation (Supplemental Figure 7).

To further understand how CLDN18.1 regulates the IGF-1R/AKT axis in human LuAd cells, 

we tested whether IGF-1 would overcome CLDN18.1-mediated inhibition of IGF-1R/AKT 
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signaling. Treatment of H23/C18 cells with recombinant IGF-1 (5 ng/ml) resulted in the 

expected increase in both IGF-1R and AKT phosphorylation (Figure 5A, lane 3 versus 1), 

along with an activation-induced decrease in total Akt (37). Consistent with Figure 4D, Dox-

mediated CLDN18.1 expression in the absence of IGF-1 resulted in decreased 

phosphorylation of both IGF-1R and AKT (Figure 5A, lane 2 versus 1). Interestingly, 

however, Dox-mediated CLDN18.1 expression in the presence of IGF-1 resulted in 

downregulation of AKT phosphorylation without any significant change in IGF-1R 

phosphorylation (Figure 5A, lane 4 versus 3), suggesting that CLDN18.1-mediated 

inactivation of AKT may employ an alternative pathway in addition to the well-established 

IGF-1R/AKT axis.

Contribution of YAP/TAZ to CLDN18.1-mediated regulation of AKT

Because CLDN18 downregulates YAP in murine AT2 cells (18) and TAZ in the human 

H23/C18 cells (RPPA data; Supplemental Table 4), and given the known cross-talk between 

AKT and YAP/TAZ (38–42), we wondered whether YAP and/or TAZ could also play a role 

in CLDN18.1-mediated AKT regulation in human LuAd cells. We first tested the effect of 

CLDN18.1 expression in LuAd cells on the levels of YAP and TAZ. Western analysis 

(Figure 5B) demonstrates downregulation of total levels of TAZ and YAP in CLDN18.1-

expressing cells. Furthermore, confocal images show the proportion of nuclear YAP and 

TAZ decreases in Dox-treated cells (Figure 5C–D) and accordingly, qRT-PCR analysis 

indicates 3–5 fold inhibition of YAP/TAZ target gene expression by CLDN18.1 (Figure 5E). 

These results are consistent with our previous in vivo data indicating negative regulation of 

YAP by CLDN18 (18). We then tested by siRNA silencing the potential roles of YAP and 

TAZ in regulating AKT. As shown in Figure 5F–G, TAZ depletion resulted in AKT 

inactivation (lane 3) to levels comparable to those observed after Dox-induced CLDN18.1 

expression (lane 5), indicating that TAZ stimulates AKT and that its inhibition by 

CLDN18.1 (Figure 5B) may thus play a role in CLDN18.1-mediated AKT inactivation 

(Figure 4D and 5F). Compared to TAZ silencing, the effect of YAP silencing on AKT 

phosphorylation was difficult to assess because, consistent with previous studies (43), YAP 

silencing strongly induced TAZ (Figure 5F, lane 2 and 6), potentially resulting in two 

opposing effects: direct AKT inactivation as a result of decreased YAP and indirect (TAZ-

dependent) AKT activation. Nevertheless, stimulation of AKT by YAP is suggested by lack 

of AKT activation in siYAP-transfected cells (Figure 5F, lane 2 versus 1) despite a robust 

(likely compensatory) increase in TAZ expression upon YAP silencing. In addition to 

establishment of a CLDN18.1—YAP/TAZ—AKT axis, the YAP/TAZ silencing study also 

demonstrates that CLDN18.1 further inhibits AKT activation in cells depleted of both YAP 

and TAZ (Figure 5F, lane 8 versus 4), indicating that inhibition of YAP/TAZ is insufficient 

for execution of the full negative regulation of AKT by CLDN18.1 and consistent with 

residual activation via a CLDN18.1—IGF1-R—AKT axis. These results suggest that 

CLDN18.1—YAP/TAZ—AKT (Figure 5) and CLDN18.1—IGF1-R—AKT (Figure 4) axes 

regulate AKT activity via two parallel pathways (Figure 5H), although we cannot rule out 

additional interactions between the two pathways.
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Discussion

CLDN18.1 is emerging as a tumor suppressor in lung alveolar epithelial cells (15,18). 

Compared to normal tissue, LuAd displays increased CLDN18.1 promoter methylation 

(Figure 1) and decreased mRNA expression (Figure 1 and Ref. 29). Furthermore, low levels 

of CLDN18.1 expression are associated with poor survival in patients with LuAd (Figure 1). 

These features of CLDN18.1 contrast with those of CLDN18.2, which is ectopically 

expressed in a small proportion of tumors in the TCGA LuAd cohort and shows no 

association with patient survival (Supplemental Figure 1). Supporting the tumor suppressor 

role of CLDN18.1 in in human LuAd, restoration of its expression in human LuAd cell lines 

to levels approximating those observed in normal AT2 cells resulted in strong inhibition of 

tumor growth in a mouse xenograft model (Figure 2). Contributing to this tumor suppressor 

activity, repletion of CLDN18.1 in LuAd cells resulted in decreased proliferation, migration, 

invasion and anchorage-independent colony formation in vitro (Figure 3). While our recent 

work demonstrates direct interaction between CLDN18.1 and YAP (18), the present results 

and those of Shimobaba et.al. (15) suggest that additional signaling pathways are involved in 

the tumor suppressor activity of CLDN18.1, including TAZ, IGF-1R and AKT.

A role for AKT downstream of CLDN18.1 was indicated by functional proteomics analysis 

of >300 proteins in H23/C18 human LuAd cells, in which CLDN18.1 was induced by Dox. 

PI3K/AKT was the pathway most enriched in the set of 77 proteins altered in response to 

CLDN18.1 (Figure 4C). A 2-fold decrease in AKT phosphorylation, with no change in ERK 

phosphorylation, was confirmed by Western analysis (Figure 4 and Supplemental Figure 7). 

Interestingly, studies in Cldn18−/− mice showed that AKT phosphorylation is also regulated 

by CLDN18 in non-malignant cells from both embryonic lungs (Figure 4B) and adult AT2 

cells (Supplemental Table 5), suggesting that the CLDN18.1/AKT axis is operative in 

normal cells and may therefore be involved in tumor initiation associated with loss of 

CLDN18. These results are consistent with inhibition of AKT recently observed in A549 

LuAd cells upon CLDN18.1 expression (15).

Several upstream regulators could account for attenuation of AKT activity by CLDN18. 

EGFR, which is recurrently mutated in LuAd (24), does not appear to play such a role in this 

context ((15) and Supplemental Table 4). The tumor suppressor role of CLDN18.1 in LuAd 

cells likely involves interactions at tight junctions, although cytoplasmic and nuclear 

localization of over-expressed CLDN18.1 (Figure 2C and (15)) does not exclude additional 

mechanisms. Adherens junctions, tight junctions and associated polarity proteins are well-

known regulators of the Hippo pathway (31,44), and our recent work demonstrates that 

CLDN18 directly inhibits YAP activity in murine AT2 cells (18). While inhibition of YAP 

by CLDN18.1 in human H23/C18 LuAd cells is modest, we observe stronger inhibition of 

its paralog TAZ as well as decreased nuclear localization of both YAP and TAZ and reduced 

expression of YAP/TAZ target genes (Figure 5). We suggest that CLDN18.1-mediated 

downregulation of TAZ plays a role in AKT inactivation because silencing of TAZ 

mimicked the CLDN18.1-mediated AKT inactivation (Figure 5). Specific effects on YAP 

versus TAZ may be context-dependent and vary among species and experimental systems. 

Nevertheless, CLDN18.1 further inhibited AKT in cells depleted of both YAP and TAZ 
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(Figure 5), suggesting that additional mechanisms besides YAP/TAZ are involved in AKT 

suppression by CLDN18.1.

A novel finding in the present work is the inhibitory effect of CLDN18.1 on IGF-1R, a 

major regulator of AKT. A decrease in IGF-1R phosphorylation was observed in H23/C18 

LuAd cells in vitro in response to Dox-induced CLDN18.1 expression (Figure 4D), and 

IGF-1R is more highly phosphorylated in lungs isolated from Cldn18−/− compared to control 

mice (Figure 4B). In contrast to IGF-1R and AKT, ERK phosphorylation was not decreased 

upon CLDN18.1-mediated IGF-1R inactivation in H23 cells (Supplemental Figure 7), and 

recent work with A549 LuAd cells indicates no significant effects on phosphorylation of 

either EGFR or downstream kinases such as Raf, MEK1, ERK1/2, JNK and p38 (15). 

Inactivation of receptor tyrosine kinases (RTKs) by junctional proteins is not without 

precedent. For example, E-cadherin inactivates IGF-1R, as well as EGFR and c-Met in 

canine kidney epithelial MCDK and human HEK293 cells (45), and overexpression of the 

tight junction protein ZO-1 in multiple myeloma cells inhibits EGFR phosphorylation (46). 

Delineation of precise mechanisms whereby CLDN18.1 regulates IGF1-R activity will 

require further investigation.

Molecular mechanisms by which CLDN18.1 integrates regulation of YAP/TAZ on the one 

hand, and IGF-1R on the other hand, to inactivate AKT (Figure 5H) remain largely 

unknown. There is evidence that CLDN18 physically interacts with YAP (18) and with 

PDK1, which acts upstream of AKT (15), suggesting direct regulatory mechanisms. 

Additionally, cross-talk between YAP/TAZ and IGF-1R/AKT signaling in LuAd may result 

in regulation of one pathway by the other. Similar crosstalk has been observed in other 

contexts. For example, it was shown that activation of RTKs such as EGFR and IGF-1R 

results in dissociation of complexes containing PDK1 and Hippo pathway components, 

leading to YAP/TAZ activation (40,41,44). Reciprocally, there is evidence that YAP/TAZ 

target genes indirectly regulate the IGF-1R/AKT pathway by, for example, increased 

expression of IGF-1 and its binding proteins (38,39) as well as the RTK/PI3K adaptor 

protein GAB2 (47) and the PTEN-targeting miR29 (38,48). Finally, it is also plausible that 

PI3K/AKT stabilizes TAZ through inhibitory phosphorylation of glycogen synthase kinase-3 

beta and thus attenuation of the phosphorylation of the N-terminal phosphodegron in TAZ 

(42). In addition to delineating the relationships among the effects of CLDN18.1 on IGF-1R, 

YAP/TAZ and AKT, future studies will also have to address their relative contributions to the 

various tumor suppressor properties of CLDN18.1 in LuAd.

In summary, our work provides a multitude of evidence for the tumor suppressor activity of 

CLDN18.1 in LuAd, including inhibition of xenograft tumor growth in vivo, attenuation of 

various malignant phenotypes in vitro and its regulation of multiple oncogenic pathways. We 

demonstrate that CLDN18.1 inhibits the IGF-1R/AKT and the YAP/TAZ/AKT axes, and 

that high CLDN18.1 expression is associated with better LuAd patient survival. Our findings 

suggest that the methylation and expression of CLDN18.1 may be of prognostic value in 

LuAd management and that effectors downstream of CLDN18.1 may constitute viable 

therapeutic targets for the treatment of LuAd.
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IGF-1R insulin-like growth factor-1 receptor
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IGF insulin-like growth factor
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Novelty and Impact

CLDN18.1, a key component of epithelial tight junctions, functions as a tumor 

suppressor in human lung adenocarcinoma (LuAd). It suppresses human LuAd cell 

proliferation, migration and invasion and importantly, xenograft tumor growth while 

suppressing YAP/TAZ, IGF-1R and AKT signaling. Methylation and expression of 

CLDN18.1 may be of prognostic value in LuAd management. CLDN18.1 and 

downstream effectors may constitute viable targets for the treatment of LuAd.
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Figure 1. CLDN18.1 expression in LuAd is inversely correlated with patient mortality and 
promoter methylation
A. Methylation of the CLDN18.1 promoter in the TCGA LuAd patient cohort. Data are from 

286 LuAd samples and 19 adjacent non-tumor tissues, with boxes representing the 25% to 

75% quartiles and lines within the boxes depicting median values. Data are for probe 

cg10602180 (depicted in the schematic) (*, p < 0.0001, unpaired two-tailed t-test). 

Schematic of CLDN18 gene located in chromosome 3 indicating its two isoforms (lung-

specific CLDN18.1 and stomach-specific CLDN18.2). A CpG island is located in the 

CLDN18.1 promoter region (modified from NCBI Reference Sequence (RefSeq)). B. In 
vitro methylation inhibits activity of the CLDN18.1 promoter. CpGL-300 contains the CpG-

rich 300-bp CLDN18.1 promoter fragment in the CpG-less-luciferase vector CpGL. The 

indicated plasmids were methylated or mock-methylated and transfected into MLE-15 cells. 

* indicates p < 0.05 compared to unmethylated CpGL-300, n = 3, two-way ANOVA. C. 

Analysis of the correlation between CLDN18.1 mRNA expression and methylation of its 

promoter CpG island (r = 0.5476, p < 0.0001). D. Kaplan-Meier curves for 502 patients in 

the TCGA LuAd cohort (p < 0.003, log-rank test).
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Figure 2. Induction of CLDN18.1 suppresses xenograft tumor growth
A–B. H23/C18 cells were treated with Dox at the indicated concentrations and CLDN18.1 
expression was assessed by qRT-PCR (A) and Western analysis (B). Human lung alveolar 

type II (hAT2) cells were used as a reference. C. Co-staining of CLDN18.1 (green) and 

ZO-1 (red) on Dox-treated versus control H23/C18 cells. Bar = 2 μm. Mouse anti-cMyc 

antibody was used to detect Myc-tagged CLDN18.1. D–F. Nude mice were injected with 

H23/C18 or parental H23 cells and CLDN18.1 expression was induced by Dox. Tumor 

volumes (D) were measured every week and compared among Dox-treated H23/C18 cells 

and other conditions at the same time point. (* indicates p < 0.05, n ≥ 3, two-way ANOVA). 

Mice were euthanized 6 weeks after injection and nodules were photographed (E), excised 

and weighed (F). * indicates p < 0.05 compared to H23 cells and untreated H23/C18 cells, n 

≥ 3, two-way ANOVA).
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Figure 3. CLDN18.1 suppresses malignancy of LuAd cells
H23/C18 cells were treated with Dox to induce CLDN18.1. A. Cell numbers were counted 

on days 1–5. * indicates p < 0.05 compared to untreated cells at the same time, n = 3, two-

way ANOVA. B–C. Cell proliferation was assessed based on Edu incorporation. Shown are 

representative fluorescence images with EdU staining in green and CLDN18.1 staining of 

the same cells in red (B; bar = 20 μm) and quantitative analysis of the percentage of EdU+ 

cells (C). D–G. The effects of Dox on migration (D–E) and invasion (F–G) were assessed in 

Transwell assays by staining of cells that crossed the membrane with Calcein AM dye. 

Shown are representative images of cells that crossed the membrane (D, F; bar = 100 μm) 

and quantitative analyses of the data (E, G). H–J. Dox decreases anchorage-independent 

growth. Colonies formed in soft agar in the absence and presence of Dox are shown at low 

(top, whole well), medium (middle, bar = 200 μm) and high (bottom, bar = 50 μm) 

magnification, and the data are quantitated for colony number (I) and size (J). In C, E, G, I 

and J, * indicates p < 0.05, n = 3, unpaired two-tailed t-test.
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Figure 4. CLDN18.1 regulates IGF-1R signaling
A. IPA analysis of 135 genes differentially expressed in AT2 cells freshly isolated from 

Cldn18−/− and WT mice (FC > 2, p < 0.05). Line graph represents the ratio between the 

number of genes in a given pathway that are present in the list of differentially regulated 

genes divided by the total number of genes that make up that pathway in the reference gene 

set. The significance values for the canonical pathways represented by bars were calculated 

using right-tailed Fisher’s exact test. B. Western analysis and quantitation of IGF-1R and 

AKT phosphorylation in wild type mouse and Cldn18−/− E18 lung. C. The top 77 proteins 

affected by Dox in H23/C18 cells were interrogated using IPA as in Panel A. D. 

Representative Western blots and quantitative analysis of IGF-1R and AKT phosphorylation 

in Dox-treated versus control H23/C18 cells. In B and D, * indicates p < 0.05, n = 3, Z-test. 

Western blot data shown in figures 4D, 5B and S7A of the manuscript are from the same 

experiment.
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Figure 5. Role for YAP/TAZ in CLDN18.1-mediated AKT inactivation in H23/C18 cells
A. H23/C18 cells were treated with Dox to induce CLDN18.1 in the presence or absence of 

exogenous IGF-1, followed by Western analysis with anti-phospho-IGF-1R, anti-phospho-

AKT and the respective pan-Abs. B. Representative western blot and quantitative analysis of 

TAZ and YAP in Dox-treated versus control H23/C18 cells. * indicates p < 0.05, n = 3, Z-

test. Western blot data shown in figures 4D, 5B and S7A of the manuscript are from the 

same experiment. C–D. Representative immunostaining for TAZ and YAP in H23/C18 cells 

grown in the presence or absence of Dox. Bar = 5 μm, n = 3. E. qRT-PCR analysis of 

YAP/TAZ target gene expression in Dox-treated versus untreated H23/C18 cells. * indicates 

p < 0.05, n = 3, Z-test. F. H23/C18 cells were treated with Dox to induce CLDN18.1 while 

YAP and/or TAZ were silenced with siRNA, followed by Western analysis with the indicated 

antibodies. G. Quantitative analysis of AKT activation based on optical density of the p-

AKT and total AKT bands. *, p < 0.05 compared to control with no Dox treatment; ┼, p < 

0.05 compared to siTAZ/YAP with no Dox treatment, n = 4, two-way ANOVA. H. Working 

model for the tumor suppressor activity of CLDN18.1 in LuAd. CLDN18.1 attenuates a 

number of tumorigenic properties in lung alveolar cells. Inhibition of AKT is mediated via 

IGF-1R and YAP/TAZ. Additional potential interactions between the CLDN18.1—
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YAP/TAZ—AKT and the CLDN18.1—IGF1-R—AKT axes, depicted by the dotted line, 

remain to be elucidated.
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