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Summary
Emphysema and chronic obstructive pulmonary disease (COPD) most commonly result from the effects of environmental exposures in

genetically susceptible individuals. Genome-wide association studies have implicatedADGRG6 in COPD and reduced lung function, and

a limited number of studies have examined the role of ADGRG6 in cells representative of the airway. However, the ADGRG6 locus is also

associated with DLCO/VA, an indicator of gas exchange efficiency and alveolar function. Here, we sought to evaluate the mechanistic

contributions of ADGRG6 to homeostatic function and disease in type 2 alveolar epithelial cells. We applied an inducible CRISPR inter-

ference (CRISPRi) human induced pluripotent stem cell (iPSC) platform to explore ADGRG6 function in iPSC-derived AT2s (iAT2s). We

demonstrate that ADGRG6 exerts pleiotropic effects on iAT2s including regulation of focal adhesions, cytoskeleton, tight junctions, and

proliferation. Moreover, we find that ADGRG6 knockdown in cigarette smoke-exposed iAT2s alters cellular responses to injury, down-

regulating apical complexes in favor of proliferation. Our work functionally characterizes the COPD GWAS gene ADGRG6 in human

alveolar epithelium.
Introduction

Chronic obstructive pulmonary disease (COPD) is the

third-leading cause of death globally and manifests as

both airways disease and emphysema resulting from dam-

age to the airways and alveoli, respectively.1 Emphysema

results from loss of total alveolar surface area with associ-

ated impairment of gas exchange which can be function-

ally quantified through measurement of diffusing capac-

ity of the lung for carbon monoxide (DLCO).2 The

contribution of environmental exposures, such as ciga-

rette smoke, to emphysema pathogenesis is well estab-

lished. While the role of genetics in determining suscepti-

bility to injury from those exposures has been less well

characterized, mounting evidence demonstrates that

COPD is heritable3,4 and in some cases occurs in the

absence of known environmental exposures.5,6 Genome-

wide association studies (GWASs) have implicated a num-

ber of genetic loci involved in gas exchange and COPD

which overlap with loci associated with population-based

lung function7–13 and lung development,7,9,14 further

supporting a genetic basis for COPD susceptibility. Using

fine mapping, we and others recently identified variants

(both coding and non-coding variants, summarized in

Table S1) in ADGRG6 that are associated with COPD,

reduced lung function, and impaired alveolar gas ex-
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change (measured by DLCO per alveolar volume [VA],

i.e., DLCO/VA).10–13

Adhesion G-protein coupled receptor (aGPCR) 126

(GPR126), encoded by ADGRG6 and activated by a number

of ligands including laminin-211 and collagen IV,15,16

plays vital roles in peripheral nerve development and

angiogenesis.16–19 When GPR126 ligands interact with

the receptor, the extracellular region of GPR126 is autopro-

teolysed to expose the GAIN domain which in turn binds

to the 7 transmembrane domain of GPR126 to activate

the G protein-signaling cascade.20 Previous work has

shown that GPR126 activation in human smooth muscle

cells or bronchial epithelial cells modulates intracellular

cAMP.21 However, the specific cell type through which

GPR126 affects COPD pathogenesis is unknown. COPD

GWAS signals are enriched in regulatory regions for hu-

man type 2 alveolar epithelial cells (AT2)22 but the role

of ADGRG6 in AT2s, the facultative progenitor cells of

the lung compartment primarily injured in emphysema,

has yet to be fully explored.

Advances in understanding the biology of AT2s have

been limited by challenges in accessing them, maintaining

them in culture, and manipulating their genome. To

address these hurdles, we and others have applied induced

pluripotent stem cell (iPSC)-derived type 2 alveolar epithe-

lial cells (iAT2s) that provide an inexhaustible supply of
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disease-relevant cells.23–27 iAT2s express lamellar bodies,

overlap transcriptomically with primary human AT2s,

recapitulate disease-specific phenotypes, and can be used

to model environmental exposures.23–26,28 We recently

developed an inducible CRISPR interference (CRISPRi)

iPSC system to interrogate the contribution of COPD

GWAS genes to iAT2 function.27 In this study, we

applied CRISPRi to characterize the functional relevance

of ADGRG6 to iAT2 phenotypes. We find that GPR126

regulates iAT2 cytoskeletal organization, canonical

GPCR signaling pathways, proliferation, and the cellular

response to cigarette smoke exposure.
Material and methods

Maintenance of PSC lines
PSCs were maintained in feeder-free conditions in mTeSR1

medium (StemCell Technologies) on growth factor reduced Matri-

gel (Corning)-coated plates. Gentle Cell dissociation reagent

(StemCell Technologies) was used for routine passaging. CRISPR-

iPSCs were generated as previously described,27 targeting a doxy-

cycline-inducible CRISPRi construct to the AAVS1 locus. All iPSCs

displayed a normal karyotype when analyzed by G-banding (Cell

Line Genetics). Detailed protocols relating to iPSC derivation

and culture are available to download at https://crem.bu.edu/

cores-protocols/#protocols and iPSCs used in this manuscript are

available upon request from the CReM iPSC repository at

https://stemcellbank.bu.edu. All experiments involving human

iPSC lines were conducted with informed consent and approval

from the Institutional Review Board of Boston University (proto-

col H33122).

Directed differentiation of iAT2s and CRISPR-mediated

knockdown
Human iPSCs underwent directed differentiation to generate

type 2 alveolar epithelial cells (iAT2s), as we have previously

described.24 iPSCs were differentiated to definitive endoderm

(CXCR4þcKitþ) using the STEMdif Definitive Endoderm Kit

(StemCell Technologies), then dissociated with Gentle Cell disso-

ciation reagent and replated on growth factor reduced Matrigel

(Corning)-coated plates. Cells were then cultured in anterioriza-

tion media consisting of complete serum-free differentiation me-

dium (cSFDM) base media, supplemented with 2 mM Dorsomor-

phin (Stemgent) and 10 mM SB431542 (Tocris), and for the first

24 h with 10 mM Y-27632 (‘‘Y’’; Tocris). After three days, cells

were then cultured in cSFDM supplemented with 3 mM

CHIR99021 (Tocris), 10 ng/mL recombinant human BMP4 (R&D

Systems), and 100 nM retinoic acid (Sigma). On day 14–15 of

the differentiation, cells were dissociated with 0.05% trypsin and

sorted for NKX2-1þ lung progenitors (based on NKX2-1-GFP) on

a MoFlo Astrios (described in FACS methods). After sorting,

NKX2-1þ cells were resuspended in growth factor reducedMatrigel

(Corning) to generate droplets whichwhen solidifiedwere covered

with 3 mm CHIR99021, 10 ng/mL rhKGF (R&D Systems), 50 nM

dexamethasone (Sigma), 0.1 mM 8-Bromoadenosine 30,50 cyclic
monophosphate sodium salt (Sigma), and 0.1 mM 3-Isobutyl-1-

methylxanthine (IBMX; Sigma) in cSFDM (called CKþDCImedia).

iAT2s were then maintained in CKþDCI, feeding every two days,

and in serially passaged every two weeks, as described.29 Following

single cell dissociation, iAT2s were maintained in CKþDCIþY-
1736 The American Journal of Human Genetics 110, 1735–1749, Oct
27632 for 3 days, then switched to CKþDCI media. Cell counts

were taken from triplicate wells at each passage to calculate cell

yield. Unless specified, experiments characterizing dissociated

iAT2s or alveolospheres were performed at 7 days post passage.

To maintain purity of the cultures, iAT2s were also sorted for

NKX2-1-GFP and/or SFTPC-tdTomato as necessary.

To knockdown ADGRG6 in iAT2s, gRNA were designed to target

the TSS (within �50 to þ200 bp) using the online gRNA design

tool crispor.org, or control, non-targeting gRNA.27,30 gRNA were

cloned into a lentiviral vector (pLV-GG-hUbC-EBFP2) (deposited

at Addgene).27 iAT2s were transduced with lentivirus at an MOI

20, then sorted for EBFP2, as described.27 To initiate gene knock-

down, iAT2s were cultured in CKþDCI containing 2 mM doxycy-

cline (Sigma). Functional knockdown (20%–50% reduction in

mRNA) was assessed by qPCR.

In some experiments, iAT2s were plated on Transwells to estab-

lish air-liquid interface (ALI) cultures, as described.26,29 In brief,

iAT2s were dissociated to single cells and 200,000 cells were then

plated on growth-factor reduced Matrigel coated Costar 6.5 mm

Clear Transwells (Millipore-Sigma) in CKþDCIþY. After two

days, the apical surface was aspirated (‘‘air-lift’’). Basolateral media

was changed to CKþDCI three days after initial plating and re-

freshed every two days after. Trans-epithelial electrical resistance

(TEER) was measured using a Millicell ERS-2 Voltohmmeter (Milli-

pore, MERS00002).
Reverse transcription quantitative PCR (qRT-PCR)
iAT2s were collected and stored in Qiazol (Qiagen). RNA extraction

was performed using the RNeasy PlusMini Kit (Qiagen). To generate

complementary DNA (cDNA), theMultiScribe Reverse Transcriptase

kit was used (Applied Biosystems). qRT-PCR was performed with

predesigned Taqman probes (Applied Biosystems) for 40 cycles.

The Ct value for technical triplicate wells was calculated and

normalized to internal 18S, then fold change was calculated relative

to control cells using 2�D DCt. The following Taqman probes

(Thermo Fisher) were used in this study: ACTB, Hs01060665_g1;

ADGRG6,Hs01089210_m1; AURKB,Hs00945858_g1; CDK2,Hs015

48894_m1; CCNA2, Hs00996788_m1; CDC20, Hs00426680_mH;

CDT1, Hs00925491_g1; CDC6, Hs00154374_m1; E2F1, Hs0015

3451_m1; ITGA2, Hs00158127_m1; ITGB1, Hs01127536_m1;

MYC, Hs00153408_m1; TOP2A, Hs01032137_m1.
Flow cytometry and sorting
To sort NKX2-1-GFPþ lung progenitors, single cells were resus-

pended in sort buffer (Hank’s Balanced Salt Solution [Thermo-

Fisher], 2% FBS, 10 mm Y-27632, and 10 mM calcein blue AM

[Life Technologies]). To purify iAT2s, single cells were resuspended

in sort buffer and sorted based on NKX2-1-GFP and SFTPC-

tdTomato. Cells were sorted on a MoFlo Astrios EQ (Beckman

Coulter) at the Boston University Flow Cytometry Core Facility

(FCCF). Proliferation was measured by flow cytometry using the

Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit

(C10424, Thermo Fisher), as per manufacturer’s instructions.
Immunohistochemistry
COPD and control primary human lung tissue analyzed in this

study were collected through an established protocol (‘‘PROPEL’’)

with informed consent and approval by the University of Pennsyl-

vania IRB.31 Healthy (47-year-old female) or COPD (66-year-old fe-

male) human lung samples were fixed and embedded in paraffin.

iAT2 alveolospheres were fixed in 4% PFA for 20min at 37�C. Cells
ober 5, 2023
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were permeabilized with 0.3% Triton and blocked with 4%normal

donkey serum (NDS). Samples were incubated overnight with pri-

mary antibodies, diluted in 4% NDS, and incubated overnight

at 4�C. The following primary antibodies were used in this

study: GPR126 (ThermoFisher, BS-12027R), pro-SFTPC (Santa

Cruz, sc518029), ZO-1 (Invitrogen, C#61-7300), ITGB1 (Invitro-

gen, C#PA5-29606), and ITGA2 (eBioscience, eBioY418). Samples

were then washed with 0.05% Tween and incubated with fluores-

cently conjugated secondary antibodies for 1 h at room tempera-

ture. The following secondary antibodies were used in this study:

Goat anti-Rabbit AF488, anti-rabbit AF647, and anti-Mouse AF488

(Invitrogen #A-11008, #A-21121, #A-21245). Cells were counter-

stained with Hoechst 33342. To stain F-actin, phalloidin (Invitro-

gen, C#A22287) was added to iAT2s, then immediately counter-

stained with Hoechst. Cells were imaged with a Leica SP5

confocal microscope. Images were processed and staining inten-

sity quantified using ImageJ Fiji software (https://imagej.net/

software/fiji).
Western blot
Cells were lysed in 20 mMHEPES-KOH (pH 7.4), 8 M Urea. Lysates

were quantified using Bradford reagent (Bio-Rad). SDS-PAGE was

performed using 10 mg of cell lysate and transferred to nitrocellu-

lose membrane using TransBlot Turbo system (Bio-Rad). Mem-

branes were blocked in 5% milk/TBST. Blots were incubated with

primary antibodies overnight. The following antibodies were

used in this study: Total 4EBP1 (Cell Signaling Technology

#9644), Non-Phospho-4EBP1 (Thr46) (Cell Signaling Technology

#4923), total Rb (Cell Signaling Technology #9309), Phospho-Rb

(Cell Signaling Technology #8516), and GAPDH (Invitrogen

AM4300). Blots were washed 33 with TBST and incubated for

1 h with appropriate secondary antibodies. The following second-

aries were used: Immunstar anti-Rabbit-HRP (Bio-Rad #1705046),

Immunstar anti-Mouse-HRP (Bio-Rad #1705047). Blots were

washed 33 with TBST and visualized on ChemiDoc (Bio-Rad) us-

ing Clarity ECL detection reagent. The Chemiluminescent signal

was quantified using Imagelab (Bio-Rad).
Single-cell RNA sequencing
iAT2 alveolospheres (D184, 7 days post passage) were dissociated

to single cells and incubated with Fc block (Biolegend, #422301)

prior to staining with hashing antibodies (Biolegend, #394631

and #394633). Live cells were sorted on a MoFlo Astrios EQ (Beck-

man Coulter) by Zombie NIR exclusion (Biolegend, #423106) and

hashed cells were pooled 1:1 prior to capture. Libraries were pre-

pared as per the 103 Genomics scRNA-Seq 30v3.1 and hashtag

oligonucleotide (HTO) protocols and sequenced using an Illumina

NextSeq 2000 instrument, pooled 50:1. Sequencing generated

reads with 94% R Q30. Cellranger 3.0.2 pipeline was used to

generate fastq files and the count matrices (combining gene

expression and antibody capture libraries for each sample). Seurat

(v.4.0.1) was used for further data processing and analysis.32 To de-

multiplex the samples based on hashing antibody capture, the

HTODemux function was used.33 Each cell was classified as posi-

tive or negative for each HTO. Cells negative for an HTO, cells

that were positive for more than one HTO (annotated as doublets),

cells with more than 15% of Unique Molecular Identifiers map-

ping to mitochondrial genes, or cells with fewer than 800 genes

detected were filtered out. Data were normalized using the regular-

ized negative binomial regression method (SCTransform func-

tion), and cell degradation (mitochondrial percentage) was re-
The American Jo
gressed out.34 Principal components analysis (PCA) on the sparse

expression matrix was performed and uniform manifold projec-

tion (UMAP) on the top 20 principal components. Louvain algo-

rithm at different resolutions (0.05–1.5) was used to compute clus-

tering. Cell cycle stage was calculated using the scoring method

from Kowalczyk et al.,35 as implemented in Seurat. Differential

gene expression was determined by a log fold change of 0.25

with a Wilcoxon rank-sum test and gene set enrichment analysis

(GSEA) was performed using hypeR.36 Data are deposited at

GEO: GSE223078.
Oxygen consumption rate
Oxygen consumption rate (OCR)wasmeasured using the Extracel-

lular Flux Analyzer (Seahorse Bioscience). Single cells were plated

on XFe96 Seahorse plate (coated with 2D Matrigel) at a density

of 50,000 cells per well in CKDCIþY 5 dox. 24 h later, media

was changed to Agilent Seahorse XF Base Medium (Agilent Tech-

nologies) supplemented with 25 mM glucose and 10 mM pyru-

vate. Oligomycin (2 mM; Agilent), carbonyl cyanide-4-(trifluoro-

methoxy) phenylhydrazone (FCCP; 1.5 mM; Agilent), and

antimycin A plus rotenone (both 1 mM; Agilent) were added over

the course of the assay. Upon completion of the assay, cells were

lysed and total protein was measured by BCA assay (Pierce;

#23225), and then OCR and Extracellular Acidification Rate

(ECAR) were normalized to total protein.
Cigarette smoke exposure
3R4F reference cigarettes (University of Kentucky) were precondi-

tioned in a temperature- and humidity-controlled chamber for

48 h (as per ISO 3402). iAT2s (D183) were plated at air-liquid inter-

face (ALI) for 6 days then exposed to gas-phase combustible ciga-

rette smoke using a Vitrocell VC1 exposure system (Vitrocell

Systems), using the ISO 3308 protocol, as we have previously

described.26,27 Cigarette smoke was diluted with humidified

room air to expose cultures to 5% (v/v) smoke. Every 60 s,

35-mL puffs were drawn for 2 s, with a total of 32 puffs per expo-

sure. For bulk RNA sequencing, samples were collected 8 h post

exposure. RNA was collected directly in Trizol. To assess colony-

forming efficiency (CFE) after smoke exposure, ALIs were dissoci-

ated with Accutase (A6964, Millipore-Sigma), replated as single

cells in Matrigel (400 cells/uL) and imaged and quantified

14 days later.
Bulk RNA sequencing
RNA was isolated using the RNeasy Mini kit (Qiagen), including

on-column DNA digestion with the RNAse-free DNAse set (Qia-

gen). Total mRNAwas isolated using magnetic bead-based poly(A)

selection then fragmented, prior to cDNA generation by reverse

transcription. cDNA was end-paired, ligated to Illumina

sequencing adapters, and amplified to generate libraries. Pooled li-

braries were sequenced using a NextSeq 2000 (Illumina). Raw data

quality was assessed using FastQC (https://github.com/s-andrews/

FastQC). Sequence reads were aligned to the human reference

genome (GRCh38) and counts per gene were summarized using

the featureCounts function from the subread package. The edgeR

package was used to import and filter the counts (https://github.

com/OliverVoogd/edgeR). After exploratory analysis with prin-

cipal component analysis (PCA), differential expression testing

was conducted to compare the gene expression between different

sample sets. The limma package with its voom method, namely,

linear modeling and empirical Bayes moderation, was used to
urnal of Human Genetics 110, 1735–1749, October 5, 2023 1737
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Figure 1. GPR126 knockdown attenuates GPCR signaling in iAT2s
(A) ADGRG6 expression in healthy and COPD lungs.
(B) GPR126 levels in healthy and COPD lungs. Nuclei, blue; GPR126, magenta; pro-SFTPC, green; scale bar, 50 mm.
(C) BU3 NGST CRISPRi iPSCs contain a GFP reporter knocked into the NKX2-1 locus, tdTomato reporter knocked into the SFTPC locus,
and doxycycline-inducible dCas9-KRAB knocked into the AAVS1 locus.
(D) Directed differentiation of BU3 NGST CRISPRi-targeted iPSCs to type 2 alveolar epithelial cells (iAT2s). CRISPRi-iAT2s are transduced
with gRNA targeting the transcriptional start site of ADGRG6 and sorted for transduced cells, prior to treatment with doxycycline to
initiate ADGRG6 knockdown.
(E) ADGRG6 expression in iAT2s, measured by qRT-PCR.
(F) GPR126 (green) production in iAT2s. Nuclei (blue), scale bar, 20 mm.

(legend continued on next page)

1738 The American Journal of Human Genetics 110, 1735–1749, October 5, 2023



test differential expression (moderate t test) (https://github.com/

cran/limma). p values were adjusted for multiple testing using

Benjamini-Hochberg correction (false discovery rate-adjusted

p value; FDR). Differentially expressed genes for each comparison

were visualized using Glimma package (https://github.com/

Shians/Glimma), and FDR < 0.05 was set as the threshold for

determining significant differential gene expression. Enrichment

analyses were carried out using Fgsea package (https://github.

com/ctlab/fgsea). Gene sets used for enrichment analysis were

Hallmark enrichment pathways.37 Data are deposited at GEO:

GSE223077.

Measurement of GPCR function
RhoA and cAMP were measured in iAT2s, 7 days post passage.

RhoA activity was measured using the RhoA G-LISA Activation

Assay Kit (BK124, Cytoskeleton), with protein normalized prior

to running the assay, as per manufacturer’s instructions. Intracel-

lular cAMP was measured using the LANCE Ultra cAMP Detection

Kit (TRF0262, PerkinElmer). iAT2s were dissociated to single cells,

then 5,000 cells per well were assayed, as per manufacturer’s

instructions.

CRISPR editing of rs17280293
To disrupt the rs17280293 locus (GenBank: NM_020455.6,

c.367A>G [p.Ser123Gly]), we used a ribonucleoprotein (RNP)

complex, consisting of HiFi Cas9 Nuclease V3 (104 pmol) and

gRNA (120 pmol, 50-TCGCACTTGAGTTAAATGAT-30) (IDT).

iAT2s were dissociated to single cells and nucleofected (program

EA104) with RNP complex and Cas9 electroporation enhancer

(0.2 mM) in P3 solution (Lonza). Cells were immediately replated

in Matrigel and allowed to form alveolospheres (over 2 weeks).

Clonal alveolospheres were then individually isolated manually

and allowed to expand over a further 4 weeks, prior to analysis

by Sanger Sequencing and downstream analyses.

Statistics
Data are represented as means, with error bars representing stan-

dard deviation (SD). To compare two groups, unpaired two-tailed

Student’s t tests were used. To compare three or more groups,

one-way analysis of variance (ANOVA) with Tukey multiple com-

parisons test were used. Details of tests used are provided in the

figure legends. A p value of <0.05 was determined to be statisti-

cally significant. p value annotations on graphs were as follows:

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Results

ADGRG6 expression in type 2 alveolar epithelial cells is

decreased in COPD

Previous studies of whole lung tissue have reported

discrepant expression levels of ADGRG6 in COPD-affected

individuals.12,21 To profile epithelial cell-specific expres-

sion of ADGRG6, we analyzed previously published sin-

gle-cell RNA sequencing (scRNA-seq) of 17 individuals
(G) Normalized GPR126 levels.
(H) Module score of Reactome Rho GTPase effectors from single-cell
(I) Active RhoA.
(J) Intracellular cAMP. n ¼ 3–6 experimental replicates of independe
nificance was determined by unpaired, two-tailed Student’s t test; *p
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with advanced COPD and 15 age-matched control subjects

(GEO: GSE136831).22 ADGRG6 was broadly expressed in

airway and alveolar epithelial cells, including club

cells, basal cells, aberrant basaloid cells, AT1s, and AT2s

(Figure 1A). ADGRG6 expression was decreased in basal

cells and AT2s in people with COPD but was expressed in

aberrant basaloid cells, a population present in a subset

of COPD donors but absent in healthy tissue (Figure 1A).

To validate these findings at the protein level, we analyzed

explanted lung tissue from COPD-affected lungs or age-

matched control lungs by immunostaining. Relative to

controls, we observed reduced staining for GPR126 among

pro-SFTPCþ AT2s in COPD lung tissue, but no change in

airway epithelial cells (Figures 1B, S1A, and S1B). Thus, in

established COPD, ADGRG6/GPR126 expression is dimin-

ished in AT2s.
Knockdown of ADGRG6 in iAT2 modulates canonical

GPCR signaling pathways

To interrogate the function of GPR126 in human type 2

alveolar epithelial cells, we made use of our previously

developed inducible CRISPR interference (CRISPRi) iPSC

platform (Figure 1C).27 In this system, dCas9-KRAB protein

is induced in iPSC-derived cell types by the addition of

doxycycline to culture medium while guide (g)RNA are

delivered using a lentiviral vector, allowing us to explore

the effects of ADGRG6 expression levels on canonical

GPCR signaling together with associated downstream con-

sequences in differentiated iAT2s (Figure 1D). Inducible

CRISPRi-mediated ADGRG6 knockdown in iAT2s signifi-

cantly decreased bothmRNA expression (20%–50% knock-

down, Figure 1E) and GPR126 (Figures 1F, 1G, and S1C)

levels. To assess the effect of ADGRG6 knockdown (kd)

on the iAT2 transcriptome, we performed single-cell

RNA-sequencing (scRNA-seq) on control (�dox) and

knockdown (þdox) iAT2s (Figures S1D–S1G). Gene set

enrichment analysis (GSEA) of genes contained in the

annotated GPCR Reactome database38 identified Rho

GTPase effectors and signaling via Rho GTPases pathways

to be significantly downregulated in ADGRG6-kd iAT2s

(Figures 1H and S1H). GPR126 couples to Gas, Gai, and/or

Ga12/13 in a range of tissues.39,40 Hence, to determine

whether ADGRG6-kd alters downstream GPCR signaling

in iAT2s, we measured intracellular active RhoA (down-

stream of Ga12/13) and cAMP (downstream of Gas or Gai)

in control versus knockdown cells and found that both

were significantly attenuated in ADGRG6-kd iAT2s

(Figures 1I and 1J). GPR126 is activated by extracellular

matrix (ECM) components, including laminin 211 and

collagen IV15,16 that are found in Matrigel, the matrix in

which iAT2s are embedded for 3D culture. While iAT2
RNA sequencing of iAT2s.

nt wells of a differentiation; error bars represent SD. Statistical sig-
< 0.05 and **p < 0.005.
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Figure 2. CRISPR-mediated mutagenesis of the region surrounding rs17280293 impairs GPR126 signaling
(A) Schematic of p.Ser123Gly variant in CUB domain of GPR126.
(B) CRISPR edit in the rs17280293 region.
(C and D) Active RhoA (C) and intracellular cAMP (D) in rs17280293-edited iAT2s. n¼ 4–6 experimental replicates of independent wells
of a differentiation; error bars represent SD. Statistical significance was determined by unpaired, two-tailed Student’s t test; **p < 0.005.
culture conditions could thus activate GPR126, we also

considered the possibility that iAT2s may manufacture

and secrete these ligands themselves, resulting in autocrine

and/or paracrine receptor activation. We observed that

iAT2s express LAMA2 and COL4A1 and that expression

of both decreased following ADGRG6-kd (Figure S1II).

Collectively, these data suggest that decreased GPR126

levels in iAT2s perturbs canonical GPCR signaling, leading

to diminished cAMP and RhoA signaling.

rs17280293 region regulates GPCR function in iAT2s

The CUB domain of GPR126 is essential for ligand binding

and receptor activation.20 Genome-wide association

studies (GWASs) of DLCO/VA and COPD have identified

genetic variants at 6q24.1 in or near ADGRG6 at genome-

wide significance.8,12 To further examine variants in this

region, we identified previous lead variants associated

with COPD, lung function, or DLCO/VA, and examined

them with GTEx and eQTLGen (Table S1; Figure S2A).

COPD risk alleles at this locus are associated with increased

ADGRG6 expression,21 though these associations have not

been identified in lung tissue. One of the top causal candi-

dates in this region, rs17280293, is a missense variant

(p.Ser123Gly) associated with both diffusion capacity

and COPD.10,12 rs17280293 is located in the region encod-

ing the CUB domain of GPR126; however, the importance

of this region to receptor activation in the lung remains

unknown (Figure 2A). To understand the significance of

this region to GPR126 activation and function in iAT2s,

we delivered Cas9 together with gRNAs (versus Cas9 alone

to control cells) to generate indels in close proximity to

rs17280293 (Figure 2B). Disruption of the region surround-

ing rs17280293 did not affect GPR126 antibody staining

(Figure S2B) consistent with continued GPR126 produc-
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tion rather than nonsense-mediated decay; however, we

observed significantly reduced intracellular cAMP and

active RhoA in ADGRG6 mutant iAT2s (Figures 2C and

2D), consistent with reduced signaling through GPR126.

These data suggest that the CUB domain contributes to

GPR126 activation in AT2s that can be modified by disrup-

tion of exon 3 close to rs17280293.

Knockdown of ADGRG6 increases an AT2 gene

expression program

We have previously shown that COPD GWAS genes regu-

late the transcriptome and cellular phenotype of iAT2s.27

To determine whether knockdown of ADGRG6 modulates

AT2 programs, we analyzed our scRNA-seq comparing

control (�dox) to ADGRG6-kd (þdox) iAT2s. Uniform

manifold projection (UMAP) visualization and Louvain

clustering revealed that ADGRG6-kd iAT2s clustered sepa-

rately from control (�dox) iAT2s (Figures 3A, S3A,

and S3B). While expression of the master lung transcrip-

tion factor NKX2-1 was not altered between groups

(Figure 3B), expression of genes associated with AT2 matu-

ration22,23 was significantly elevated in ADGRG6-kd iAT2s

(Figures 3C and S3C). Moreover, ADGRG6-kd increased the

percent of iAT2s producing high levels of SPC as indicated

by SFTPC-driven expression of the tdTomato reporter

(Figures 3D and 3E) and as validated by qPCR (Figure 3F).

These data demonstrate that reduced GPR126 production

induces the maturation of iAT2s.

ADGRG6 expression regulates the cytoskeleton and cell-

cell junctions

To determine the effects of ADGRG6-kd on the iAT2 global

transcriptome, we performed gene set enrichment analysis

(GSEA) comparing differentially expressed genes between
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Figure 3. ADGRG6-kd in iAT2s upregulates an AT2 transcriptional program
(A) Uniform manifold projection (UMAP) of control (�dox, black) and ADGRG6-kd (þdox, green) iAT2s.
(B) Normalized NKX2-1 single cell expression.
(C) Module score of AT2 maturation (SFTPA1, SFTPA2, SLPI, PGC, CXCL5).
(D) SFTPC-tdTomato (red) in control (�dox) and ADGRG6-kd (þdox) iAT2s.
(E) SFTPC-tdTomato and NKX2-1-GFP in control (�dox) and ADGRG6-kd (þdox) iAT2s.
(F) SFTPC expression in iAT2s, measured by qRT-PCR. n ¼ 3 experimental replicates of independent wells of a differentiation; error bars
represent SD. Statistical significance was determined by unpaired, two-tailed Student’s t test; ***p < 0.001.
control (�dox) and ADGRG6-kd (þdox) iAT2s (Figure 4A).

Pathway analysis revealed that focal adhesion, regulation

of actin cytoskeleton, and tight junction pathways, known

to be regulated by aGPCRs,41–43 were downregulated in

ADGRG6-kd iAT2s (Figure 4B). The ECM is linked to the

actin cytoskeleton through focal adhesions. We found

that expression of focal adhesion genes and proteins

such as integrin-b1 (ITGB1) and integrin-a2 (ITGA2)

were significantly downregulated following ADGRG6-kd

(Figures 4C, 4D, and S4A–S4C), findings that were

confirmed in a second, distinct pluripotent stem cell line

(Figures S4F–S4H). Expression of these genes was unaf-

fected in iAT2s transduced with non-targeting gRNA

(Figures S4I–S4L). Furthermore, expression of genes associ-

ated with actin cytoskeleton regulation were decreased

(Figures 4E and S4D), as were F-actin filament levels

(Figure 4F) in ADGRG6-kd iAT2s. Lastly, GSEA identified

tight junction pathways as downregulated in ADGRG6-kd

(Figures 4G and S4E). As exposure of the apical cell surface

to air induces the formation of tight junctions, we plated

the cells on transwells and cultured them at an air-liquid

interface (ALI).26 After four days in ALI conditions, we
The American Jo
measured transepithelial electrical resistance (TEER) to

quantify barrier function and found a significant reduction

in ADGRG6-kd iAT2s relative to controls (Figure 4H). Im-

munostaining for the tight junction protein ZO-1 in ALI

cultures confirmed lower protein levels in ADGRG6-kd

iAT2s (Figure 4I), consistent with this finding. Taken

together, our data demonstrate that ADGRG6 expression

regulates cytoskeletal and cell junction proteins in alveolar

epithelial cells.

Knockdown of ADGRG6 increases iAT2 proliferation

GSEA revealed that multiple pathways were upregulated in

ADGRG6-kd iAT2s, particularly pathways involved in cell

cycling, such as mTOR signaling, Myc, and E2F targets

(Figures 5A and 5B). Consistent with these results, we

observed that ADGRG6-kd iAT2s were substantially more

proliferative than control iAT2s, evidenced by an increased

proportion of cells in S or G2M phase in scRNA-seq

(Figures 5C and S5A) and significantly elevated cell yield

across 5 passages (Figure 5D). We have previously found

that iAT2s upregulate oxygen consumption rate (OCR)

to accommodate increased proliferative demand.27 We
urnal of Human Genetics 110, 1735–1749, October 5, 2023 1741
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Figure 4. GPR126 knockdown regulates focal adhesion, actin cytoskeleton, and tight junctions
(A and B) Gene set enrichment analysis (GSEA) of downregulated genes following ADGRG6-kd in iAT2s.
(C) Module score of Kegg focal adhesion of scRNA-seq data.
(D) ITGB1 production.
(E) Module score of Kegg regulation of actin cytoskeleton of scRNA-seq data.
(F) F-actin (phalloidin) levels.
(G) Module score of Kegg tight junction of scRNA-seq data.
(H) Trans-epithelial electrical resistance (TEER) of control (�dox) and ADGRG6-kd (þdox) plated at air-liquid interface (ALI).
(I) ZO-1 (green) localization. n ¼ 4–6 experimental replicates of independent wells of a differentiation; error bars represent SD. Scale bar
for all images represents 20 mm. Statistical significance was determined by unpaired, two-tailed Student’s t test; **p < 0.005.
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Figure 5. ADGRG6-kd iAT2s are hyperproliferative
(A and B) GSEA of upregulated genes following ADGRG6-kd in iAT2s.
(C) Cell cycle phase, assessed by scRNA-seq of control (�dox, white) and ADGRG6-kd (þdox, green).
(D) Cell yield per input iAT2 transduced with ADGRG6 gRNA and treated without (�dox) or with (þdox) doxycycline across five
passages.
(E and F) Basal oxygen consumption rate (OCR) was measured, followed by injection of oligomycin (oligo), FCCP, and rotenone þ anti-
mycin A (aa/rot), as shown. Data were normalized to total protein after the assay was complete. n ¼ 6 technical replicates of a differen-
tiation. iAT2s were D210 on the day of OCR experiments.
(G) Module score of hallmark E2F targets from scRNA-seq data.
(H) qRT-PCR of E2F target genes. n ¼ 3 experimental replicates of independent wells of a differentiation; error bars represent SD. Statis-
tical significance was determined by unpaired, two-tailed Student’s t test; *p < 0.05 and **p < 0.005.

The American Journal of Human Genetics 110, 1735–1749, October 5, 2023 1743



therefore measured mitochondrial capacity and indeed

found that ADGRG6-kd iAT2s demonstrated heightened

basal, ATP-linked, spare, and maximal respiratory capacity

relative to controls (Figures 5E and 5F). This phenotype

was not due to increased mitochondrial biogenesis, as

expression of the master regulator PPARGC1a and total

mitochondrial numbers were similar between control

and ADGRG6-kd iAT2s (Figures S5B and S5C). To identify

the mechanism through which ADGRG6-kd promotes

iAT2 proliferation, we interrogated the mTOR and E2F

signaling pathways. While the gene signature for mTORC1

signaling was upregulated in ADGRG6-kd iAT2s, we

observed decreased production of proteins associated

with mTOR signaling (Figures S5D–S5G) suggesting that

hyperproliferation in ADGRG6-kd iAT2s is likely driven

by an alternative process. E2F transcription factors are

essential regulators of cell proliferation and expression of

E2F targets was enriched in ADGRG6-kd iAT2s by scRNA-

seq (Figures 5B and 5G) and elevated in confirmatory

qPCR analysis (AURKB, CDC20, CDT1, MYC); however,

phosphorylated retinoblastoma (Rb) protein was not

significantly altered (Figures 5H, S5H, and S5I). Together,

these results demonstrate that ADGRG6 expression levels

modulate iAT2 proliferation through a mechanism that re-

mains uncertain.

ADGRG6 expression regulates iAT2 response to cigarette

smoke

Emphysema is known to result from environmental expo-

sures, particularly cigarette smoke, in genetically suscepti-

ble individuals. To elucidate the role of ADGRG6 in the

cellular response to cigarette smoke injury, we plated con-

trol vs. ADGRG6-kd iAT2s at an ALI and exposed them to

cigarette smoke or air before harvest 8 h later for bulk

RNA sequencing (RNA-seq) (Figure 6A). Principal compo-

nent analysis (PCA) found that replicates from each treat-

ment clustered together. ADGRG6-kd samples segregated

from control samples along principal component 1,

whereas samples separated along principal component 2

based on exposure condition (Figures 6B and S6A). Gene

expression analysis identified 1,841 differentially ex-

pressed genes between control and ADGRG6-kd iAT2s

exposed to air, and 4,650 differentially expressed genes be-

tween groups of iAT2s exposed to cigarette smoke

(Figure 6C). By GSEA, we found that both control and

ADGRG6-kd iAT2s shared canonical responses to cigarette

smoke exposure including upregulation of genes encoding

P450 enzymes (CYP1A1 and CYP1B1), aldo-keto reductases

(AKR1C1, AKR1C2, and AKR1C3), regulators of oxidative

stress (HMOX1), and pathways such as Unfolded Protein

Response (Figures S6B and S6C), consistent with results

we have observed previously.26 Next, we explored differen-

tial responses to cigarette smoke in control compared with

ADGRG6-kd iAT2s. GSEA revealed that apical junction and

inflammatory responses were downregulated by cigarette

smoke exposure in ADGRG6-kd iAT2s compared to

controls (Figures 6D, 6E, S6D, and S6E) while pathways
1744 The American Journal of Human Genetics 110, 1735–1749, Oct
involved in cell cycle (E2F Targets, G2M checkpoint)

were upregulated (Figures 6D–6F, S6F, and S6G), suggesting

that smoke exposure augments the effects of ADGRG6

knockdown. To determine whether observed transcrip-

tional differences altered cellular function, we next

measured colony-forming efficiency (CFE) in smoke-

exposed iAT2s. Consistent with the transcriptional data

indicating increased proliferation in ADGRG6-kd iAT2s,

we observed that ADGRG6-kd iAT2s formed a greater num-

ber of colonies than control iAT2s following cigarette

smoke injury. These findings reveal that GPR126 levels

modulate the alveolar epithelial response to cigarette

smoke exposure.
Discussion

Variants in ADGRG6 are associated with diffusing capacity

and lung function in COPD. In this study, we explored the

function of GPR126 in AT2s, the facultative progenitor

cells of the distal lung. Using an inducible CRISPRi iPSC

platform, we demonstrated that GPR126 activates intracel-

lular cAMP and RhoA in iAT2s. Moreover, we found that

ADGRG6 expression regulates iAT2 focal adhesion, cyto-

skeletal organization, tight junction formation, and

proliferation. Finally, we elucidated the consequences of

reduced ADGRG6 expression in cigarette smoke-exposed

iAT2s.

The ADGRG6 locus appears to harbor multiple indepen-

dent signals, and the causal variant, cell type, and direction

of effect are not clearly established. Our analysis of human

scRNA-seq data, in combination with previous work,12

suggests that ADGRG6 expression is decreased in the end-

stage COPD lung, particularly in AT2s and basal cells,

though whether expression levels in these cell types are

causal or instead the consequence of injury has not been

determined. Interestingly, ADGRG6 was highly expressed

among a small number of aberrant basaloid cells cells pre-

sent in a subset of the COPD lungs analyzed (33 cells iden-

tified among 9 of 17 COPD lung samples analyzed). This

cell population, originally described in the IPF lung, is pre-

sent in significantly smaller numbers and is of uncertain

significance in COPD.22,44 Based on its demonstrated asso-

ciation with diffusing capacity, we investigated the region

surrounding rs17280293, which causes a missense variant

(p.Ser123Gly) in the CUB domain of GPR126. In contrast

to recombinant cell models which found no effect of

p.Ser123Gly on receptor activation,21 our results suggest

the possibility that this region is important for GPR126

activation in iAT2s. These discrepant findings (1) could

reflect the indirect nature of our approach, which did not

recapitulate the amino acid change, (2) could result from

differences in the experimental platforms utilized, or (3)

could indicate that the effects of rs17280293 on receptor

activation are cell type specific.

Adhesion GPCRs modulate cellular migration, adhesion,

and polarity.41 We observed that GPR126 production alters
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Figure 6. GPR126 knockdown modulates iAT2 response to cigarette smoke
(A) Control (�dox) and ADGRG6-kd (þdox) iAT2s were plated at air-liquid interface (ALI) prior to exposure to cigarette smoke gas phase.
Eight hours following exposure, cells were harvested for bulk RNA sequencing.
(B) Principal component analysis (PCA) of control air-exposed (black), ADGRG6-kd air-exposed (green), control smoke-exposed (blue),
and ADGRG6-kd smoke-exposed (purple) iAT2s.
(C) Differentially expressed genes (DEGs) in control air-exposed versus ADGRG6-kd air-exposed (left), or control smoke-exposed versus
ADGRG6-kd smoke-exposed (right).
(D) Gene set enrichment analysis (GSEA) of control smoke-exposed versus ADGRG6-kd smoke-exposed.
(E) Enrichment plot of hallmark apical junction, downregulated in ADGRG6-kd smoke-exposed iAT2s.
(F) Enrichment plot of hallmark E2F targets, upregulated in ADGRG6-kd smoke-exposed.
(G) iAT2s were exposed to cigarette smoke, then dissociated and replated in matrigel to reform alveolospheres. Colony-forming effi-
ciency was then calculated after 14 days in culture. n ¼ 3 experimental replicates of independent wells of a differentiation; error bars
represent SD. Statistical significance was determined by unpaired, two-tailed Student’s t test; *p < 0.05 and **p < 0.005.
focal adhesions, cytoskeletal arrangement, and tight junc-

tion formation. ECM components, such as laminin-211

and collagen IV, bind to integrins and are ligands for

GPR126.15,16 Because our system relies on native levels of

both the ligands and receptor, it is likely more analogous

to in vivo activation of GPR126 in the alveolus than would

be overexpression of the receptor and/or addition of exog-

enous Stachel ligand. Our findings in iAT2s indicate that

GPR126 production regulates integrins, which are known

to exert downstream effects on the actin cytoskeleton.

Interestingly, ADGRG6-kd iAT2s also express lower levels
The American Jo
of the genes encoding laminin-211 and collagen IV.

This raises the possibility that GPR126 directly modulates

integrin production and/or exerts these effects indirectly

by altering the production of ECM ligands.45 Moreover,

ADGRG6-kd resulted in perturbated canonical GPCR

signaling which diminished intracellular RhoA and

cAMP, both of which play integral direct roles in actin cyto-

skeletal organization. G proteins, including Ga12 and

RhoA, regulate tight junction formation,42,46 potentially

explaining reduced tight junction formation observed in

ADGRG6-kd iAT2s.
urnal of Human Genetics 110, 1735–1749, October 5, 2023 1745



Previous findings suggest that GPR126 regulates the pro-

liferation of pulmonary arterial smooth muscle cells and

airway smooth muscle cells,21,47 and here we extend these

observations to include iAT2s.We find thatADGRG6-kd in-

duces expression of cell cycle genes, including target genes

of the E2F family of transcription factors. This finding is in

accord with studies in airway smooth muscle cells demon-

strating that GPR126 activation downregulates E2F tar-

gets.21 To compensate for increased proliferation, we

found that ADGRG6-kd iAT2s upregulated mitochondrial

respiration without increased mitochondrial biogenesis.

When exploring pathways that may be responsible for hy-

perproliferation in ADGRG6-kd iAT2s, we found that the

mTOR pathway, although transcriptionally upregulated,

was decreased at the protein level, potentially representing

a compensatory effect resulting from reduced mTOR acti-

vation in ADGRG6-kd. Moreover, while E2F transcription

factors were transcriptionally upregulated, p-Rb was not

significantly different. In light of these data it is likely

that this phenotype is regulated by multiple intersecting

pro-proliferative pathways. Finally, AT2 hyperproliferation

in ADGRG6-kd may also occur through downregulation of

integrins,48 although there remains a significant gap in un-

derstanding the intracellular events linking aGPCRs with

transcriptional regulation of cell cycle genes.

We have previously examined the effects of knocking

down the desmosome/junctional protein, desmoplakin

(encoded by DSP) in AT2s.27 Intriguingly, pathways dysre-

gulated in DSP-kd iAT2s, including AT2 maturation, cell-

cell junctions, cytoskeletal organization, and hyperprolif-

eration, were shared in common with ADGRG6-kd. This

overlap suggests the possibility of shared mechanisms

through which modulation of these genes by GWAS vari-

ants might confer risk for COPD/emphysema and provide

potential insight into disease pathogenesis. Moreover,

given that the DSP variant (rs2076295) associated with

COPD risk increases DSP expression, we may be able to

infer the direction of expression exerted by ADGRG6 vari-

ants and associated with risk in disease.

A recent study described variants in ADGRG6 with gene-

by-smoking interactions.49 In this study, we found that

ADGRG6-kd substantially alters alveolar epithelial re-

sponses to cigarette smoke injury: where control cells upre-

gulate apical complexes and immune signaling, ADGRG6-

kd iAT2s instead adopt a hyperproliferative state. Emerging

work has identified the involvement of aGPCRs in im-

mune cell development and behavior50; this study extends

these findings to test the responsiveness of an aGPCR to a

proinflammatory stimulus (i.e., cigarette smoke exposure)

in epithelial cells. Interestingly, our results suggest that

GPR126 is involved in mounting an epithelial inflamma-

tory response to smoke exposure. In future work, it will

be interesting to determine whether GPR126 coordinates

epithelial responses to other proinflammatory insults,

such as lung infections. Cigarette smoke alters the compo-

sition of the ECM,51 raising the possibility that GPR126

activation may be modulated by the effects of smoke inha-
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lation on activating ligands. Finally, our findings demon-

strate that ADGRG6-kd iAT2s are more proliferative and

better able to form colonies following cigarette smoke

injury. We speculate that this response might support

repair in the setting of injury and that increased ADGRG6

expression might thus impair a regenerative response,

increasing risk of injury. Future studies are needed to un-

derstand the downstream consequences of this observa-

tion with respect to lung regeneration and whether

GPR126 levels alter the alveolar response to injury in vivo.

Our study sought to determine the function of ADGRG6

in type 2 alveolar epithelial cells, a distal lung cell type cen-

tral to maintaining alveolar homeostasis, immune re-

sponses, and regeneration. A limitation of our reductionist

platform is that iAT2s were studied in isolation in the

absence of AT1s, stromal and immune cells colocated

with them in the lung. We could not extend our findings

to an in vivo mouse model, as Adgrg6 is not highly ex-

pressed in murine lung epithelial cells,52 consistent with

divergent evolutionary patterns observed for other GWAS

genes.53 Further studies to validate these findings in or-

thologous systems might be thus performed in large ani-

mal models (e.g., pigs or ferrets) and/or human precision

cut lung slices.

In conclusion, we provide functional characterization of

the COPD GWAS gene, ADGRG6, in AT2-like cells. We find

that GPR126 exerts pleiotropic effects on iAT2s including

GPCR signaling, focal adhesions, and cytoskeletal arrange-

ment, maturation, proliferation, and response to cigarette

smoke injury. Emphysema occurs in genetically suscepti-

ble individuals in response to injury, and our findings

show that a COPD GWAS gene, ADGRG6, regulates many

processes associated with response to injury (e.g., cell

adhesion, proliferation, and proinflammatory responses),

providing further insight into gene-environment interac-

tions in COPD pathogenesis. Given that GPCRs represent

the largest family of druggable targets, future studies to

explore GPR126 as a novel therapeutic target for COPD

may be warranted.
Data and code availability

The single-cell RNA-sequencing data generated during this

study are available at GEO (GSE223078). The bulk RNA-

sequencing data generated in this study are available at

GEO (GSE223077).
Supplemental information

Supplemental information can be found online at https://doi.org/

10.1016/j.ajhg.2023.08.017.
Acknowledgments

We are grateful to members of the Wilson, Kotton, Hawkins, and

Murphy laboratories in the Center for Regenerative Medicine

(CReM) for advice; Greg Miller (CReM Laboratory Manager); and
ober 5, 2023

https://doi.org/10.1016/j.ajhg.2023.08.017
https://doi.org/10.1016/j.ajhg.2023.08.017


Marianne James (CReM iPSC Core Manager). Thank you to Mikel

Garcia-Marcos for helpful discussions. We thank Brian Tilton and

the BUMC Flow Cytometry Core for cell sorting services (sup-

ported by NIH grant #1S10OD021587-01A1); Yuriy Aleksyeyev,

Ashley LeClerc, and the BUMC Sequencing Core Facility for per-

forming single-cell RNA sequencing and bulk RNA sequencing;

and Michael T. Kirber of the Cellular Imaging Core. This work

was supported by a CJ Martin Early Career Fellowship from the

Australian National Health and Medical Research Council and a

Boston University Clinical & Translational Science Institute

sequencing grant (EPAR5926) awarded to R.B.W.; NIH grants

U01TR001810, R01DK101501, and R01DK117940 awarded to

A.A.W.; and NIH grants R01HL153248 and R01HL147148 to

M.H.C.
Author contributions

R.B.W. and A.A.W. conceptualized the project and designed exper-

iments; R.B.W., K.A.B., C.M., M.G., and S.M.L. performed experi-

ments; R.B.W., C.V.-M., F.W., V.M., and P.B. performed bioinfor-

matics analyses; M.C.B. and E.E.M. provided human lung

sections; S.M.L., D.N.K., X.Z., and M.H.C. provided expert input

on experimental design and data interpretation; R.B.W. and

A.A.W. wrote the manuscript.
Declaration of interests

M.H.C. has received grant support from GSK and Bayer and

speaking/consulting fees from Illumina, AstraZeneca, and Genen-

tech. X.Z. has received grant support from Bayer.

Received: March 31, 2023

Accepted: August 31, 2023

Published: September 20, 2023
References

1. Adeloye, D., Song, P., Zhu, Y., Campbell, H., Sheikh, A., Rudan,

I.; and NIHR RESPIRE Global Respiratory Health Unit (2022).

Global, regional, and national prevalence of, and risk factors

for, chronic obstructive pulmonary disease (COPD) in 2019:

a systematic review and modelling analysis. Lancet Respir.

Med. 10, 447–458. https://doi.org/10.1016/S2213-2600(21)

00511-7.

2. Hegewald, M.J. (2009). Diffusing Capacity. Clin. Rev. Allergy

Immunol. 37, 159–166. https://doi.org/10.1007/s12016-009-

8125-2.

3. Regan, E.A., Lynch, D.A., Curran-Everett, D., Curtis, J.L., Aus-

tin, J.H.M., Grenier, P.A., Kauczor, H.U., Bailey, W.C., DeMeo,

D.L., Casaburi, R.H., et al. (2015). Clinical and Radiologic

Disease in Smokers With Normal Spirometry. JAMA Intern.

Med. 175, 1539–1549. https://doi.org/10.1001/jamainternmed.

2015.2735.

4. Zhou, J.J., Cho, M.H., Castaldi, P.J., Hersh, C.P., Silverman,

E.K., and Laird, N.M. (2013). Heritability of chronic obstruc-

tive pulmonary disease and related phenotypes in smokers.

Am. J. Respir. Crit. Care Med. 188, 941–947. https://doi.org/

10.1164/rccm.201302-0263OC.

5. Bakke, P.S., Baste, V., Hanoa, R., and Gulsvik, A. (1991). Preva-

lence of obstructive lung disease in a general population: rela-

tion to occupational title and exposure to some airborne
The American Jo
agents. Thorax 46, 863–870. https://doi.org/10.1136/thx.46.

12.863.

6. Tan, W.C., Sin, D.D., Bourbeau, J., Hernandez, P., Chapman,

K.R., Cowie, R., FitzGerald, J.M., Marciniuk, D.D., Maltais, F.,

Buist, A.S., et al. (2015). Characteristics of COPD in never-

smokers and ever-smokers in the general population: results

from the CanCOLD study. Thorax 70, 822–829. https://doi.

org/10.1136/thoraxjnl-2015-206938.

7. Hobbs, B.D., de Jong, K., Lamontagne, M., Bossé, Y., Shrine,
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