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ARTICLE INFO ABSTRACT
Keywords: Background: Despite the success of genome-wide association studies for allergic rhinitis (AR), no definitive causal
Allergic rhinitis variants have been identified, and a substantial portion of the heritability of the disease is yet to be discovered.

Whole genome sequencing

Methods: Four families, each with at least 1 parent and one child suffering from dust mite (DM) AR, were
Gene expression profiling

FIT1 recruited, and whole-genome sequencing was performed on samples from 9 eligible individuals from these
VEGEFB families. Conjoint analysis was performed for existing gene expression profiling data in the literature and the
ITGA2 whole genome sequencing data obtained for these individuals; for presence of family-specific variants segregating
Rare variants with AR and the pathways involved. Similar analyses were also performed with data obtained for 96 sporadic
house dust mite (HDM) AR patients and 96 healthy controls.
Results: Three rare variants in three genes (FLT1_c.603A > T; VEGFB_c.322A > C; and ITGA2_ ¢.502+1G > A),
which are involved in Focal Adhesion pathway, were identified in affected, but not unaffected, subjects in two
families. VEGFB_c.322A > C and/or ITGA2_c.502+1G > A were further detected in all DM AR patients but not in
any healthy individuals in 1 family; which was further investigated for members. The 3 identified variants were
not found in any of the sporadic DM AR patients or healthy controls.
Conclusion: Despite the relatively small sample size, this study has identified several potentially functional rare
variants in AR candidate genes, and it provides a platform for future work in larger numbers of families and
sporadic individuals for a better understanding of the genetic basis of AR.

an overall increase of 6.5% in the prevalence of self-reported AR during a
6-year period (from 11.1% in 2005 to 17.6% in 2011) in the general
Chinese adult population.’ Although AR is not life threatening, AR has a
serious negative influence on the lower airway,'*!! the patient's quality
of life and psychological status,'*"” and it imposes a huge socioeconomic
burden.'®1°

Allergic diseases, including AR, are complex genetic diseases result-
ing from the effect of both multiple genetic and interacting environ-
mental factors on their pathophysiology.?® Although there has been a
tremendous surge in our understanding of the genetics of allergic disease,
particularly asthma,?! with the advance of genome-wide linkage studies,
candidate-gene association studies and genome wide association studies

Introduction

Allergic rhinitis (AR) is an inflammatory disease of the nasal mucosa,
which is induced by an immunoglobulin E (IgE)-mediated reaction in
allergen-sensitized subjects, and it has increased in prevalence over the
last decade.'™* Epidemiological studies have revealed that the prevalence
of AR has increased progressively in the more-developed countries, and it
currently affects up to 40% of the population worldwide.>>> The global
rising trend of AR has also been observed in the Asia Pacific region” and
China in the past two decades.® A more recent study investigating the
prevalence of AR in 18 major cities in China had indicated that there was
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List of abbreviations

AR: allergic rhinitis

BCAP: B cell adaptor for phosphatidylinositol 3-kinase
Cl1lorf30: chromosome 11 open reading frame 30

DEG: differentially expressed gene

DM: dust mite

FLT1: fms related tyrosine kinase 4

GWAS: genome wide association study

HLA-DRB4: major histocompatibility complex, class II, DR beta 4
IgE: immunoglobulin E

ITGA2: integrin subunit alpha 2

MRPL4: mitochondrial ribosomal protein L4
NEC: nasal epithelia cell

NP: nasal polyp

SNV: single nucleotide variants

VEGFB: vascular endothelial growth factor B

(GWAS:s), relatively little is known of the genetics of AR. To date only one
GWAS of AR has been conducted in a Singaporean Chinese population,
and it reported that mitochondrial ribosomal protein L4 (MRPL4) and B
cell adaptor for phosphatidylinositol 3-kinase (BCAP) were two novel
candidate genes for atopy and AR.??> More recently, a meta-analysis of
GWASs conducted among 4 large European adult cohorts has identified
major histocompatibility complex, class II, DR beta 4 (HLA-DRB4),
chromosome 11 open reading frame 30 (Cllorf30) and leucine rich
repeat containing 32 (LRRC32) loci to be significantly associated to
either AR phenotype or grass sensitization.”> However, it has increas-
ingly been recognized that most of the variants identified by GWASs so
far confer relatively small increments in risk and explain only a small
proportion of familial clustering. This also indicates a major gap in
profiling the genetics of allergic disease, i.e. “missing” heritability.>*
Many explanations for this missing heritability have been suggested®’;
foremost among them is that GWAS is reliant on genotyping of common
haplotype blocks and therefore is restricted in its ability to detect rare
risk alleles that might be contributing to the disease.>> Another expla-
nation for the lack of functional variant identification is that the degree of
genetic heterogeneity for common diseases is markedly higher than
previously thought, possibly due to the presence of rare or even
family-specific mutations with a large effect.?® We have hypothesized
that individual families segregate “family-specific” variants or pathways
contributing to AR susceptibility and that at least one family-specific
variant in the same pathway is necessary for disease development
within individuals in the family. To test this hypothesis, we have inves-
tigated family-specific variants segregating with AR in 4 families iden-
tified with 1 child and at least 1 of their patients suffering from dust mite
(DM)-induced AR, using whole-genome sequencing analysis combined
with existing gene expression profiling data.

Methods
Study population

Four AR families and 96 AR sporadic subjects suffering from DM-
induced AR, as well as 96 healthy controls, were recruited from the
outpatient clinic of the Allergy Department in Beijing TongRen Hospital,
during the period of February 2012 to February 2016.

All subjects had a history of AR for at least 1 year and fulfilled all
criteria of the Allergic Rhinitis and its Impact on Asthma (ARIA) guide-
lines?’; including: i) presence of persistent or discontinuous symptoms of
anterior rhinorrhoea, continuous sneezing, nasal obstruction and itching,
ii) demonstration of a pale and oedematous nasal mucosa, nasal
discharge and swollen inferior turbinates by nasal endoscopy, and iii)
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positive serum antigen-specific IgE, measured by the ImmunoCAP 250
system (Pharmacia, Uppsala, Sweden). A diagnosis of AR was further
confirmed by the presence of symptoms induced by exposure to an
allergen shown to produce a strong positive skin test response. Serolog-
ical testing was performed by specialist technicians, while the diagnosis
for AR was made by clinical rhinologists. The 96 sporadic DM AR subjects
were also shown to have a family history of allergic disease.

The tested antigens included DM (Der f and Der p); seasonal grass
pollens (Giant Ragweed; Mugwort; Lamb's quarters; Humulus; Chenopo-
dium album); animal hair (dog and cat); molds (indoor and outdoor
mustiness or floricultural environment) and cockroach. The serum
antigen-specific IgE Phadiatop™test was also performed to test for
sensitization to common allergens, and subjects were considered to be
sensitized to the allergens when the serum IgE was >0.35 kU/1. The CAP
classification system divides results into 7 categories from 0 to 6; which
are scored as follows: class 1: 0.35-0.70 kU/]; class 2: 0.71-3.5 kU/I; class
3: 3.51-7.5 kU/I; class 4: 7.6-17.5 kKU/I; class 5: 17.6-50 kU/I, and class
6: )50 kU/1. This unit reported by CAP was in accordance with the defined
WHO serum standard IRP75/520. Procedural recommendations for total
IgE (Pharmacia, Uppsala, Sweden) were followed strictly, and the results
were considered positive if a value for total IgE was>100 kU/1.%

Only subjects sensitized to DM and with a confirmed diagnosis of AR
were included in the present study. For the present study, individuals
were considered to be sensitive to DM allergens if the levels of Der f and
Der p sIgE were equal to or above class 2.

AR subjects were excluded if they had i) co-morbid asthma, eczema,
or any other allergic disease; ii) hypertension, diabetes or other chronic
diseases; or iii) tumor in the nasal cavity or any other inflammatory nasal
disease such as sinusitis and nasal polyps. The diagnosis of asthma was
confirmed by a chest physician according to the Global Initiative for
Asthma (GINA) guidelines.29

A total of 96 healthy adult volunteers were also recruited as controls
from an ethnically similar local population, to determine background
allele frequencies in the population. These control subjects presented no
clinical features, local nasal cavity signs or a family history of allergic
disease, and they showed negative serum antigen-specific IgE by
Phadiatop™testing.

All subjects were of Han Chinese ethnic origin from the Beijing re-
gion, China, and they provided written informed consent prior to entry in
the study. The study protocol was approved by the Ethics Committee of
Beijing TongRen Hospital and performed in accordance with the guide-
lines of the World Medical Association's Declaration of Helsinki.

Whole genome sequencing and bioinformatics analysis

The genomic DNA was assessed in samples from nine individuals from
the four families affected by AR, using whole genome sequencing. Library
preparation and genome capture were done with Illumina TruSeq DNA
Sample Preparation Kit (Illumina, USA), and whole genome sequencing
was performed on illumina HiSeq2000 platform (Illumina, USA). Initial
alignment was performed with Burrows-Wheeler Aligner (BWA) ac-
cording to the reference human genome build hg19. single nucleotide
variants (SNVs), and insertions/deletions (Indels) were determined using
the Genome Analysis Toolkit (GATK). Annotation of all variants was
performed using SnpEff.

Variants were filtered and low quality variants were excluded using
the following criteria: 3 or more variants detected within 10 bp; coverage
depth less than 5 folds; mapping quality score less than 30; genotype
quality less than 30.

Taking into consideration the likely pathogenicity, we also filtered
out heterozygous variants (nonsynonymous, splice site acceptor or
donor variants and Indels), which were detected in both the affected
parent and the child and were absent from dbSNP143 and 1000 Ge-
nomes Project.

The pathogenicity risk of nonsynonymous variants was estimated
using Sort Intolerant from Tolerant (SIFT), Polymorphism Phenotyping
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v2 (PolyPhen2), PhyloP and mutation taster. The prediction of new
splice site was tested with four different tools: namely, Human
Splicing Finder, MaxEntScan, Spliceman and NetGene2. Potentially
deleterious variants were reviewed in the Exome Aggregation Con-
sortium (ExAC).

Three-dimensional (3D) modelling of wild type and missense variants
was performed using the SWISS-MODEL. Data obtained by the homology
models were visualized using Swiss-PdbViewer 4.1.

Global gene expression profiling access

Data from a previous global gene expression study of nasal mucosa
from 7 AR patients and 5 non-allergic control subjects (GSE43523) were
used to analyze the distinct expression gene shared with whole genome
sequencing data. Gene Ontology (GO) function enrichment was gener-
ated by DAVID Bioinformatics Resources. KEGG and Reactome pathway
databases were used to obtain canonical pathway and disease and bio
functions. Values of P < 0.05 were considered to be statistically
significant.
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Mutation validation

After filtering against multiple databases, Sanger sequencing was
used to confirm that mutations were more likely to be responsible for AR.
Direct polymerase chain reaction (PCR) products were sequenced using
Bigdye terminator v3.1 cycle sequencing kits (Applied Biosystems, Foster
City, CA) and analyzed using the ABI 3700XL Genetic Analyzer.

Results

Fig. 1 and Supplementary E1 show the clinical and demographic data
of the 9 affected members in 4 families assessed for causative AR genes
using whole genome sequencing. An average of 51.8 Gb of sequence was
generated from DNA samples from each of the affected individual, and
demonstrated that on average, 91.7% of bases mapped to the reference
genome with a mean coverage of 15x (Supplementary E2). Genome
sequencing analysis demonstrated mean values of 3,323,100 SNVs and
408,518 Indels in the samples. We focused primarily on nonsynonymous
variants, splice site acceptor or donor variants and coding Indels (NS/SS/
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Fig. 1. Pedigrees of 4 families with HDM AR. Filled-in symbols indicate individuals with HDM AR, empty circles indicate unaffected individuals, and symbols with a
slash through them indicate deceased individuals. Arrow indicates the probands of families. The mutation present in each family is indicated below the corresponding

affected individuals.
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Table 1
Identification of the causal gene by whole genome sequencing.
Filtering Familyl Family2 Family3 Family4
MotherChild MotherChild Mother Child Mother Father Child1l
NS/SS/1¢ 141 165 133 142 143 142 179 152 163
Parent-child shared NS/SS/I 78 72 64 147
Family shared NS/SS/I 2 1 1 2
(shared by at least two families) KCNG4, NCOA6 KIAA1217 KIAA1217 KCNG4, NCOA6

Variants were excluded in dbSNP143, 1000 Genomes.

2 NS, nonsynonymous variant; SS, splice-site acceptor or donor variants; I, coding insertions or deletions.

I) that were most likely to be pathogenic and found that after filtering
outshared variants found in dbSNP143 and 1000 Genome Project, a total
of 141-179 NS/SS/I variants were detected per affected individual
(Table 1). Considering that candidate variants would be co-segregated
between the affected parent and the child in each family, assessment of
genes with damaging alleles found in at least 2 families demonstrated 3
genes (KCNG4, NCOA6 and KIAA1217) that contain five heterozygous
missense mutations (Table 1 and Supplementary E3). However, we
further searched the previous relevant studies and participation in bio-
logic categories strongly implicated in AR, there was no evidence that
these 3 genes were associated with AR or atopic genotypes.

As AR is recognized to be genetically heterogeneous, we performed an
integrated analysis across the whole genome sequencing data obtained in
the present study and data from 1 previous gene expression profiling
study of AR (GSE43523) to identify “family-specific” rare variants or
pathways in at least 2 families. Microarray data for nasal mucosa from
7AR patients and 5 non-allergic control subjects enrolled in the present
study demonstrated a total of 1117 differentially expressed genes (DEGs)
between the two groups of subjects. These DEGs were loaded into DAVID
for GO enrichment analysis, employing all significantly enriched GO
terms including categories of biological process, molecular function and
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Fig. 2. Gene ontology enrichment (A) and pathway analysis (B) performed by
DAVID for gene expression profiling (GSE43523) from the GEO database.

cellular component (Fig. 2A). Pathway analysis showed a total of 27
pathways enriched significantly (Fig. 2B). Furthermore, the 2 sets of
candidate genes of whole genome sequencing and DEGs of gene
expression profiling shared 22 genes (Fig. 3A); of which 3 (Integrin
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Fig. 3. A.Venn diagram of shared genes between distinct gene expression
profiling and whole genome sequencing data. B. KEGG pathway for local
adhesion. The significant shared genes between distinct gene expression
profiling and whole genome sequencing data are shown in red.
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Subunit Alpha 2 (ITGA2), Fms Related Tyrosine Kinase 4 (FLT1) and
Vascular Endothelial Growth Factor B (VEGFB) were enriched in the local
adhesion pathway (P = 0.034) (Fig. 3B). Gene expression data showed
that the relative expression of VEGFB186 (long transcript) and FLT1 were
moderately higher in patients with AR compared with control subjects,
while VEGFB167 (short transcript) and ITGA2 expression were signifi-
cantly decreased in patients with AR compared with control subjects.
(Figure S1).

Family 4 was further enlarged and the clinical and demographic data
were shown in Supplementary E4. Sanger sequencing validated the rare
variants in these 3 genes in family 1 and family 4 (Table 2 and Fig. 1). The
¢.603A > T substitution in exon 5 of FLT1 detected in family 1 results in a
single amino acid substitution (glutamic acid to aspartic acid (p.E201D))
within Flt-1 domain 2 (Flt-1py), which is important for VEGF binding.30
Furthermore, the ¢.603A > T in FLT1 was predicted to be functional by
PolyPhen and PhyloP. Heterozygous variants c.322A > C; p.S108R in
VEGFB and ¢.502+1G > A in ITGA2 were identified in Family 4; which
interestingly exhibited intrafamilial heterogeneity. The father (l18, pro-
band), 1 of his children (l118) and 2 of his relatives (113 and 1113) carried
the c.322A > C in VEGFB, showing co-segregation of the rare variants
with the AR phenotype. Similarly, the mother (I19) carried another
variant of ¢.5024+1G > A in ITGA2, whereas a second child in the family
(IN7) was a heterozygous carrier of both variants ¢.322A > C in VEGFB
and ¢.502+1G > A in ITGA2. The second child (1117) was found to have
more severe clinical symptoms than the other single heterozygous car-
riers in this family. The ¢.322A > C substitution in VEGFB results in a
single amino acid substitution (serine to arginine (p.S108R)) within the
receptor-binding domain of VEGF (VEGFg_1¢9), a homodimeric hormone
that induces proliferation of endothelial cells.>° According to the 4 splice
site prediction tools, the ¢.502+1G > A in ITGA2 was predicted to in-
fluence the formation of the splice donor site (Supplementary E5). The 2
rare variants were predicted to be functional by PolyPhen, PhyloP and
Mutation taster.

To determine whether the identified 2 rare missense variants in FLT1
and VEGFB affect their binding, the 3D-structural models of FLT1 and
VEGFB were predicted with SWISS-MODEL. The crystal structures of
FLT1 (5t89 from the protein data bank, PDB) and VEGFB (2c7w1) were
used as the templates, which was determined by X-ray diffraction at a
resolution of 4 A and 2.48 A, respectively. The residues FLT1_Glu201 and
VEGFB_Ser108 together with nearby residues within 6 A, were illus-
trated. Flt-1pp and VEGFg 199 were previously identified as the most
important domains for ligand-receptor binding.>’ As the Swiss-pdb
Viewer 4.1 showing, at the resting state, FLT1_Glu201 forms H-bonds
with Thr198 residue; when changed to Asp, the residue was predicted to
lose an H-bond with Thr198 instead of to form a single H-bond with
1le202 residue. Similarly, when changed VEGFB_Ser108 into Arg, the

Table 2
Mutations identified by Sanger sequencing in two families.
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residue was instead predicted to form a single H-bond with Pro107 res-
idue. These mutations were predicted to perturb or change the amino
acid side chains and would probably affect the hydrophobic interaction
of Flt-1py with the “poles” of the VEGF dimer° (Fig. 4).

Sanger sequencing showed that the 3 rare variants demonstrated in
the 4 families were absent in both the groups of 96 sporadic HDM AR
patients and 96 healthy control subjects. The demographic data were
shown in Supplementary E6 and the specific oligonucleotide primers
used for Sanger sequencing were shown in Supplementary E7.

Discussion

This study identified 3 rare variants: in FLT1 c.603A > T,
VEGFB_c.322A > C and ITGA2_¢.502+1G > A, which may potentially be
important in causing HDM AR. Moreover, the compound heterozygous
carrier of ¢.322A > C in VEGFB and ¢.502+1G > A in ITGA2 had a more
severe clinical phenotype. Indeed, VEGF and its receptors have previ-
ously been demonstrated to play an important role in nasal mucosal
inflammation during AR®'; thus taken together, these findings support
the idea that the components of the local adhesion pathway are likely to
be implicated in HDM-induced AR.

A family history of an allergic condition is a well-accepted risk factor
for the development of an allergic condition in an individual, particularly
for allergic disorders such as asthma, eczema, and AR. However, the
question of whether specific allergen sensitization is inherited has been
considered to be a complicated matter. Misiak et al.>? reviewed the
literature regarding this issue and concluded that specific allergen
sensitization was influenced by both a genetic component and environ-
mental exposure to allergen — with no clear-cut answer despite ac-
counting for not only the complexity of allergy as a trait itself but also for
the complexities of varying study methodologies as well as the evaluation
of diverse populations and communities.

Candidate gene association studies and GWASs have demonstrated
the presence of susceptibility loci, which conferred relatively small in-
crements in risk but not the full profile of the genetic characteristics of
allergy, thus suggesting restricted ability of these techniques to find rare
risk alleles which might contribute to the disease.>® The next generation
sequencing (NGS) techniques have led to a new approach to identify new
causal genes and mutations in monogenic as well as complex diseases.>*
In the present study, the filtering strategy combining both the whole
genome sequencing data and the existing AR related gene expression
profiling data is rather conservative. Given that the largest proportion of
common variants are not associated with disease, we chose to focus our
attention on variants not present in variant databases such as dbSNP143
and 1000 Genomes Project. Moreover, here we focused on variants that
might only be identified through the use of a family-based design, which

Sample Gene Position (hg19) Mutation Amino acid change Functional prediction program Allele frequence
; e
SIFT® PolyPhen2” PhyloP® Mutation taster? in EXAC
Familyl
Mother FLT1 Chr13:29008268 c.603A > T p.E201D Tolerated Damaging Conserved Polymorphism 0.00127
Child FLT1 Chr13:29008268 c.603A > T p.E201D Tolerated Damaging Conserved Polymorphism 0.00127
Family4
119 (Mother) VEGFB Chr11:64003747 c.322A>C p. S108R Tolerated Damaging Conserved Disease causing None
118 (Father) ITGA2 Chr5:52344308 ¢.502+1G > A Splice-site - - - Disease causing 0.0001161
1117 (Child1) VEGFB Chr11:64003747 c.322A > C p. S1I08R Tolerated Damaging Conserved Disease causing None
ITGA2 Chr5:52344308 ¢.502+1G > A Splice-site - - - Disease causing 0.0001161
1118 (Child2) ITGA2 Chr5:52344308 ¢.502+1G > A Splice-site - - - Disease causing 0.0001161
113 ITGA2 Chr5:52344308 ¢.502+1G > A Splice-site - - - Disease causing 0.0001161
13 ITGA2 Chr5:52344308 ¢.502+1G > A Splice-site - - - Disease causing 0.0001161
@ SIFT, prediction of an amino acid change being damaging or tolerated.
b

PolyPhen2, prediction of an amino acid change being damaging or benign.

o

[=%

Mutation taster, prediction of a disease-causing variant or polymorphism.
¢ Shown in East Asian population.

PhyloP, prediction of an amino acid substitution being conserved or non-conserved across species.
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has been successfully employed to identify asthma susceptibility vari-
ants.>® However, this study of asthma investigated only 1 family segre-
gating asthma by applying exome sequencing and reported several
potentially functional variants in potential asthma candidate genes.>® In
the present study, we have investigated 4 families segregating
DM-induced AR by genome-wide sequencing and combined the data
from a previous global gene expression study of nasal mucosa from 7 AR
patients and 5 non-allergic control subjects to analyze distinct gene
expression within the whole genome sequencing data. This technique
identified 3 rare variants in 3 genes (FLT1_c.603A > T, VEGFB_c.322A >
C, ITGA2_¢.502+1G > A; involved in Focal Adhesion pathway), which

Full veiw

FLT1 WT

FLT1 MT

VEGFB WT

VEGFB MT
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were present in affected subjects in 2 families but were absent in unaf-
fected individuals. Although the large consortium-based GWAS is likely
sufficiently powered to identify associations with even rare variants,> it
may be that the 3 variants detected in the present study are not only rare
but also segregated with DM AR in only some families. In this sense, it
seems plausible that we failed to detect these 3 variants in the sporadic
DM AR patients and the healthy control subjects, particularly as the
sample size was too small. Indeed, a very recently published study has
indicated that searching for rare coding or splice site variants in very
large sample sizes can help prioritize causal genes at many GWAS loci
associated with complex human diseases and traits.>” Thus, it is possible

Zoom-in veiw

Fig. 4. Structure of wild type and mutant type of p.E201D in FLT1 (A) and p. S108R in VEGFB (B), observed by Swiss-PdbViewer. Computed hydrogen bonds are
shown as green dashed lines. Residues Glu201/Asp201 and Ser108/Arg108 are highlighted in pink.



Y. Zhang et al.

that a further replication study in a large cohort of HD AR and healthy
subjects may confirm the findings for the 3 rare variants in the present
study in the future.

Assessment of increased numbers of individuals in Family 4, exhibi-
ted the presence of intrafamilial heterogeneity and heterozygous variants
c.322A > C; p.S108R in VEGFB and ¢.502+1G > A in ITGA2. It is
noteworthy that all the DM AR patients in this family carried either 1 or
both of the variants and that the compound heterozygous carrier of both
these variants had more severe clinical symptoms and increased serum
DM levels. We thus hypothesised that there may exist family-specific
mutations, and, further, at least 1 of these mutations was necessary to
lead to the development of AR, and in combination the mutations would
additionally control the severity of the disease. This could be in accor-
dance with the theory that certain combinations of susceptibility genes
are specific for allergic airways disease and/or are associated with
severity of disease.>®

Increased vessel number and permeability are important features of
the nasal mucosa in AR, and are mediated in part by the cytokine VEGF, a
major regulator of angiogenesis and enhancer of vascular permeability.
In mammals, the VEGF family consists of VEGFA, VEGFB, VEGFC,
VEGFD, and placenta growth factor (PLGF), with each member having a
specific site of expression and showing distinct binding pattern to the
different VEGF receptors (VEGFRs).%° The biological effects of VEGF are
mediated by 3 VEGFRs; including VEGFR-1 (FLT 1), VEGFR-2
(KDR/FLK-1), and VEGFR-3 (FLT 4)*'; of which VEGFR-1 is a positive
regulator of monocyte and macrophage migration and a positive and
negative regulator of VEGFR-2 signaling capacity and bind VEGFA,
VEGFB, and PLGF.>°VEGF levels have been shown to be increased in the
nasal mucosa of patients with AR*? and contribute to nasal inflammation
in response to allergen exposure.*'More recently, Chen et al.*> demon-
strated that DM extract induced the expression of VEGF, transforming
growth factor-pl (TGF-f1), and fibroblast growth factor-2 (FGF-2) by
activating the PI3K/Akt/HIF-1a pathway in human primary cultured
nasal epithelia cells (NECs) and in the nasal mucosa of a murine model.*?
Furthermore, the demonstration that the expression of VEGFR1 and
VEGF-B correlates with edema and clinical markers of nasal polyps (NP)
disease is noteworthy, particularly as edema represents a key feature of
NP disease, and therefore represents potential therapeutic targets.43
Little is known about the roles of ITGA2 in the pathogenesis in AR. ITGA2
encodes for integrin, playing important functions in cell adhesion,
angiogenesis and innate and acquired immune response.** One recent
study investigated genome-wide expression of microRNAs with total and
translational mRNA in human primary bronchoepithelium from severe
asthmatics and healthy controls.”> The authors demonstrated that the
skipped isoforms of ITGA2 presented increased polyribosome binding in
severe asthma. Collectively, these findings and the findings from the
present study suggest that the further functional study on VEGFs and
their receptors and ITGA2 may shed meaningful light on the genetic
mechanisms and potential therapeutic targets relevant to AR and the
related diseases.

Last but not least, even though the greatest effect of studies on ge-
netics of AR has been in increasing our understanding of disease patho-
genesis, there are still ways in which the findings regarding genetic basis
of AR will improve diagnosis and treatment in the future. To begin with,
identification of mutations in the 3 genes can enable more accurate
prediction of the likelihood that a subject will develop DM AR and that
facilitating lifestyle change to avoid DM allergen exposure will be valu-
able. Secondly, it has been convincing that genetics might play an
important role in prediction is in disease severity, and the ability to
identify those who are most likely to have severe persistent disease
would allow targeting of preventative treatments and be of significant
clinical utility. For example, here we reported that the compound het-
erozygous carrier of both ¢.322A > C; p.S108R in VEGFB and ¢.502+1G
> A in ITGA2 had more severe clinical symptoms and serum DM levels;
thus, more attention should be exerted towards such population. In
addition, the further investigation concerning the relationship between
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asthma phenotype and the identified mutations would shed light on the
issue regarding how to predict the potential asthma subtypes in DM AR
subjects.

In summary, our findings suggest that 3 rare variants in FLT1_c.603A
> T, VEGFB_c.322A > C and ITGA2_c.502+1G > A are probably causal
variants in DM AR. Although allergy is widely considered to be a complex
disorder, our study further suggests that these variants are present within
several families, indicating a strong involvement of the genetic compo-
nents. However, further studies replicating the methodologies employed
in present study in a much larger population as well as functional studies
are required to determine the relationship among the rare variants found
in the 3 genes in patients with AR.

Conclusions

Three rare variants in 3 genes (FLT1_c.603A > T; VEGFB_c.322A > C;
and ITGA2_¢.502+1G > A), which are involved in Focal Adhesion
pathway, were identified in affected AR subjects in DM AR families by
whole-genome sequencing and conjoint analysis of gene expression
profiling data. Despite the relatively small sample size, this study has
identified several potentially functional rare variants in AR candidate
genes, and it provides a cutting edge opportunity for future work in larger
numbers of families and sporadic individuals for a better understanding
of the genetic basis of AR.
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Supplementary tables:
Supplementary E1. Clinical and Demographic information in four AR families for whole
genome sequencing.

Family Family Gender Age AR Allergens Other dlergic

number member (Years) diagnosis diseases

1 Mother Female 38 Yes HDM No
Father Mae 40 No - No
Child Female 14 Yes HDM No

2 Mother Female 45 Yes HDM No
Father Made 47 No - No
Child Female 19 Yes HDM No

3 Mother Female 37 Yes HDM No
Father Made 38 No - No
Child Mae 9 Yes HDM No

4 Mother Femae 57 Yes HDM No
Father Made 57 Yes HDM No

Child1 Female 29 Yes HDM No




Supplementary E2. Summary for whole genome sequencing data of nine AR patientsin four families

Family  Family member Bases Map Bases Total reads Exon Genome  Sequencing SNVs Indels

number (& coverage coverage depth

1 Mother 50.86  50,053,469,203 495,578,903 8227% 91.65% 13X 3,200,356 355,345
Child 60.54  59,476,955,346 588,880,746 81.63% 91.62% 16X 3,295,274 426,310

2 Mother 70.83  68,294,856,800 682,948,568 91.79%  91.67% 22X 2,854,743 260,350
Child 4277  42,286,535,974 418,678,574 79.05% 91.32% 11X 3,447,537 547,838

3 Mother 52.52  51,806,492,469 512,935,569 89.14% 91.60% 15X 3,414,558 424,263
Child 60.22  59,645,690,100 596,456,901 86.57% 92.30% 17X 3,380,941 391,551

4 Mother 48.89  47,971,477,726 474,965,126 91.61% 92.29% 15X 3,418,721 411,384
Father 44.09 42,828,959,706 424,049,106 92.02% 91.61% 13X 3,453,280 447,227
Child1 4495  44,102,746,052 436,660,852 92.18% 91.66% 13X 3,442,478 412,398

SNV, sigle nucleotide variants; Indels, insertions/del etions



Supplementary E3. Family shared NS/SS/I detected by whole genome sequencing.

Gene Position (hgl9)  Mutation Amino acid Allele frequence Family
change in EXAC’ shared
KCNG4 Chr16:84256452 ¢.931 G>A p.A3LLT None Family 1,
Family 4
NCOA®6 Chr20:33345504 ¢.1047 p.L349F 0.0004622 Family 1,
Chr20:33328547 G>C p.S1838C None Family 4
¢.5513
C>G
KIAA1217 Chrl0:24832431 ¢.4232T>C p.11411T None Family 2,
Chr10:24820834 ¢.3158 p.R1053H  0.0001159 Family 3
G>A

"Shown in East Asian population.
NS, nonsynonymous variant; SS, splice-site acceptor or donor variants; |, coding insertions or
deletions.



Supplementary E4. Clinical and Demographic findings for members of family number 4.

No. Gender Age(Years) ARdiagnosis Allergens Other alergic diseases
3 Female 59 Yes HDM No
4 Male 59 No No No
5 Female 55 No No No
6 Mae 53 No No No
8 Male 57 Yes HDM No
9 Female 57 Yes HDM No
10 Female 65 No No No
1 Male 46 No No No
2 Female 47 No No No
3 Male 34 Yes HDM No
4 Male 32 No No No
5 Male 32 No No No
6 Male 29 No No No
7 Female 29 Yes HDM No
8 Mae 24 Yes HDM No
1 Mae 16 No No No
3 Male 28 No No No




Supplementary E5. Results by Splicing Prediction Programs for ¢.502+1G>A in ITGA2.

Program Human Splicing Finder MaxEntScan Spliceman NetGene2

Scores Consensus value for donor site! Scorefor 5° (donor) site? Percentile Rank®*  Neuronal network donor site score®
WT=83.18 WT= 10.07 68% WT=0.990
MT=56.34 MT=1.89 MT=0.0
Variation (%) = -32.27 Variation (%) = -81.23

! The Consensus value for donor site is caculated based on the agorithm of Position Weight Matrices. If WT value > 65 and the variation (%) < -10%, the
mutation breaks the splice site.

2The Scorefor 5* (donor) siteis caculated based on the algorithm of Maximum Entropy Model. If WT score > 3 and the variation (%) < -30%, the mutation
breaks the splice site.

®The program uses the Computing distance matrix which is caculated to qualify the “closeness” between two hexamers. The hexamer most likely pronet’o
splicing is selected. The values of distance are converted into percentile rank. The Higher the percentile rank, the more likely the point mutation is to disrupt
splicing.

*The donor site score is cal culated based on the the neuronal network method. The output of the network is a score between 0 and 1 for a potentia splice site.
The score with a hight close to 1.0 indicates a strong donor site.

WT, Wild Type; MT, Mutant Type.



Supplementary E6. Demographic characteristics of individuals with sporadic AR and
Control subjects.

AR Control
No. 96 96
Gender (male/female) 50/46 54/42

Age, mean (SD) 33(10) 35 (14)




Supplementary E7. Specific oligonucleotide primers used for Sanger Sequencing.

Gene Forward primer Sequence5' -> 3' Reverse primer Sequence5'-> 3" Product
(bp)

FLT1 GGTCTATCCTGGGTAGATGC CGTGTTCAAGGGAGTGGTA 648
VEGFB  CCAGGTGTCCATCATCTTGTG  TTCTGTGGACCACCATACCC 839
ITGA2 CTCCCTTCACTGACACCT CAGTGAGCCTAAATCGTG 982
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