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Abstract.

Introduction: Lymphangioleiomyomatosis (LAM) is a rare low-grade metastasizing
disease characterized by cystic lung destruction. The genetic basis of LAM remains
incompletely determined, and the disease cell-of-origin is uncertain. We analysed the
possibility of a shared genetic basis between LAM and cancer, and LAM and pulmonary
function. Methods: The results of genome-wide association studies (GWASS) of LAM,
17 cancer types, and spirometry measures (forced expiratory volume in 1-second
(FEV1), forced vital capacity (FVC), FEV1/FVC ratio, and peak expiratory flow (PEF))
were analysed for genetic correlations, shared genetic variants, and causality. Genomic
and transcriptomic data were examined, and immunodetection assays were performed
to evaluate pleiotropic genes. Results: There were no significant overall genetic
correlations between LAM and cancer, but LAM correlated negatively with FVC and PEF,
and a trend in the same direction was observed for FEV1. Twenty-two shared genetic
variants were uncovered between LAM and pulmonary function, while seven shared
variants were identified between LAM and cancer. The LAM-pulmonary function shared
genetics identified four pleiotropic genes previously recognized in LAM single-cell
transcriptomes: ADAM12, BNC2, NR2F2, and SP5. We had previously associated
NR2F2 variants with LAM, and we identified its functional parthner NR3C1 as another
pleotropic factor. NR3C1 expression was confirmed in LAM lung lesions. Another
candidate pleiotropic factor, CNTN2, was found more abundant in plasma of LAM
patients than that of healthy women. Conclusions: This study suggests the existence of

a common genetic aetiology between LAM and pulmonary function.



Introduction

Lymphangioleiomyomatosis (LAM) is a rare low-grade progressive neoplasm that affects
women almost exclusively and is characterized by cystic lung destruction, which can
lead to respiratory failure in severe cases (1, 2). In addition to cystic lung disease, LAM
is also strongly associated with renal angiomyolipomas (AML) and lymphatic alterations,
for which reason it may be properly considered a systemic disorder (1, 2). LAM lung
lesions are characterized by low-grade proliferation of ‘LAM cells’ that have both smooth
muscle cell-like features, and microphthalmia-associated transcription factor (MITF)-
driven gene expression; and by cyst formation, which is likely driven by expression of
proteases and cathepsins (3-5). The tissue of origin of LAM cells is uncertain (6-8).

LAM can occur sporadically (S-LAM) or in the presence of Tuberous Sclerosis
Complex (TSC-LAM), an autosomal-dominant multisystem disorder caused by
heterozygous germline or mosaic loss-of-function mutations in the tumour suppressor
genes TSC1 and TSC2 (9, 10). In sporadic LAM (S-LAM), somatic inactivation of TSC2,
or much less commonly TSC1, in an unknown cell type(s) appears to be sufficient for
disease development (11). Germline or somatic mutations in TSC1/TSC2 lead to
hyperactivation of the mechanistic target of rapamycin complex 1 (mTORC1), and
mMTOR allosteric inhibitors (rapamycin/sirolimus and its derivates, rapalogs) are the main
therapeutic approach for LAM (12). Due to its central role in metabolism, mTORC1
activity is abnormally enhanced in many cancer types, and generally linked to stem cell-
like features, which are also present in LAM cells (13-16). Indeed, LAM shows several
fundamental hallmarks of cancer, including continued cell proliferation and resistance to
cell death, expression of factors promoting tissue invasion and metastasis, and immune

evasion (6, 17-19).



A recent genome wide association study (GWAS) we performed identified several
common genetic variants on chromosome 15q926.2 for which an allele was associated
with risk of S-LAM (20). Although not certain, these alleles appear to affect LAM
development through effects on the nuclear receptor subfamily 2 group F member 2
(NR2F2) gene, also known as chicken ovalbumin upstream promoter transcription factor
Il (COUP-TFII). This transcription factor is widely expressed during embryogenesis, and
has a role in various endocrine conditions and cancers (21, 22). Here we sought to
explore in further detail the genetic basis of LAM risk, considering the hypothesis that

there is a shared genetic basis between LAM and cancer and/or pulmonary function.



Materials and methods

GWAS data

The GWAS summary statistics of LAM (20), 17 cancer types (23) and pulmonary
function tests (including of FEV1, FVC, FEV1/FVC ratio, and PEF) (24) were obtained
from the corresponding data sources (Table S1 provides details of the GWASS,
including sample sizes and relevant references). This study did not require individual
data. The original LAM GWAS included 426 S-LAM subjects that were analysed in
comparison with 852 females from the COPDGene study in a matched case-control

design (20).

Imputation and data preprocessing

The GWAS summary statistics for LAM were imputed using the SSimp software (25, 26)
and European individuals from the 1000 Genomes Project phase 3 reference panel,
filtering out single nucleotide polymorphisms (SNPs) with a minor allele frequency (MAF)
< 0.01. The imputation increased the number of SNPs from 681,894 to 9,325,933, but
those with poor imputation quality (r2 < 0.3) were removed, providing a set of 7,809,072
SNPs for subsequent analyses. For each of the variant-summary statistics, standard
guality controls were applied: removal of SNPs without reference identifier (rs ID),
duplicated, poorly imputed (info score < 0.9), with MAF < 0.01, with strand ambiguous
alleles and/or with sample size five standard deviations away from the mean. In addition,
SNPs in the extended major histocompatibility complex (hg 19 coordinates, chr6:
25,119,106-33,854,733) and 8p23.1 region (chr8: 7,200,000-12,500,000) were
excluded given that these regions have complex linkage disequilibrium (LD) that could

bias pleiotropy analyses (27).



Shared genetic architecture

The estimation of heritability of all phenotypes and computation of genetic correlation
between GWASs of LAM and each of the other selected diseases or traits were
performed using the high-definition likelihood (HDL) inference method (28). Genetic
correlations estimated using HDL fully account for LD across the genome, increasing the
power to detect connections between complex traits using precomputed LD matrices for
335,265 Genomic British individuals in the UK Biobank and HapMap3 SNPs (28). For
detection of shared genetic risk factors, we used the pleiotropy-informed conditional
false discovery rate approach (29) applying pleioFDR software
(https://github.com/precimed/pleiofdr/) and computing conjunctional false discovery rate
(conjFDR) statistics. The conjFDR is given by the maximum between the conditional
FDRs (condFDR) for two given conditions; the condFDR method was shown to improve
statistical power relative to the conventional approach of using P value thresholds for
detection of shared genetics, and was not affected by the direction of the allele effects
(30, 31). A pairwise analysis was performed between LAM GWAS and each other
condition. In order to make the results comparable, we analysed a common set of
5,684,891 SNPs present in all summary statistics. Shared genetic variants were defined
by conjFDR < 0.05. We then performed LD clumping to define independent significant
SNPs (PLINK software, p1 = 0.05; p2 = 1, LD threshold r2 = 0.6, and physical distance
threshold for clumping 1,000 kilobases (kb)) and lead SNPs (PLINK software, p1 = 0.05,
p2 =1, r2 = 0.1, and distance 1,000 kb). Genomic risk loci were found by merging lead
SNPs if they were closer than 250 kb. Candidate SNPs were mapped to independent
significant SNPs using this clumping strategy. Stratified Q-Q plots were obtained using
pleioFDR to visualize shared genetic architecture. In these representations, the P values
of the primary phenotype were plotted against the null distribution. In the same plots, we

represented subsets of SNPs of the primary phenotype conditioned by the significance



of their association with the secondary phenotype; P value of the secondary phenotype <
0.1, 0.01, and 0.001. A leftwards deflection of the lines implies the presence of shared

genetic architecture.

Mendelian randomization

A two-sample Mendelian randomization (MR) approach was applied to evaluate
causality using GWAS summary statistics of cancer risk and spirometry measures as
exposure or outcome, and LAM as the outcome or exposure, respectively. A valid
instrumental variable should fulfil three core assumptions: the variant is associated with
the exposure; the variant is independent of all confounders of the exposure-outcome
association; and the variant is only associated with the outcome through its effect on the
exposure (32). Independent genetic variants (LD r2 > 0.001; genome-wide significance,
P < 5 x 108, for spirometry measures; and at a suggestive level, P < 1 x 10" for cancer
and LAM risk) were used as instrumental variables. The three-step MR-Egger method
(33) was applied: 1) a test for directional pleiotropy; 2) a test for a causal effect; and 3)
estimation of the causal effect. To assess the robustness of the results, causal estimates
and P values were compared using random-effects inverse-variance-weighted (IVW) and
robust adjusted profile score (MR-RAPS) (34) methods. Heterogeneity was calculated
from Cochran’s Q value (35). The MR Steiger directionality test, which compares the
variance explained by the SNPs in the exposure and outcome, was applied to elucidate
the direction of causality (36). This test estimates directionality leveraging the fact that in
most settings the genetic variants will explain more variance of the trait located upstream
in the causal chain. Informative scatter and forest plots were generated to examine the

results. The analyses were performed using the TwoSampleMR R package (37).



Gene candidate prioritization

Information of positional gene candidates (up to 1 Megabase from the given variant) was
integrated with data of expression quantitative trait loci (eQTL) in cis identified in non-
diseased human tissue (Genotype-Tissue Expression (GTEx) project (38)), and with
data of chromatin interactions identified in lung tissue as potential cis-regulatory
elements (39). The GTEXx evidence was obtained from pan-tissue analyses as well as
from tissue expected to be biologically related to LAM disease: blood vessel, lung,
kidney and uterus. Information for physical protein interactions and complex membership
was taken from the Human Reference Protein Interactome (40) and Biogrid (41)
databases. For the evaluation of publicly available single-cell RNA-sequencing (RNA-
seq) profiles from LAM1-4 diseased lungs (Gene Expression Omnibus reference
GSE135851), the samples were pre-processed and analysed as originally described (8),
using the Seurat R package (42). LAM cells (excluding lung mesenchymal cells) were
identified using the LAMC®' gene expression signature originally described by the
authors as the reference (8). RNA-seq data of kidney AMLs corresponded to 14
published cases from two studies (n =5 (20); and n = 9 (43)) and 14 unpublished cases
(internal cohort, manuscript in preparation). RNA-seq data of other cancer types
corresponded to The Cancer Genome Atlas (TCGA) (44) and were downloaded from the
cBioPortal for Cancer Genomics (45). The single-cell RNA-seq data of the Human Lung
Cell Atlas (46) was downloaded from the Synapse portal
(https://www.synapse.org/#!Synapse:syn21041850/wiki/600865). For all candidate
pleiotropic genes, and for each lung cell type, a percentage of cells with a given gene
expression was calculated using the ComplexHeatmap R package with standard

parameters (47).



LAM lung samples, immunohistochemistry

LAM patients were recruited and lung tissue samples collected by the participating
centres (International LAM Clinic, University Hospital Vall d’Hebron; University Hospital
La Princesa; University Hospital Clinica Puerta del Hierro; University Hospital Clinic
Barcelona; University Hospital Virgen del Rocio; and University Hospital of Bellvitge),
and with the support of the Spanish LAM Association (AELAM). The patients provided
written informed consent and the study were approved by the Research Ethics
Committee of the IDIBELL. The immunohistochemical assays were performed on serial
paraffin sections using an EnVision kit (Dako) and antigen retrieved with citrate pH 6.0
buffer. Endogenous peroxidase was blocked by pre-incubation in a solution of 3% H20z,
performed in 1x phosphate-buffered saline with 10% goat serum. Slides were incubated
overnight at 4°C with primary antibodies (anti-NR3C1, dilution 1:100, D6H2L, Cell
Signalling Technology; and anti-NTN4, dilution 1:30, HPA049832, Sigma-Aldrich) in
blocking solution. Secondary peroxidase-conjugated antibody (Envision+ system-HRP,
Dako) was used. Sections were counterstained with haematoxylin and examined under a
Nikon Eclipse 80i microscope. For immunohistofluorescence, the slides were incubated
with a mixture of the two primary antibodies (anti-aSMA, dilution 1:1000, A2547, Sigma-
Aldrich; and anti-NR3C1). The secondary antibodies used were goat anti-mouse Alexa-
546 and goat anti-rabbit Alexa-488 (dilution 1:100; Thermo Fisher). Sudan black staining
was performed to avoid paraffin autofluorescence. The sections were mounted with
coverslips in Vectashield containing DAPI and visualized under a Nikon 80i

epifluorescence microscope equipped with a DS-Ril camera.



Plasma samples and ELISA

LAM blood samples were collected and immediately processed during the 2017 and
2018 annual AELAM patient conferences, so the time between undertaking pulmonary
function tests and sample acquisition varied, making it impossible to assess the former
relative to the biomarkers. The data collected consisted of age at diagnosis, age at
sample extraction, diagnosis of AML, chylothorax, pneumothorax, TSC, and therapy
used at the time of sample extraction. All patients provided written informed consent and
the study was approved by the ethics committees of IDIBELL and the Instituto de
Investigacion Sanitaria La Princesa, Hospital de Henares. Control samples were
obtained from healthy premenopausal women from a similar age distribution to that of
the LAM patients. Lung disease-related patients corresponded to cases diagnosed with
emphysema (excluding chronic obstructive pulmonary disease; University Hospital of
Bellvitge, IDIBELL), Langerhans cell histiocytosis, Sjogren syndrome, and systemic
lupus erythematosus. Blood samples of the former conditions were collected by the ILD
Centre of Excellence, St. Antonius Hospital Biobank (Nieuwegein, The Netherlands).
This study was approved by the institutional ethics committee (reference R05-08A) and
all participants provided written informed consent. CNTN2 was quantified in blood
plasma using the Human Contactin-2/TAG1 DuoSet enzyme-linked immunosorbent
assay (ELISA; DY1714-05, R&D Systems) following the manufacturer’s instructions.
VEGF-D levels were measured using a commercially available ELISA kit according to

the manufacturer’s protocol (DVEDOO, R&D Systems).



Results

Identification of shared genetics of LAM and cancers

As a low-grade neoplasm, LAM has a biological similarity to cancer (6, 17-19). This
connection might be extended to disease susceptibility (48, 49) and could indicate the
existence of a shared genetic basis of the two conditions. To assess this hypothesis, we
analysed summary statistic results from the original S-LAM GWAS (20) and from studies
of 17 cancer types, including those of breast, colon, glioma, kidney, Ilung,
neuroblastoma, ovary, pancreas, prostate, stomach, and skin (Table S1). After SNP
imputation, data preprocessing and quality control analyses, the summary statistics of
5,684,891 SNPs were evaluated between LAM and cancers. The overall pairwise
genetic correlation between LAM and cancer risk did not reach significance for any
cancer; the strongest correlation was negative and for cervical cancer risk (r =-0.32, P =
0.083; Table S2). In addition, when conditioning LAM on any cancer type, there were no
substantial signs of shared genetic architecture in the stratified Q-Q plots (Figure S1).
However, for some cancer analyses, there was not enough statistical power to estimate
genetic correlations accurately (Table S2).

Despite the non-significant overall LAM-cancer genetic correlation, seven shared
genetic associations were identified with conjFDR < 0.05, including variants between
LAM and gastric, kidney or prostate cancer risk (Table 1). These variants were mapped
to six genomic loci, of which three were linked to gastric cancer, two to kidney cancer,
and one to prostate cancer risk. Four of the associated loci (including gastric, kidney and
prostate cancer) were predicted to function as agonists; that is, the corresponding minor
alleles showed the same direction of effect for LAM and cancer risk; in turn, two were
predicted to act as antagonists (including gastric and kidney cancer; Table 1).

The chromosome 6q24 rs3861451 variant shared between LAM and gastric cancer

risk was relatively linked (Caucasian D” = 0.74 and r2 = 0.52) with a previously noted



SNP association for this cancer type, rs618688 (23). Next, we inspected the seven
identified LAM-cancer shared variants (Table 1) relative to the GWAS catalogue for
human traits and diseases (50, 51). This examination identified the chromosome 2q31
variant rs4668267 that connects LAM and prostate cancer risk as a genome-wide

association signal of earlobe attachment (52).



Table 1. Shared genetic variants between LAM and cancer risk (ordered by cancer type).

. Alternative Cancer LAM
C?ynpceer SNP Chr (Ess:glﬁg) Re;i:jzce allele Car;cer LAPM z 4 Pleiotropy | conjFDR Locus
' (MAF) score | score
rs3861451 6 148,320,047 T C (0.33) 1.6x10% | 1.2x10° 3.78 -4.38 Antagonist 0.022 Intergenic
Gastric rs9528802 13 65,235,556 T C (0.29) 1.8x10% | 2.4x10* 3.74 3.68 Agonist 0.035 Intergenic
rs10901587 10 128,001,759 C T (0.23) 25x10% | 2.5x10* 3.67 3.66 Agonist 0.037 Ai‘r?t'ro‘o,\::i:tzz
rs4512050 4 158,597,491 A G (0.13) 29x10* | 1.9x10* 3.62 3.74 Agonist 0.044 Intergenic
rs17036640 158,605,184 A G (0.13) 25x10* | 1.7 x10* 3.67 3.76 Agonist 0.037 Intergenic
Kidney PALM2-
rs2146084 9 11,2505,617 G A (0.12) 2.6 x10° | 2.7 x 10 -4.21 3.65 Antagonist 0.047 AKAP2
intronic
i i . MYO3B
Prostate | rs4668267 2 171,360,896 T C (0.30) 7.9x10°% | 8.7x10°% 3.95 3.93 Agonist 0.030

intronic




Identification of shared genetics of LAM and pulmonary function

In parallel with cancer, we analysed shared genetic factors between LAM and pulmonary
function, determined by spirometry measures of FEV1, FVC, FEV1/FVC ratio, and PEF in
the general population using summary statistic GWAS results from the UK Biobank and
SpiroMeta consortium (24). The overall pairwise genetic correlations between LAM and
FVC, and PEF, were nominally significant and negative: r = -0.074, 95% confidence
interval (ClI) -0.04 — -0.10, P = 0.013; and r = -0.10, 95% CI -0.05 — -0.15, P = 0.029,
respectively (Table S2). The LAM correlation with FEV1 was also negative, but did not
reach significance: r = -0.061, P = 0.097. By conditioning LAM on spirometry measures,
the stratified Q-Q plots showed a leftwards deflection with increasingly strong
associations with the depicted measures, such as PEF (Figure 1; Q-Q plots for the rest
of measures are shown in Figure S2).

Twenty-two variants in 11 loci were common to LAM and pulmonary function: 11
shared with FEV1, 7 with FVC, 4 with FEV1/FVC ratio and 6 with PEF (Table 2). Six of
the identified variants mapped to chromosome 15q26.2, relatively close (< 35 kilobases
(kb)) to the primary S-LAM associations targeting NR2F2 (20); the six identified variants
were in relative linkage disequilibrium (Caucasian D’ > 0.90, r2 > 0.25) with the original
genome-wide significant associations detected by rs2006950 and rs4544201 (20).
Inspection of the UK Biobank and SpiroMeta results showed nominal associations
between these two original SNPs and pulmonary function measures, with P values
between 0.05 and 0.0002. Interestingly, all six variants identified in 15926.2 had opposite
effects in pulmonary function compared with LAM risk: that is, their minor alleles were
associated with relatively superior pulmonary function, but with lower LAM risk (Table 2).

There was no overlap between the shared variants influencing LAM and cancer,
and LAM and pulmonary function. We further inspected the 22 LAM-pulmonary function

shared variants relative to cancer risk associations (50, 51) in the corresponding



genomic regions. The chromosome 5q31.3 rs7701443 variant is located at 37 kb
(Caucasian D’ = 0.90, r2 = 0.15) of a breast cancer association identified by the Breast
Cancer Association Consortium, rs2963155 (53), and the chromosome 9p22.3 variant
rs4961722 is located at < 1 kb (Caucasian D’ = 1.0, r2 = 0.03) from a skin cancer
association, rs10962474 (54). In addition, the chromosome 8q23.3 region comprising
five LAM-pulmonary function shared variants (Table 2) was relatively strongly linked
(Caucasian LD D’ = 0.25-1; maximum distance between variants < 45 kb) to association
signals of colorectal, gastric, and rectal cancer risk: rs6469654, rs6469656, rs16892766,
rs76316943, rs117079142, and rs200235517 (55).

Next, we inspected the identified LAM-pulmonary function loci for associations with
lung-related traits. The LAM-FEV1 chromosome 2p21 rs13410076 variant is located at
230 kb from a rare variant (Caucasian MAF < 0.001) previously associated at the
genome-wide level with oxygenated haemoglobin levels in Tibetan women living at high
altitude, rs372272284, which may influence the expression of endothelial PAS domain
containing protein 1 (EPAS1/HIF2A) gene (56). Evaluation of other traits identified the
LAM-FEV1/FVC chromosome 1g32.1 rs16937 and rs11240341 variants as genome-wide

association signals for mean platelet volume (57) and schizophrenia (58).



Table 2. Shared genetic variants between LAM and pulmonary function (ordered by chromosome).

Position Reference Alternative Trait LAM Trait LAM
Trait SNP Chr Allele VA z Pleiotropy | conjFDR | Gene locus
(bp, hg19) allele P P
(MAF) score | score
FEV1/FVC | rs11240341 1 205,015,284 C T (0.34) 7.7%x10% | 7.5x10% | -4.47 4.48 Antagonist 0.007 CNTN2
FEV1/FVC rs16937 205,035,455 G A (0.32) 1.8x10° | 1.9x10%° | -4.29 4.28 Antagonist 0.017 intronic
FEV1 rs13410076 2 46,815,961 T C (0.09) 3.4x10% | 3.9x10°% | -3.58 -4.11 Agonist 0.022 inPt:c();nFiC
PEF rs835069 14,984,116 C T (0.15) 3.9x10% | 1.1x10* | 3.54 -3.86 | Antagonist 0.044 Intergenic
FEV1 5 3.6x10* | 1.5x10°% 3.57 4.32 Agonist 0.023 NR3C1
FVC 57701443 142,792,650 A G (0.39) 2.1x107 | 1.5x10% | 5.19 4.32 Agonist 0.011 intronic
FVvVC 9.5x107 | 7.5x10°% | -4.90 3.96 Antagonist 0.046 .
FEV, $2537572 | 7 | 17,771,780 A G4 724x10% | 28x107 | 351 | -5.14 | Antagonist | 0.026 | 'Mergenic
FEV1 rs9648555 46,656,869 A G (0.47) 7.7x107 | 7.5x10% | -4.94 3.96 Antagonist 0.033 Intergenic
FVvVC rs2511654 117,623,003 T C (0.30) 1.7x10* | 2.7x10%5 | -3.76 4.19 Antagonist 0.018 Intergenic
FEV1 2.2x10% | 1.4x10% | -3.69 4.82 Antagonist 0.015 .
FVC 512542425 117,642,345 c TO37) 775107 [ 1.4x10° | -3.77 | 482 | Antagonist |_0.014 | 'Mtergenic
FvC rs7839361 8 117,645,687 T C(0.17) 6.4x10°% | 7.4x10% | -3.99 4.48 | Antagonist 0.006 Intergenic
FEV1 2.1x10* | 5.0x10% | -3.71 4.05 Antagonist 0.023 .
Fyc | /517663673 117,650,006 T CO31) 37 %10% | 5.0x10° | 3.61 | 4.05 | Antagonist | 0.032 | 'Mergenic
FEV1 3.6x10* | 3.7x10% | -3.57 4.13 Antagonist 0.023 .
FVC 34672734 117,805,281 A GO21)  m12%10% | 3.7x105 | 3.82 | 413 | Antagonist | _0.025 | 'Mergenic
FEV1/FVC rs4961722 9 16,529,174 T C (0.37) 1.8x10% | 3.4x10° 3.75 4.15 Agonist 0.030 irl?t’;loiizc
7.3x 5 . NTN4
FEV1/FVC rs7959413 96,147,836 T C (0.47) 1012 5.2x10 6.85 4.56 Agonist 0.005 intronic
12
PEF rs10859942 96,161,207 T C (0.49) 1.7x10% | 2.0x10° 3.76 4.27 Agonist 0.011 ir’:lt;’rol\rlﬁc
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Prioritization of gene candidates

To evaluate potential pleiotropic genes, we examined eQTL data from non-diseased
human tissue (38), chromatin interactions identified in lung tissue (39), and protein
physical and complex membership interactions (40, 41). Of the identified loci, the 5931.3
LAM-pulmonary function shared variant rs7701443 maps in the first intron of the nuclear
receptor subfamily 3 group C member 1 (NR3C1) and it is an eQTL for this gene (Table
S3). NR3C1, also known as glucocorticoid receptor (GR), physically interacts with
NR2F2, and this relationship influences the transcriptional regulation of defined gene
targets (59). In addition, NR3C1 positively regulates the expression of another potential
pleiotropic factor, EPAS1, in breast cancer cells under hypoxic conditions (60). Two
other gene candidates, insulin-like growth factor-binding protein 3 (IGFBP3), defined by
LAM-FEV:1 shared variant rs9648555, and disintegrin and metalloproteinase domain-
containing protein 12 (ADAM12), defined by LAM-gastric cancer shared variant
rs10901587, code for proteins that physically interact: ADAM12 cleaves IGFBP3 and this
biochemical modification regulates IGF activity in regenerating and developing tissue,
including cancer and pregnancy settings (61). The variants shared by LAM and
pulmonary function detected in chromosome 8g23.3 might target the eukaryotic
translation initiation factor 3 subunit H (EIF3H) gene, as proposed for the investigated

associations with colorectal cancer risk (62).

Expression of candidate genes in LAM cells

A recent landmark study has depicted LAM single-cell gene expression profiles from four
patients (8). This work defined a LAMC°™® expression signature that included NR2F2 (8),
as well as three of the candidates identified in our study: ADAM12, basonuclin 2 (BNC2)
specificity protein 5 transcription factor (SP5) (Table S3). The identification of four

LAMe®°'® genes among 48 pleiotropic gene candidates (Table S3) was a higher proportion



than expected by chance (hypergeometric test of overlap P = 0.039). Examination of a
second LAM single-cell study that analysed one tissue sample expanded the list of
candidates to IGFBP3 (7). Then, differential expression analysis between LAM and non-
LAM cells using the first dataset (8) identified several gene candidates frequently
detected and overexpressed in LAM cells. In addition to NR2F2, this analysis identified
EIF3H, IGFBP3, and NR3C1 as being linked to LAM cell profiles (Table S4). In turn,
EPAS1 was predicted to be underexpressed in LAM cells (Table S4).

Among the potential pleiotropic genes, we first evaluated NR3C1 because its
product has an established functional relationship with the primary LAM GWAS
candidate, NR2F2 (59), and because of the key role played by glucocorticoids in breast
cancer development and metastasis (63—65). Using RNA-seq data of 28 kidney AMLs
(20, 43), a similar tumour entity to LAM, and of a large collection of 27 human cancer
types (44), the expression level of NR3C1 ranked relatively high in AMLs, just behind
acute myeloid leukaemia and kidney renal clear cell carcinoma (Figure 2a). In addition,
we found a significant (Fishers’ exact test P = 5.3 x 101 gene overlap between an
experimentally defined NR3C1-activity signature (66) and genes differentially expressed
in LAM single cells (8) (Figure 2b). Then, immunohistochemistry assays in lung tissue
from seven S-LAM patients confirmed substantial NR3C1 expression in all of them, with
nuclear positivity in epithelioid and spindle-like diseased cells (Figure 2c). Co-staining
with the LAM marker a-smooth muscle actin (a¢SMA) showed cellular colocalization with
NR3C1 expression in lung nodules, although non-aSMA lung cells also presented
nuclear expression of NR3C1 (Figure 2d).

Other candidate genes emerged from the exploration of eQTLs and genomic
regulatory signals (Table S3), in combination with the suggestive evidence from other
neoplasms. The netrin-4 (NTN4) gene —chromosome 12g22 LAM-pulmonary function

shared associations (Table 2)— was identified as being the target of a breast cancer risk



association (67), and its product influences metastatic potential and angiogenesis (68,
69). Immunohistochemistry assays did not reveal NTN4 expression in LAM lung lesions,
although the normal alveolar layer was positive (Figure 3a). Of the other candidates
(Table S3), the contactin-2 (CNTNZ2) gene was prioritized based on criteria similar to
those for NTN4 (Table S3), and its product is linked to inflammatory conditions (70) and
interacts with oestrogen receptor a (71). Since CNTN2 can be detected in body fluids
(72), we measured its levels in the plasma of LAM patients and compared the results
with those of healthy women and patients with related pulmonary diseases. Using ELISA
assays, we identified significant overabundance of CNTN2 in LAM plasma relative to
healthy women, and to Langerhans cell histiocytosis and Sjégren syndrome patients;
however, we found no differences with respect to emphysema and systemic lupus
erythematosus patients (Figure 3b). A comparison between LAM patients receiving and
not receiving rapamycin treatment, and with low and high VEGF-D plasma levels
(threshold of 800 pg/ml) revealed no significant differences (Figure 3c). Subsequent
examination of single-cell transcriptomic data of the human lung (46) identified CNTN2
expression exclusively in vascular smooth muscle cells (Figure S3). These cells also
featured relatively high levels of expression of NR2F2 and NTN4; in contrast, NR3C1
was expressed in a wider range of lung cell types (Figure S3), consistent with the

previous immunohistochemistry and immunohistofluorescence results (Figure 2c,d).

Evaluation of LAM causality

Following on the identified shared genetics and pleiotropic factors, we used Mendelian
randomization methods (73) to evaluate causality. Analysis of LAM as outcome did not
show significant associations with cancer, but suggested an association with FEV1; this
was supported by 245 genetic variants that depicted a LAM-FEV1 negative correlation,

as observed above, with no significant heterogeneity (Table S5, and Figures S4 and



S5). However, a directionally test of causality showed inconsistent results with respect to
the assumption that variance explained by the exposure should be greater that of the
outcome (36) (Table S5). Then, evaluation of LAM as exposure suggested negative
correlations with bladder and endometrial cancer risk, and a positive correlation with
FEV1; in these comparisons, the directionality assumption was fulfilled, but it was based

on 8-9 variants (Table S5).

Discussion

This study identifies genetic variants that may concurrently influence LAM and cancer
risk, or LAM and pulmonary function. Interestingly, two loci on chromosomes 4 and 9 are
shared between kidney cancer risk and LAM risk, and the kidney is one potential tissue
of origin for LAM (6, 8, 19, 48, 74-77). However, the gene candidates of these loci do
not emerge as being linked to LAM single-cell transcriptome profiles (7, 8). In contrast,
the genetic connection between LAM and pulmonary function proved to be more relevant
in several analyses. There were indications of substantial shared genetic architecture in
LAM and FVC, and PEF measures, and a trend in the same direction was observed for
FEV1. In all comparisons, the LAM-pulmonary function correlation was negative, which is
consistent with the expectation that a given genetic variant that associates with greater
pulmonary function would have a corresponding lower risk of LAM, and vice versa. It is
of note that the data of pulmonary function came from a population-based study (24). In
addition, the four pleiotropic gene candidates previously identified in a LAM single-cell
signature (ADAM12, BNC2, NR2F2 and SP5) (8) represented a higher proportion than
would be expected by chance. However, the results of Mendelian randomization were
not conclusive of a specific causal direction, likely because of the limited power and
relative high variance of the LAM GWAS. These were also restrictions when examining

genetic correlations, even if the HDL method (28) was used. There was an indication of



LAM being causal of reduced FEVi1, which was expected, but a causal effect in the
opposite direction remains unclear.

The biological function of some of the identified pleiotropic candidates appears is
consistent with LAM pathogenesis. NR3C1 (glucocorticoid receptor) can stimulate the
transcriptional activity of NR2F2, which is the expected target of the primary LAM GWAS
signal (20). The activity of both NR3C1 and NR2F2 interacts with hormone signalling in
health and disease (78, 79) and this might be connected to the role of oestrogens in
LAM pathogenesis (80). In addition, NR3C1 has been associated with breast cancer
development and metastasis (63, 65), and may influence epithelial-to-mesenchymal
transition, cell adhesion and tissue inflammation (53, 63, 81, 82). The confirmation of
NR3C1 expression in LAM lung lesions and diseased cells is further evidence of a role
for this factor in disease development, as well as in pulmonary function. Furthermore, the
indication of increased NR3C1 activity in single-cell LAM transcriptome profiles might
anticipate a therapeutic benefit from specific NR3C1 antagonists, as proposed for other
hormonal cancers (83). It is of particular note that mifepristone, an antagonist of
progesterone and glucocorticoid receptors yielded a preclinical benefit by inhibiting LAM
tumorigenesis (84).

Other gene candidates were evaluated based on eQTL and genomic regulatory
evidence. In a similar way to NR3C1, the identification of another gene linked to breast
cancer risk, NTN4 (67), is particularly intriguing. These observations might in turn be
connected to our previous results of a potential higher incidence of breast cancer
diagnoses among LAM patients (48, 49). We did not detect NTN4 expression in LAM-
diseased cells, although a role for NTN4 influencing the tissue microenvironment cannot
be excluded. Examining the other candidates, we found an overabundance of CNTN2 in
LAM plasma, which, in addition to its potential for revealing information about disease

risk, raises the possibility of establishing an independent biomarker of VEGF-D.



However, further analyses using samples collected at different times during the disease
history are required to confirm these indications. Other pleiotropic gene candidates
identified in this study might also be linked to LAM pathogenesis: IGF signalling and
IGFBP2 function have been associated with LAM progression (85), though the
expression of IGFBP3 in lung lesions is unclear (86); and LAM lung lesions show
expression of matrix metallopeptidases (87), which also promote disease progression
(88, 89). In addition, the LAM-FEV1/FVC rs16937 and rs11240341 shared variants —
which may target the transmembrane protein 81 (TMEMS81) and/or retinoblastoma
binding protein 5 (RBBP5) genes (90)— were previously associated with platelet
measures in the general population (57) and, intriguingly, alteration of this blood
component is associated with several inflammatory lung diseases (91).

Collectively, this study proposes a common aetiology between LAM and pulmonary
function. This connection may be due to genes whose function is particularly relevant in
the cell(s) of origin of LAM as well as lung tissue development and/or may indicate a cell
origin of LAM that resides in the lung cell populations. The latter hypothesis appears to
be consistent with the recent demonstration that Tsc2 loss in the lung mesenchymal
lineage causes LAM-like disease in mice (7). Thus, LAM might be an extreme phenotype
of reduced lung function due to abnormal mTORC1-driven proliferation of mesenchymal-
like cells. Particularly, NR3C1-glucocorticoid signalling regulates differentiation of
proliferative mesenchymal progenitors into matrix fibroblasts (92), and these cells
endorse synthesis of extracellular matrix and collagen during early lung development.
The concept of altered mesenchymal cell differentiation and subsequent accumulation of
extracellular matrix components would be consistent with the evolution of LAM lung
pathology (93) and with identified pathway expression correlations with LAMC®°™® (94).
Intriguingly, pleural mesothelioma cell lines have transcriptome profiles relatively similar

to those of LAM cells (94). In addition, the regulatory function of NR3C1 and NR2F2 may



be coordinated during lung development (92). Interestingly, GWAS signals of lung
function were strongly predictive of chronic obstructive pulmonary disease (COPD) (24),
which also shows extracellular matrix alterations and shares lymphatic vascular
remodelling with LAM (95). Several of the lung function signals were also found to be
associated with other respiratory traits, including asthma (24), which is frequently
diagnosed in LAM women, and with an inflammatory multisystem disease predominantly
affecting women, systemic lupus erythematosus, which can be presented with cystic
lung disease (1, 2). Moreover, of the original 279 GWAS lung function signals (24), there
were predicted 16 gene candidates that code for interactors of NR3C1, including the co-
repressor NCOR1 (96) (Table S6).

The results of this study identify genetic factors and their molecular targets that
may influence LAM development. However, as noted above, our study was limited by the
relatively small sample size of the LAM GWAS, whose imputed summary statistics could
also add noise to the results. Genetic studies of larger LAM cohorts are necessary to
corroborate the findings and conclusively determine pleiotropy or causality with respect
to pulmonary function and/or cancers. Likewise, studies of pleiotropic gene candidates

may be warranted to better comprehend LAM aetiology and origin.



Acknowledgments

We wish to thank all the participants of the LAM GWAS for their contribution. We also
thank all the investigators who were involved in the other GWASSs analysed in this study
for making their results available to us. This research was supported by “Asociacion
Espafola de LAM (AELAM)”, The LAM Foundation Seed Grant 2019, Carlos Il Institute
of Health grants P118/01029, PI121/01306, and 1CI19/00047 (co-funded by European
Regional Development Fund (ERDF), “A way to build Europe”), Ministry of Economy and
Competitivity grant SAF2017-88457-R, the “Generalitat de Catalunya” SGR 2017-449
and 2017-529, PERIS PFI-Salut SLT017-20-000076, and CERCA Program to IDIBELL
and IGTP. X.F. is supported by the VEIS project (001-P-001647, ERDF Operational
Programme of Catalonia 2014-2020, co-funded by European Regional Development

Fund (ERDF), “A way to build Europe”).



Figure legends

Figure 1
LAM | PEF PEF | LAM
7 ‘ 7 /
/ 'y,
4 /f s / //
4
- / - /
s 5 =5 £y
e / /J e J [/
° ° [/
o 4 : / %4 //
k) / 7 k) A1/
® 3 s // K] $ J ’//
£ 74 £ ¥ /4
g 2 //// § 2 17/4
V4 7/
< //,/ — Al SNPs = /%/ — Al SNPs
Y 4 Prep <10° 4 Py < 10"
1 // P, <107 1 / Py <107
—— P <10° —P,,<10°
0 Expected 0 / Expected
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Empirical -lo Q Empirical -log,, (Q
p gw LAM: 10 LAM:

Figure 1. Stratified Q-Q plots including LAM and PEF GWAS results. Left panel, Q-
Q plot (nominal versus empirical -logio P values, corrected for inflation) conditioning LAM
on PEF; and right panel, Q-Q plot conditioning PEF on LAM. Leftwards deflection from
the null distribution of the observed P value as the thresholds become more stringent,

indicates genetic overlap between the two traits.



Figure 2
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Figure 2. NR3C1 gene expression in AML tumours and NR3C1 protein expression
in LAM lung lesions. a) Comparison of NR3C1 expression in kidney AMLs (red font)
with other neoplasms (TCGA data: 2,463 tumors of 27 histological types). Cancer
abbreviations in descending order: LAML: acute myeloid leukaemia; KIRC: kidney renal

clear cell carcinoma; SARC: sarcoma; LUAD: lung adenocarcinoma; LGG: low-grade



glioma; LIHC: liver hepatocellular carcinoma; HNSC: head and neck squamous cell
carcinoma; GBM: glioblastoma multiforme; LUSC: lung squamous cell carcinoma;
PAAD: pancreatic  adenocarcinoma; THCA: thyroid carcinoma; PCPG:
phaeochromocytoma and paraganglioma; DLBC: lymphoid neoplasm diffuse large B-cell
lymphoma; ACC: adrenocortical carcinoma; KIRP: kidney renal papillary cell carcinoma;
SKCM: skin cutaneous melanoma; CESC: cervical squamous cell carcinoma and
endocervical adenocarcinoma; KICH: kidney chromophobe; PRAD: prostate
adenocarcinoma; BRCA: breast invasive carcinoma; MESO: mesothelioma; OV: ovarian
serous cystadenocarcinoma; UCS: uterine carcinosarcoma; BLCA: bladder urothelial
carcinoma; COAD: colon adenocarcinoma; UCEC: uterine corpus endometrial
carcinoma; and READ: rectum adenocarcinoma. The numbers in parentheses are the
sample sizes of the indicated cancer types. The average, interquartile range and 95%
range are shown for each setting, with outliers indicated by circles. Gene expression is
shown as RSEM (RNA sequencing by expectation maximization) values. b) Venn
diagram showing the identity overlap (n = 27) between genes identified in the NR3C1-
activity signature and genes differentially expressed in LAM single cells. c)
Representative images from immunohistochemistry assays for the detection of NR3C1
expression in LAM lung lesions of three patients (LAM #1-3). The arrows indicate the
magnified lesion areas in the insets: in magnified lung nodules, epithelioid and spindle-
like diseased cells are apparent from the observed nuclear shapes of positive NR3C1
staining. The positive control results from colon tissue are also shown, as well as those
from normal lung tissue showing positivity in the alveolar epithelium, and luminal and
basal layers of the bronchioles. d) Representative images of immunohistofluorescence
detection and colocalization of NR3C1 and aSMA in LAM lung lesions; nuclei stained

blue with DAPI (merged). Lung nodules of three LAM patients are shown.



Figure 3
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Figure 3. Evaluation of additional pleiotropic factors. a) Representative images from
immunohistochemistry assays for detecting NTN4 expression in LAM lung lesions. Lung
nodules appear negative, while the alveolar layer is positive. The positive control of
kidney tissue is shown. b) Overabundance of CNTN2 in LAM plasma relative to healthy
women and two related pulmonary diseases, as indicated. The number of samples
analysed in each setting (n) is indicated. Asterisks indicate significant differences based
on two-sided Mann-Whitney tests (*P < 0.05, ***P < 0.001 and **P < 0.0001). Average
values are indicated with horizontal black lines. c) Absence of significant differences (not
significant; n.s.) of CNTN2 plasma levels between LAM patients receiving and not
receiving rapamycin treatment (left panel), and between LAM patients with high and low

VEGF-D plasma levels (right panel).



Supplementary figure legends

Figure S1
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Figure S1. Stratified Q-Q plots including LAM and cancer GWAS results. The Q-Q
plots (nominal versus empirical -logio P values, corrected for inflation) conditioning for

LAM or each cancer type are shown consecutively.
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Figure S2. Stratified Q-Q plots including LAM and FEV1, FVC and FEV1/FVC ratio
GWAS results. The Q-Q plots (nominal versus empirical -logio P values, corrected for

inflation) conditioning for LAM or each spirometry measure are shown consecutively.



Figure S3
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Figure S3. Expression levels of candidate pleiotropic genes across human lung
cell types. Unsupervised hierarchical clustering of gene expression across cell types.
The values are equivalent to the percentage of cells showing expression of a given

gene.



Figure S4
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Figure S4. Genetic effects of defined exposures on outcome, LAM. Forest plot
showing the inverse variance-weighted, weighted median, MR-Egger and MR-RAPS
estimates, and 95% Cls, of each exposure analysis. Red letters and rectangles indicate

the results of pulmonary function exposures.



Figure S5
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Figure S5. Potential causal connection between LAM and pulmonary function.
Scatter plot showing the associations of the genetic effects on outcome (LAM, log odds
ratio) against the effects on the exposure (FEV1, log hazard ratio). The inverse variance-
weighted, weighted median, MR-Egger, and MR-RAPS estimates are represented by

lines as indicated in the inset.



Supplementary tables

Table S1. GWAS data sources.

Disease/trait Domain Source Cases (n)  Controls (n)  Total (n)
LAM Respiratory https://doi.org/10.1183/13993003.00329-2019 426 852 1278
PEF Respiratory https://doi.org/10.1038/s41588-018-0321-7 NA NA 400102
FEV1 Respiratory https://doi.org/10.1038/s41588-018-0321-7 NA NA 400102
FVC Respiratory https://doi.org/10.1038/s41588-018-0321-7 NA NA 400102
FEVI1/FVC Respiratory https://doi.org/10.1038/s41588-018-0321-7 NA NA 400102
Bladder cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 2242 410350 412592
Breast cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 17881 410350 428231
Cervix cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 6563 410350 416913
Colon cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 3793 410350 414143
Endometrium cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 2037 410350 412387
Esophagus/Stomach cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 1091 410350 411441
Kidney cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 1338 410350 411688
Lymphocytic Leukemia Neoplasms https://doi.org/10.1038/s41467-020-18246-6 852 410350 411202
Lung cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 2485 410350 412835
Melanoma Neoplasms https://doi.org/10.1038/s41467-020-18246-6 6777 410350 417127
Non-Hodgkin's Lymphoma Neoplasms https://doi.org/10.1038/s41467-020-18246-6 2400 410350 412750
Oral Cavity/Pharynx cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 1223 410350 411573
Ovary cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 1259 410350 411609
Pancreas cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 663 410350 411013
Prostate cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 10792 410350 421142
Rectum cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 2091 410350 412441
Thyroid cancer Neoplasms https://doi.org/10.1038/s41467-020-18246-6 762 410350 411112

Table S1. Metadata of the GWAS summary statistics.



relution between LAM and cancer risk, and LAM and spi
1

T'rai itabi P value

netic correlation (9

0.1604 0.0051 0.0297 (-0.044,-0.1034) 02
0.1461 0.0071 X <0.1004 0.0460 (D0.0544,-0.1464) 2.90E-02
Cervix 0.0080 0.0017 0.0170 03224 0.1860 (-0.1364.-0.5084) 8.30E-02
FEVI 0.1636 0.0054 0.0148 <0.0607 0.0363 (=0.0242.-0.0972) 9.67E-02
Bladder 0.0014 0.0009 0.0106 -0.5977 0.3904 (-0.2073,-0.9881) 1.26E-01
Leuke: 0.0001 0.0005 0.0086 0.0128 0.7322 0.5001 (1.2323,0.2321) LAZE-01
Rectum 0.0008 0.0008 0.0064 0.0106 0.3893 (0.162,0.6166) 559601
Colon 0.0041 00011 0.0043 0.0089 -0.0674 0.1412 (0.0738.-0.2086) 633601
Breast 0.0240 0.0049 0.0077 0.0169 -0.0498 0.1092 (0,059 %) 6ARE-01
Lung 0.0027 0.0009 00051 0.0115 -0.0982 0.22: (0.126,40.3224) 6.61E-01
Nan-Hodgkin lymphoma 0.0012 00010 0.0053 00119 01509 0.3605 (D.2006,0.5114)
Melanonia 0.0069 0.0018 0.0045 0.0133 0.0542 0.1621 (0.2163.-0.1079)
Prostate 0.0271 0.0049 0.0036 00171 -0.0216 0.1037 (0.0821.-0.1253)
FEVIEVC 0.1680 0.0080 0.0004 00176 -0.0009 0.0430 (0.0421,-0.0439) 9.83E-01
Ovary 0.0000 0.0000 0.0164 0.0159 Inf NA NA NA
creas 0.0000 0.0000 0.0007 " NA NA NA
tric and esophageal 0.0000 0.0000 0.0200 NA NA NA
Thyroid 0.0000 0.0000 0.0151 NA NA NA
Endomeirial 0.0000 0.0000 0.0036 NA NA NA
Kidney 0.0000 0.0000 0.0124 NA NA NA
Oropharyngeal 0.0000 0.0000 200239 NA NA NA

standard error: C1. confidence interval

Table S2. Genetic correlation between LAM and cancer risk, and LAM and spirometry

measures.



Table S3. Shared variants between LAM and cancer or pulmonary function, and candidate pleiotropic genes.

SNP 1D Chi Position (bp, hg19) Reference Alternative | Locus gene(s) GTEx pan-tissue GTEx eQTL nominal (blood vessel. luna. kidney. and | GWAS Catalog 4C luna interactions and eOTL | LAMcore ( LAM vs (Guoetal) |LAM (Obraztsova etal.)
511240341 1 205015284 T c CNTN2. DSTYK. NUAK2. RBBF|NA Mean platelet volume. 27863252; ‘CNTN2. DSTYK. NUAK2, TMCC:[ No No
1516937 1 205035455 G }mvz CNTN2, DSTYK. NUAK2. RBBF[NA Mean platelet volume, CNTN2. DSTYK, NUAK2. TM@{ No No No
1513410076 2 46815961 T PIGF [ATP6VIE2, CRIPT, PIGE___|ATPGVIE? (aorta, coronary. lvmphocytes. tibial, uterus). | NA PRKCE. EPAS1. TMEM?247. ATF| No[CRIPT No
682 2 171360896 T [mvoss GADL, LINC01124, P5 ‘GADI (coronary. tibial) Lobe attachment Kiefo/EFO 0007667 ‘GADL. MYO38. UBR3. GORASP|SPS sPs No
1517036640 4 158605184 A [GRIA? (> 300 Kb). FAM198B (> 300 kb) RP11-364P22.2 FAMI98B (aorta) NA GRIA2. GASKIB/FAM198B. TM| No No No
5120: 4 158507491 A GRIA2 (> 300 kb), FAM196B_(>300 kb) RP11-364P22.2 FAM198B (aorta) NA No No No
157701443 5 142792650 A NR3CL NR3C1 NRACL (zorta) NA NR3CL ARHGAP26. HMHBL No No No
15835069 5 14984116 T & ANKH (> 200 kb) NA NA NA ANKH, FAM10SB/OTULIN , TRI| No No No
153861451 6 148320047 c T SAMDS (> 500 kb). SASH1 (> 200 kb) [SAMDS 'SAMDS (coronarv. luna. tibial) NA SASHL No No No
648555 46656860 G A LOC730338, IGFBP3 (> 500 kb). TNS3 (> 500 Kb) NA NA NA No No|1GFBP3
152537572 17771780 G A SNX13 RP11-511H232 RP11-511H23.2 (kidnev) NA SNX13. HDACY, AHR No No No
1512542425 117642345 c EIF3H, UTP23 UTP23 NA NA No No No
1534672734 117805281 A SLC30AB, UTP23 RAD21 (aorta) NA EIF3H. SLC30AB. LINC00536 No No No
1517663673 117650006 T UTP23 EIF3H (aorta. lymphocytes). UTP23 (aorta, lung. tibial)_|NA EIF3H, SLC30AB, LINC00536 No No No
157839361 117645687 T NA NA NA No No No
511654 117623003 T NA [na NA No No No
152146084 112505617 G 'ﬁu.mz PALM (tibial) NA PALMZ_TXN. PTPN3 No No No
961722 16520174 T [NA BNC? (uterus) NA BNC2. Coorf92 BNCZ No No
1510001587 1 128001759 G [ADAM12 ADAMI2 (uterus) NA ADAMI?, C100rf90 (ADAM12 No No
510850942 i 6161207 T [AMDHDL, HAL, NTN4, RP11-5| AMDHDL (Iunc), NTNA (artery tibial, uterus), SNRPF (ar] NA METAPZ No No No
157959413 1 6147836 T [HAL, SNRPF, RP11-53664.2 | SNRPF (artery tibial) NTN. SNRPF- No No (SNRP No (SNRP
159528802 1 235556 T NA NA NA No No No
158025061 1 176965 A ) NA NR2F2 (zorta) NA No No
1516975446 15 177806 [ ) NA NR2F2 (aorta) NA No No
1516975396 15 158705 T ) NA NA NA No No
158036214 15 145320 T ) NA NA NA No No
153996842 15 178859 Cc NA NR2F2 (zorta) NA No No
1550125351 15 144157 T ) NA NA NA NR2F2 No No
54315366 20 25049909 T |ABHD12. ACSS1. FAM182A. P'| ABHD12 (2orta. coronarv. luna. tibiah), ACSS1 (coronarv| NA ABHDI2. GINSL. NINL_ENTPD(| No No No




Table S4. Expression analysis of candidate pleiotropic genes using dataset of Guo et al.

Gene LAM cells detected LAM cells non-detected LAM cells % non-LAM cells detected non-LAM cells non-detected non-LAM cells % LAM cells mean expression non-LAM cells mean expression ‘Wilcoxon test P value Wilcoxon FDR Z-test P value Z-test FDR
METAP2 41 92 30.83 9220 11705 44.06 1.58 0.92 1.44E-08 4.02E-07 2.90E-03 6.64E-03
EIF3H 70 63 52.63 15459 5466 73.88 1.80 137 8.68E-07 1.22E-05 4.98E-08 5.98E-07
SNRPF 48 85 36.09 12330 8595 58.92 1.56 1.02 1.73E-06 1.62E-05 1.57E-07 1.25E-06
NR2F2 35 98 26.32 860 20065 411 1.38 0.97 1.13E-05 7.88E-05 1.61E-35 3.86E-34
CRIPT 24 109 18.05 4512 16413 21.56 1.20 0.72 1.54E-05 8.60E-05 3.80E-01 6.08E-01
TNS3 5 128 3.76 3782 17143 18.07 1.65 0.68 2.18E-03 1.02E-02 3.02E-05 1.32E-04
ABHD12 19 114 14.29 5769 15156 271.57 1.08 0.73 4.76E-03 1.90E-02 8.90E-04 2.67E-03
RHOQ 15 118 11.28 4873 16052 23.29 115 0.73 6.62E-03 2.32E-02 1.54E-03 3.89E-03
RAD21 15 118 11.28 6080 14845 29.06 121 0.84 3.72E-02 1.16E-01 1.03E-05 4.94E-05
NR3C1 20 113 15.04 7440 13485 35.56 112 0.87 5.36E-02 1.50E-01 1.29E-06 7.76E-06
ANKH 1 122 8.27 1425 19500 6.81 122 0.79 6.61E-02 1.68E-01 6.22E-01 9.32E-01
IGFBP3 7 126 5.26 286 20639 137 149 1.09 7.49E-02 1.75E-01 5.55E-04 1.78E-03
FBXL7 5 128 3.76 174 20751 0.83 0.68 1.20 1.10E-01 2.20E-01 1.41E-03 3.76E-03
DSTYK 7 126 5.26 1212 19713 5.79 0.85 0.72 1.07E-01 2.20E-01 9.41E-01 1.00E+00
SP5 15 118 11.28 46 20879 0.22 1.02 0.80 1.31E-01 2.298-01 1.63E-115 7.82E-114
PIGF 8 125 6.02 3448 17477 16.48 0.98 0.66 1.29e-01 2.29E-01 1.75E-03 4.19€-03
NTN4 5 128 3.76 2930 17995 14.00 1.36 1.00 2.13E-01 3.50E-01 1.06E-03 2.99E-03
TXN 86 47 64.66 17371 3554 83.02 217 2.08 2.44E-01 3.59E-01 4.05E-08 5.98E-07
FAM198B 5 128 3.76 656 20269 3.14 112 0.82 2.40E-01 3.59E-01 8.71E-01 1.00E+00
ADAM12 9 124 6.77 297 20628 142 0.76 0.79 4.98E-01 6.65E-01 1.81E-06 9.64E-06
PTPN3 3 130 226 1076 19849 5.14 0.59 0.73 4.91E-01 6.65E-01 1.91E-01 3.27E-01
EPAS1 17 116 12.78 7363 13562 35.19 0.91 1.02 5.38E-01 6.81E-01 1.11E-07 1.07E-06
RBBP5 4 129 3.01 1324 19601 6.33 0.80 0.69 5.59E-01 6.81E-01 1.64E-01 3.03E-01
SNX13 4 129 3.01 2881 18044 13.77 0.73 0.68 6.52E-01 7.60E-01 5.18E-04 1.78E-03
BNC2 1 122 8.27 378 20547 181 0.97 1.04 8.14E-01 8.14E-01 2.04E-07 1.40E-06
uTP23 3 130 226 2780 18145 13.29 1.04 0.67 7.57E-01 8.14E-01 3.00E-04 1.11E-03
SOCS5 9 124 6.77 1078 19847 5.15 0.71 0.72 7.86E-01 8.14E-01 5.20E-01 8.06E-01
ACSS1 10 123 7.52 1663 19262 7.95 0.64 0.74 7.28E-01 8.14E-01 9.83E-01 1.00E+00
PYGB 2 131 150 2765 18160 1321 1.64 0.66 NA NA 1.15E-04 4.61E-04
SASH1 2 131 150 1835 19090 8.77 0.86 0.80 NA NA 5.02E-03 1.09E-02
PCDH9 0 133 0.00 1066 19859 5.09 NA 0.91 NA NA 1.34E-02 2.80E-02
FAM105B 2 131 150 1462 19463 6.99 0.99 0.70 NA NA 2.10E-02 4.21E-02
PALM2 2 131 150 57 20868 0.27 0.73 0.71 NA NA 6.36E-02 1.22E-01
ATPBV1E2 1 132 0.75 670 20255 3.20 0.49 0.68 NA NA 1.75E-01 3.11E-01
SAMDS5 0 133 0.00 398 20527 1.90 NA 0.85 NA NA 1.98E-01 3.28E-01
HAL 0 133 0.00 147 20778 0.70 NA 0.67 NA NA 6.54E-01 9.52E-01
NUAK2 1 132 0.75 332 20593 1.59 0.66 0.76 NA NA 6.74E-01 9.52E-01
AMDHD1 0 133 0.00 74 20851 0.35 NA 0.74 NA NA 1.00E+00 1.00E+00
CCDC38 0 133 0.00 4 20921 0.02 NA 1.04 NA NA 1.00E+00 1.00E+00
CNTN2 0 133 0.00 3 20922 0.01 NA 0.46 NA NA 1.00E+00 1.00E+00
FAM182A 0 133 0.00 18 20907 0.09 NA 0.83 NA NA 1.00E+00 1.00E+00
GAD1 0 133 0.00 38 20887 0.18 NA 0.55 NA NA 1.00E+00 1.00E+00
GRIA2 0 133 0.00 5 20920 0.02 NA 0.97 NA NA 1.00E+00 1.00E+00
MYO3B 0 133 0.00 28 20897 0.13 NA 0.89 NA NA 1.00E+00 1.00E+00
SLC30A8 0 133 0.00 3 20922 0.01 NA 0.56 NA NA 1.00E+00 1.00E+00
TMCC2 0 133 0.00 63 20862 0.30 NA 077 NA NA 1.00E+00 1.00E+00
TMEM81 0 133 0.00 47 20878 0.22 NA 0.88 NA NA 1.00E+00 1.00E+00
VSX1 0 133 0.00 2 20923 0.01 NA 0.54 NA NA 1.00E+00 1.00E+00




Table S5. Results of MR analysis.
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Table S6. Gene candidates linked to lung function (Shrine et al., Nar Genet 2019) and coding for NR3C1 interactors.

Candidate gene name Gene title

PubMed NR3C1 interaction

ALXT
AP3BI
CAMK2G
ELAVL2
FKBP4
JMJIDIC
KidA1462
LMODI
MICLI
NCORI
OTUD4
PITPNM3
SATB2
SMARCA2
TRIPI]
ZFP82

ALX homeobox 1

Adaptor related protein complex 3 beta 1 subunit
Calcium/calmodulin dependent protein kinase I gamma
ELAV like RNA binding protein 2

FK506 binding protein 4

Jumeonji domain containing 1C

Junctional cadherin 5 associated

Leiomodin 1

Microtubule crosslinking factor 1

Nuclear receptor corepressor 1

OTU deubiquitinase 4

PITPNM family member 3

SATB homeobox 2

SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily A, member 2
Thyroid hormone receptor interactor 11

ZFP82 zinc finger protein

https://pubmed.ncbi.nlm.nih.gov/31182584/
https://pubmed.ncbi.nlm.nih.gov/31182584/

https://pubmed.ncbi.nlm.nih.gov/3 1182584/
https://pubmed.ncbi.nlm.nih.gov/3 1182584/
https://pubmed.ncbi.nlm.nih.gov/834 1706/

https://pubmed.ncbi.nlm.nih.gov/28611094/
https://pubmed.ncbi.nlm.nih.gov/3 1182584/
https://pubmed.ncbi.nlm.nih.gov/3 1182584/

https://pubmed.ncbi.nlm.nih.gov/31182584/
https://pubmed.ncbi.nlm.nih.gov/12011091/

https://pubmed.ncbi.nlm.nih.gov/3 1182584/
https://pubmed.ncbi.nlm.nih.gov/3 1182584/
https://pubmed.ncbi.nlm.nih.gov/3 1182584/
https://pubmed.ncbi.nlm.nih.gov/17043312/
https://pubmed.ncbi.nlm.nih.gov/3 1182584/
https://pubmed.ncbi.nlm.nih.gov/3 1182584/

Table S6. Gene candidates linked to lung function and coding for NR3C1 interactors.
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