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The Journal of Immunology

Copy Number Variations in CTNNA3 and RBFOX1 Associate
with Pediatric Food Allergy

Jin Li,*,1 Irene Fung,†,1,2 Joseph T. Glessner,* Rahul Pandey,* Zhi Wei,‡

Marina Bakay,* Frank D. Mentch,* Renata Pellegrino,* Tiancheng Wang,*

Cecilia Kim,* Cuiping Hou,* Fengxiang Wang,* Rosetta M. Chiavacci,* Kelly A. Thomas,*

Jonathan M. Spergel,†,x,{ Hakon Hakonarson,*,x,‖ and Patrick M. A. Sleiman*,x,‖

Food allergy is a significant public health concern, especially among children. Previous candidate gene studies suggested a few

susceptibility loci for food allergy, but no study investigated the contribution of copy number variations (CNVs) to food allergy on

a genome-wide scale. To investigate the genetics of food allergy, we performed CNVassessment using high-resolution genome-wide

single nucleotide polymorphism arrays. CNV calls from a total of 357 cases with confirmed food allergy and 3980 controls were

analyzed within a discovery cohort, followed by a replication analysis composed of 167 cases and 1573 controls. We identified that

CNVs in CTNNA3 were significantly associated with food allergy in both the discovery cohort and the replication cohort. Of

particular interest, CTNNA3 CNVs hit exons or intron regions rich in histone marker H3K4Me1. CNVs in a second gene

(RBFOX1) showed a significant association (p = 7.35 3 1025) with food allergy at the genome-wide level in our meta-analysis

of the European ancestry cohorts. The presence of these CNVs was confirmed by quantitative PCR. Furthermore, knockdown of

CTNNA3 resulted in upregulation of CD63 and CD203c in mononuclear cells upon PMA stimulation, suggesting a role in

sensitization to allergen. We uncovered at least two plausible genes harboring CNV loci that are enriched in pediatric patients

with food allergies. The novel gene candidates discovered in this study by genome-wide CNV analysis are compelling drug and

diagnostic targets for food allergy. The Journal of Immunology, 2015, 195: 000–000.

A
pproximately 8% of children in the United States have
a food allergy (1, 2), and the incidence is increasing (3,
4). As with other complex diseases, the etiology of

a food allergy phenotype likely arises from a combination of
multiple genetic factors and environmental triggers (5). Herita-
bility studies suggest that genetic factors may play a significant
role in predisposition to food allergy. An increased prevalence of
peanut allergy was reported in siblings of affected children rela-

tive to the general population (6), and estimates of the heritability
from a twin study are as high as 81.6% (7). Genetic susceptibility
was reported previously through linkage studies (8, 9), and several
food allergy genes of interest have been identified through can-
didate gene studies (reviewed in Ref. 10).
Copy number variations (CNVs) are defined as deletions, du-

plication, inversions, or complex rearrangements in genomic
segments compared with the reference genome (5, 11). They are
generated through errors in recombination or DNA replication and
repair (reviewed in Ref. 12). When CNVs occur in functional
areas of the genome, such as protein coding or regulatory regions,
they can result in a phenotype through dysregulation of RNA
levels (13) or by altering the structure of a gene and, hence, its
protein product (14).
In clinical practice, the identification of common CNVs under-

lying intellectual disability, autism spectrum disorders, and multiple
congenital anomalies has had a major impact (reviewed in Ref. 15).
In the allergy field, CNVs within the filaggrin gene were shown to
contribute to atopic dermatitis risk in a dose-dependent manner (16).
No published study has examined CNVs in food allergy patients. In
this study, our investigation of the association of CNVs in pediatric
food allergy resulted in the identification of CNVenrichment in two
genes that may contribute to food allergy susceptibility.

Materials and Methods
Research subjects

Individuals were selected from a population of research subjects from the
Center for Applied Genomics. This population consisted of children
recruited from the Children’s Hospital of Philadelphia Health Care Net-
work who permitted use of their health care records and genotyping data
available at the center. Blood for genotyping was collected from phle-
botomy collection sites within the hospital. Only individuals whose blood
samples resulted in high-quality genome-wide genotyping data were in-
cluded in our study.
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Ethics statement

This study was approved by the institutional review board of the Children’s
Hospital of Philadelphia. All participants and/or their parents signed an
informed consent allowing use of this information.

Food allergy population

Children with food allergy were first identified among research subjects if
they had any of the following International Classification of Diseases,
Ninth Revision codes of food allergy within their medical records: 693.1:
food allergy, dermatitis due to food taken internally, or 995.7: other ad-
verse food reactions NOS. Chart review was performed to verify candi-
dacy. To be included as a case patient, an individual had to meet the
following criteria: history consistent with food allergy documented by an
allergy specialist [timing and symptoms after ingestion as per Sampson
et al. (17)]; food allergy sensitivity (as shown by IgE . 0.35 kUA/l or skin
prick testing [.3 mm wheal]); and food allergen identified as milk, egg,
peanut, tree nut, soy, wheat, fish, or shellfish.

Healthy controls

To be a control subject in our study, individuals could not have International
Classification of Diseases, Ninth Revision codes attached to their chart that
identified food allergy, as listed above. We selected controls with average
ages older than the cases to reduce the possibility of an individual de-
veloping the disease at a later stage.

Genotyping

Genotyping of all cases and controls was performed at the Center for
Applied Genomics, Children’s Hospital of Philadelphia. Genotyping of
food allergy cases and controls of the discovery cohort was done on the
Illumina HumanHap550 BeadChip or Illumina Human610-Quad Bead-
Chip. The change to the Human610-Quad BeadChip for analysis occurred
after production of the HumanHap550 BeadChip ceased. Because the two
chip types have .500,000 common single nucleotide polymorphisms
(SNPs), data from the two chips could be combined and analyzed together.
After production of the Human610-Quad BeadChip ceased, all subsequent
samples were analyzed using the Illumina HumanOmniExpress-12 v1.0
chip. All food allergy cases and controls forming the replication cohort of
our study were genotyped using this latest chip.

Principal component analysis

We used principal component analysis (PCA) to infer population structure
among cases and controls, as well as to correct for potential population
stratification. The principal components were generated on ancestry-
informative markers using the EIGENSTRAT (18) software package.

CNV detection

For the discovery cohort, the ∼530,000 SNPs common to the Illumina
HumanHap550 BeadChip or the Illumina Human610-Quad BeadChip
were used for CNV calling. The PennCNV (19) software package was used
to call CNVs based on the intensity data from the Illumina arrays, in-
cluding the log R ratio (LRR) and the B allele frequency for each SNP.
Because we focused on markers on the autosomes, 522,879 autosomal
SNPs were used for CNV calling. Similarly, 712,726 autosomal SNPs on
the Illumina HumanOmniExpress-12 v1.0 chip were used for CNV calling
for the replication cohort.

CNV quality control

As described previously (20), CNV metrics were reviewed, and samples
with outlier values in the following categories were removed: call rate,
cryptic relatedness between samples, intensity noise measured by the SD
of LRR (LRR SD), intensity waviness measured by |GC base pair wave
factor (GCWF)|, and high number of CNVs/sample. The distribution of the
CNV metrics was plotted, the distribution plots typically display a linear
phase and an exponential phase, and samples with CNV metrics falling
into the exponential phase were removed. For both the discovery cohort
and the replication cohort, samples with SNP call rate , 98% were ex-
cluded. One sample from each pair of duplicated or related samples, as
defined by genome-wide identity-by-descent score (PI_HAT) . 0.30, was
removed. Because of the SNP coverage differences among the Illumina
HumanHap550 BeadChip, the Illumina Human610-Quad BeadChip, and
the Illumina HumanOmniExpress-12 v1.0 chip, the quality control plots of
the CNV metrics were reviewed separately for samples in the discovery
cohort and those in the replication cohort. In the discovery cohort, samples
with LRR SD . 0.3, |GCWF| . 0.05, or CNV count . 100 were excluded

from further analysis. In the replication cohort, samples with LRR SD .
0.21, |GCWF| . 0.035, or CNV count . 100 were removed.

CNV association statistical analysis

We assessed the appropriate genome-wide multiple testing correction for
our study. We focused on the association between phenotype and rare
CNVs. The CNV association software ParseCNV (20) was used to detect
the association between CNV region (CNVR) and the food allergy phe-
notype. ParseCNV used a genome-wide segment-based scoring approach.
As described previously (20), the Fisher exact test was used to compare the
CNV frequency among cases and controls at each SNP. Among the dis-
covery set of 522,879 autosomal SNPs shared by the Illumina Human-
Hap550 BeadChip and the Illumina Human610-Quad BeadChip, 1232
(0.236%) showed deletion and 320 (0.0612%) showed duplication in at
least two unrelated cases in the discovery cohort (frequency $ 0.560%).
The reason why we selected the cutoff of two cases having a given CNV is
that it is the minimal case frequency that can produce nominal statistical
significance and reproducibility for a CNV in a given region when com-
pared with controls using the Fisher exact test. Such SNP-based upfront
exclusion is analogous to the inclusion threshold of 1% minor allele fre-
quency in SNP-based genome-wide association studies (GWASs). Subse-
quently, SNPs were collapsed into CNVRs that constitute the genomic
span of consecutive probes in proximity (, 1 MB) with comparable sig-
nificance (6 1 log p value) in the Fisher exact test when comparing case
and control status (20). In our study, SNPs were collapsed into 125 deletion
and 32 duplication CNVRs, which means a total of 157 tests. Therefore,
the genome-wide significant threshold is p , 3.18 3 1024, considering
multiple testing correction. It is similar to the conservative cutoff of p =
5 3 1024 that we discussed previously (http://parsecnv.sourceforge.net/
#MultipleTestingCorrection).

For logistic regression analysis, we first generated ped files for CNV
status. In the deletion ped files, CNV genotype status was defined in the
following way: 1 1 for CN = 0, 1 2 for CN = 1, and 2 2 for others. In the
duplication ped file, CNV genotype status was defined as 1 1 for CN = 4, 1
2 for CN = 3, and 2 2 for others. This strategy of converting CNV status to
“genotype” ped file was described in detail in our previous publication
(20). It allows for logistic regression analysis including the first three
principal components to adjust for population stratification.

Permutation tests

To test for batch effects, we randomized the cases and controls between the
discovery and replication cohorts and conducted permutation tests. Because
of the SNP coverage differences between platforms, intensity data from the
discovery cohort and replication cohort cannot be combined directly prior to
CNV calling. Instead, we coded the genotype of samples carrying the
significant CNVR of CTNNA3 as 1 2, because they are all heterozygous
deletions, and genotype 2 2 for those normal diploids (CN = 2), as de-
scribed above. Having converted the CNV calls to genotypes, we then
combined all samples and conducted permutations by randomly shuffling
case and control status. We similarly defined the RBFOX1 “genotype” ped
based on whether each sample in the European ancestry cohort carries the
significant CNVRs. Finally, we conducted 10,000 permutations of the data
and a Fisher exact test for each permutation. Empirical p values were
derived from the permutation tests.

Meta-analysis

We conducted meta-analysis of the overlapping CNVR or overlapping
genes using the sample size–based analytical strategy implemented in
METAL software (21).

CNV validation

CNVs of interest were validated using TaqMan copy number probes (Life
Technologies, Grand Island, NY), following the manufacturer’s standard
protocol.

Western blot analysis of CTNNA3 deletion

EBV-immortalized cell lines were generated from PBMCs of one case
carrying the CTNNA CNVR and four samples without the deletion as
controls. We followed the protocol as described (22). For Western blot
analysis of CTNNA3 expression, EBV cells were lysed with Nonidet P-40
lysis buffer (Invitrogen). Proteins were separated on 4–12% NuPAGE Bis-
Tris gels in MOPS SDS running buffer and transferred overnight onto
nitrocellulose membranes (Invitrogen). The membrane was blocked in 3%
BSA and cut into two halves. The top half was incubated with mouse anti-
CTNNA3 mAb (Lifespan Biosciences), and the bottom half was incubated

2 CNVs IN CTNNA3 AND RBFOX1 ASSOCIATE WITH FOOD ALLERGY
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with mouse anti–b-actin mAb (Santa Cruz Biotechnology). Subsequently,
the membranes were washed, incubated with secondary Ab for 1 h, and
washed again; bound Ab was detected with a WesternBright ECL
chemiluminescence detection system (Advansta).

CD63 basophil test

Ficoll-isolated mononuclear cells (which also contain substantial amounts
of basophils) were used as the primary source of cells. Cells were nucle-
ofected with control small interfering RNA (siRNA) and CTNNA3-specific
Trilencer-27 Human siRNA (OriGene) at 10 nM using an Amaxa nucle-
ofector and program Y-001. Forty-eight hours after nucleofection, cells
were incubated with CD63-allophycocyanin and CD203c-PE Ab and PMA
(10 ng/ml) for 30 min. After incubation, cells were washed and analyzed
by FACS for expression of CD63 and CD203c. CTNNA3 knockdown (KD)
was confirmed by immunoblot analysis. Lysates of 106 cells were sepa-
rated by SDS-PAGE and evaluated for KD of CTNNA3. After transferring,
the nitrocellulose membrane was cut into two halves. The top part was
probed with mouse anti-CTNNA3 mAb, and the bottom half was probed
with mouse anti–b-actin mAb as a loading control.

Results
After quality control screening, the discovery cohort consisted of
357 cases with diagnosed food allergy and 3980 controls, and the
replication cohort consisted of 167 cases and 1573 controls. The
demographic features of the two cohorts are summarized in Table I.
PCAs of cases and controls (Supplemental Fig. 1) indicate that
they overlapped in terms of ethnicity based on SNP genotype data.
The majority of the participants in our study are of European
ancestry, with a smaller set of African Americans who are an
admixed population of European ancestry and African ancestry.
We first used the Fisher exact test to statistically analyze CNV
association and then conducted logistic regression, including
principal components, to correct for potential population stratifi-
cation.
The CNV profile of cases and controls is presented in Table II. In

the discovery cohort, 5234 deletions and 2042 duplications were
found in the cases, with an average of 14.66 deletions and 5.72
duplications/individual. This was not significantly different from
the number of CNVs detected in the control set, suggesting that
the overall CNV burden was the same between the cases and
controls. Similarly, in the replication cohort there was no signifi-

cant difference in the number of CNVs detected between cases
and controls. The average length of deletions was similar between
cases and controls in both the discovery cohort and the replication
cohort. A lower average duplication size was observed in cases
compared with controls in the discovery, but not the replication,
cohort.
No large-scale unbiased genetic study has been reported in the

food allergy research community, but there have been a few small-
scale candidate gene studies; however, the results were not con-
sistent with each other, as reviewed by Hong et al. (10). We
examined the following candidate genes in our study: HLA, CD14,
FOXP3, STAT6, SPINK5, IL10, and IL13. Taking a gene-based
approach, we assessed whether the ratio of samples carrying
CNVs within one or more exons in these genes was significantly
different between cases and controls using the Fisher exact test
implemented in ParseCNV (20). We did not observe any signifi-
cant difference for any of these genes. Taking into account introns,
HLA-B was the only gene for which the p value for rare CNVs of
duplication was nominally significant in the replication cohort
(p = 0.026) and marginally significant when the discovery cohort
and replication cohort were combined (p = 0.063, two-sided). We
observed two cases harboring duplications in the gene HLA-B at
chr6:31300691-31304663 and three controls having duplications
in this gene.
Next, we took a genome-wide segment-based scoring approach

to identify CNVRs associated with food allergy. In our discovery
cohort, we found 125 deletions and 32 duplications enriched in
cases and 18 deletions and 10 duplications enriched in the controls.
We then examined which of the case-enriched CNVRs identified

in our discovery cohort could also be identified in the independent
replication cohort. Because the SNP coverage is different between
the genotyping platforms used for the discovery cohort and for the
replication cohort, and because of uncertainty about the CNVR
boundaries, we expected that CNVRs that are commonly identified
in both cohorts may only have partial overlap. We found five
significant CNVRs in the discovery cohort that overlapped the
CNVRs observed in the replication cohort (Table III). Meta-
analysis showed that three of them had p values surpassing the

Table I. Sample demographics

Discovery Cohort Replication Cohort

Cases Controls Cases Controls

No. samples 357 3980 167 1573
Male (%) 67.5 48.5 63.5 51.0
Age (y; mean 6 SD) 5.6 6 4.4 10.2 6 5.4 5.4 6 3.9 12.6 6 3.8
Ethnicity (n)

European ancestry 222 2002 106 1414
African American 135 1978 61 159

Table II. CNV profiles of cases and controls

Discovery Cohort Replication Cohort

Cases (n = 357) Controls (n = 3,980) Cases (n = 167) Controls (n = 1,573)

Total no. CNVs 7,276 85,077 6,005 54,848
Deletions 5,234 59,044 2,359 28,567
Duplications 2,042 26,033 3,646 26,281

Average no. CNVs/subject 20.38 21.38 35.96 34.87
Deletions 14.66 14.84 14.13 18.16
Duplications 5.72 6.54 21.83 16.71

Average size of CNV (kb) 58.65 62.98 62.60 65.81
Deletions 50.56 45.02 69.28 69.86
Duplications 79.39 103.69 58.27 61.40

The Journal of Immunology 3
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genome-wide significant cutoff of p , 5 3 1024. However, each
of these five regions was a deletion CNV in the discovery cohort
but a duplication CNV in the replication cohort.
We next investigated whether any genes had significant CNVRs

both in the discovery cohort and in the replication cohort and found
five such genes (Table IV). Among them, three genes reached
genome-wide significance (p , 5 3 1024) in the meta-analysis.
The top one is RBFOX1, which overlapped with a significant
CNVR in three cases and two controls in the discovery cohort
(Table IV), as well as a significant CNVR in two cases and no
controls in the replication cohort (Table IV). Meta-analysis
yielded a p value of 1.58 3 1024. Another gene of interest is
CTNNA3, because exon 11 of CTNNA3 overlapped with the sig-
nificant CNVR identified in 2 of 357 cases and 2 of 3980 controls
in the discovery cohort (Fig. 1A, Table IV). CNVs in exons are
more likely to have detrimental effects on gene products. Addi-
tionally, there is a clear enrichment of enhancer- and promoter-
associated histone mark (H3K4Me1) in CTNNA3 CNVRs in the
replication cohort, which is also conserved, as shown in the UCSC
genome browser (Fig. 1B), suggesting a loss of potential tran-
scriptional regulation due to the deletion. This CNVR
chr10:68383827-68407077 was found in 2 of 167 cases and 1 of
1573 controls (Table IV). The CTNNA3 gene encodes a cadherin-
associated protein. Conducting genomic annotation using the
HaploReg (23) software package, we found that each of the above
CNVRs harbors multiple SNPs overlapping with promoter/enhancer
histone marks, protein binding sites, and transcription factor
motifs (Supplemental Table I), suggesting potentially altered
transcriptional regulation of CTNNA3 and RBFOX1 resulting from
the CNVs in these regions.
To check whether any of the significant CNVR associations were

confounded by population stratification, we conducted PCA and

performed logistic regression on the CNV status, including the first
three principal components as covariates. All of the associations in
Tables III and IV remained significant in both the discovery cohort
and the replication cohort, with the exception of RBFOX1 in the
replication cohort (Tables III, IV). To tease out how population
stratification affects the association of RBFOX1, we further ex-

motifs (Supplemental Table I), suggesting potentially altered
transcriptional regulation of CTNNA3 and RBFOX1 resulting from

http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402310/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1402310/-/DCSupplemental
http://www.jimmunol.org/


Deletions spanning an exonic sequence can directly affect
transcription and translation of gene products. The CTNNA3 exonic
deletion resulted in a frameshift mutation that is predicted to result
in premature termination of transcription and subsequent protein
degradation by the introduction of a downstream stop codon. We
then examined the CTNNA3 protein level in EBV cell lines
established from one case sample carrying the exonic deletion
CNVR (Fig. 1A) and four other samples without CNV at this re-
gion. We observed a reduced CTNNA3 protein level in the dele-
tion case sample on Western blot (Fig. 4).
To further investigate the functional significance and biological

role of CTNNA3 in the pathogenesis of food allergy, we conducted
a CD63 basophil test in CTNNA3-KD mononuclear cells com-
pared with controls. Changes in monocyte activation during the
assay are reflective of IgE-dependent responses to allergen chal-
lenge. In our experiment, we used siRNA to mediate KD of
CTNNA3, which resulted in a 70% reduction in CTNNA3 protein
level, as confirmed by Western blot (Fig. 5B). We then measured
upregulation of CD63 and CD203c on cells upon PMA stimula-
tion by FACS. Tetraspan Ag CD63 and CD203c are surface
markers expressed on various myeloid cells, including basophils
and monocytes, and they show an increased expression following
exposure to allergen or anti-IgE Ab. In our experiment, both Ags
were upregulated after activation with PMA (Fig. 5A). The up-
regulation was more pronounced in CTNNA3-KD cells in com-
parison with control siRNA cells activated with PMA. Therefore,
we conclude that reduced CTNNA3 expression leads to PMA-
induced upregulation of CD63 and CD203C, suggesting in-
creased sensitization to allergens.

Genes function collaboratively through genetic and physical
interactions to contribute to disease etiology. Using Database for
Annotation, Visualization, and Integrated Discovery (24), we
tested whether the genes that are close to or harboring our sig-
nificant CNVRs are enriched for certain functional categories. We
used the genes that were close to significant overlapping CNVRs
in Table III and those significant overlapping genes in Table IV as
input for the analysis. The results showed that 7 of 10 input genes
(CPSF3L, RBFOX1, PUSL1, GALNTL6, MACROD2, LUZP2,
CTNNA3) fell into the functional categories of alternative splicing
and splice variant, with nominal p values of 0.0035 and 0.0035,
respectively. This is consistent with prevalent alternative splicing
in the immune system (25, 26).

Discussion
Genome-wide CNV analysis is an emerging method of assessing
the genetic underpinnings of clinical disease that eliminates pre-
conceptions of any particular candidate genes. Using this method,
we identified genes of interest in food allergy.
HLA-B is a class I MHC molecule that displays intracellular

peptides to T cells. Although not previously identified as a gene of
interest in food allergy, HLA-B differences are seen in drug hy-
persensitivity reactions (27) and chronic idiopathic urticaria (28).
Moreover, region 6p21.33, in which HLA-B resides, is a suscepti-
bility locus for subjects with environmental allergy (29).
CTNNA3 encodes a structural cadherin important for cell–cell

adhesion (30). It is transcribed using multiple promoters, which
produce alternate transcripts (31). The importance of CTNNA3
in maintaining cell–cell adhesion may play a role in allergy.

FIGURE 2. Deletions in gene RBFOX1. Case-enriched deletions in gene RBFOX1 were detected in the European ancestry discovery cohort (A) and rep-

lication cohort (B). CCDS, Consensus Coding Sequence Project; DelDisCon, deletion frequency discovery cohort control; DelRepCon, deletion frequency

replication cohort control; RefSeq, reference sequence database of the National Center for Biotechnology Information; Rfam, database containing information

about non-coding RNA families and other structured RNA elements; tRNA, transfer RNA; Vert. Cons, vertebrate conservation.
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Impaired skin and airway barrier is associated with atopic disease
susceptibility (reviewed in Ref. 32). Electron microscope studies
demonstrated impairment of this barrier in asthmatics compared
with controls (33, 34). In addition, reduced CTNNA3 levels were
found in the bronchial biopsies of asthmatics, and they correlated
inversely with eosinophil numbers (35). Moreover, CTNNA3
SNPs were identified by a GWAS in Korean subjects with
diisocyanate-induced occupational asthma (36). Two of the
CTNNA3 SNPs identified in the Korean study were subsequently
confirmed in a study of Canadian workers with occupational
asthma (37). A recent GWAS demonstrated the association be-
tween SNP in CTNNA3 and response to glucocorticoid therapy in
childhood asthma (38).
The RBFOX1–ataxin-2 complex is considered important for

RNA transport in neurons; furthermore, alterations lead to neu-
ronal cytotoxicity (39). Both human and animal model studies
demonstrated the importance of RBFOX1 in neuronal develop-
ment and regulation (40, 41). Although the connection between
neurologic stimulation and atopic disease remains to be eluci-
dated, it is noteworthy that stress can exacerbate atopic dermatitis
via substance P–dependent neurogenic inflammation (42, 43).
Common variants have long been considered the major genetic

determinants of common disease, playing a key role in disease
etiology. However, as GWASs showed, even where large numbers
of susceptibility loci have been identified, .100 genome-wide
significant loci in the case of inflammatory bowel disease, the
heritability explained by these loci is modest (44). Accumulating
evidence suggests an important contribution of rare variants, in-
cluding rare CNVs, to the etiology of complex disease. Significant
associations with CNVs were reported across multiple diseases,

such as sporadic amyotrophic lateral sclerosis (45), autism (46),
obesity (47), congenital heart disease (48), and endometriosis
(49). Riggs et al. (50) recently reviewed the impact of CNVs on
autism. They concluded that, although CNVs may be individually
rare, each accounting for no more than 1% of cases, when com-
bined the overall CNV burden explains a significant proportion of
disease variance, estimated to be between 5 and 10%. These rare
CNVs usually present a higher risk than most of the common
variants. Therefore, it is important to identify and further char-
acterize these rare structural variants to fully understand their
clinical significance.
To the best of our knowledge, our analysis is the first to in-

vestigate CNVs associated with food allergy on a genome-wide
scale. We used a hypothesis-free, unbiased approach. Genes
identified in the discovery cohort were validated in an independent
cohort genotyped on a different platform, strengthening the validity

FIGURE 3. qPCR validation of CNVevents detected by the Illumina genotyping array. Results represent the copy number calculated from triplicate runs

by CopyCaller software. The minimal and maximal copy number calculated for each sample are shown with the copy number range bars. Cases are case samples

carrying the corresponding CNV. Controls are randomly selected samples from each cohort without the corresponding CNV detected on array. Del, deletion.

FIGURE 4. Western blot analysis of CTNNA3 deletion. Western blot

analysis of CTNNA3 in EBV cell lines from one case sample carrying the

CTNNA3 exonic deletion (lane 1) and four other subjects in our cohort

without the CNV (copy number = 2) as controls (Cntr, lanes 2–5). Whole-

cell lysates were separated and transferred, and membranes were probed

with anti-CTNNA3 and anti–b-actin mouse mAb. Representative results of

three independent experiments are shown. Del, deletion.
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of our discoveries. In addition, we showed the siRNA KD of
CTNNA3 results in increased degranulation, further demonstrating
the biological importance of CTNNA3 in allergy.
Although these results are important, there are certain limitations

to our study. First, the number of cases analyzed was relatively
small for a genome-wide study. Food allergy is a heterogeneous
condition that requires stringent phenotyping criteria to reduce
misdiagnosis. As a result, 47% of potential cases were excluded
from our analysis following chart review. However, we included
a relatively large number of controls, leading to a high control/case
ratio of 10, which increases statistical power when the effect of
exposure is large and when the prevalence of exposure among
controls is low (51–53). In this study, the exposure is the presence
of the CNV. Rare variants, including CNVs, usually have a greater
effect size than do common variants, and the population frequency
of rare variants is very low. Because of the moderate to large effect
size of rare CNVs and the high control/case ratio, we were able to
detect multiple significant associations in our cohort. However, we
would miss the association of CNVs with a lower effect size (e.g.,
a type II error). With a larger cohort, more CNV areas of interest
may have been identified. Given that we were able to demonstrate
significant CNV frequency differences between cases and controls
despite our sample size, we surmise that the p value attained in
a larger sample size would be smaller. A second limitation is that
we were unable to generate a sufficiently large cohort of food
monoallergic patients to perform subgroup analyses. Third, false
associations can be seen in CNV analysis, as discussed by
Craddock et al. (54). In this regard, we note that the CNVs that we
reported to be of clinical significance were experimentally validated.
Finally, CNV association analysis is affected by choices of nor-
malization and probe weighting, and optimal choice can vary (54).
In summary, we described a novel approach to assess for genetic

susceptibility to food allergy. By working backward from genotype
to phenotype, we identified two intriguing CNV variants that may
play a role in food allergy. These variants are of unclear signifi-
cance, and more functional studies are required to establish their
mechanism of action. However, we also envision that more ad-
vanced computational algorithms may aid in determining their
pathogenicity and identify other loci and gene networks of clinical
interest.

Acknowledgments
We thank the patients and their families who participated in this study. We

thank the Center for Applied Genomics recruitment and wet laboratory staff

for their invaluable contributions. We also thank Megan Ott for help with

data collection, as well as all participants of this genetics study.

Disclosures
The authors have no financial conflicts of interest.

References
1. Gupta, R. S., E. E. Springston, M. R. Warrier, B. Smith, R. Kumar, J. Pongracic,

and J. L. Holl. 2011. The prevalence, severity, and distribution of childhood food

allergy in the United States. Pediatrics 128: e9–e17.
2. Branum, A. M., and S. L. Lukacs. 2008. Food allergy among U.S. children:

trends in prevalence and hospitalizations. NCHS Data Brief (10): 1–8.
3. Rinaldi, M., L. Harnack, C. Oberg, P. Schreiner, J. St Sauver, and L. L. Travis.

2012. Peanut allergy diagnoses among children residing in Olmsted County,

Minnesota. J. Allergy Clin. Immunol. 130: 945–950.
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Supplemental Figure 1. Principal components analysis of cases and controls in the discovery 

cohort (A) and the replication cohort (B). 
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Supplemental Table I: CNVRs in CTNNA3 and RBFOX1 genes contain SNPs overlapping with 

regulatory motifs. By Haploreg(1) search, we found CNVRs  in CTNNA3 and RBFOX1 genes 

contain SNPs that are conserved, overlap with various regulatory motifs, or have proteins bound. 

region gene 

Number of SNPs that overlap with 

Conserved 
sites 

Promoter 
histone 
markers 

Enhancer 
histone 
markers DNAse 

Proteins 
bound 

Regulatory 
Motifs  

chr10:68282970-
68284017 CTNNA3 6     15 

chr10:68383827-
68407077 CTNNA3 40  163 67 23 357 

chr16:7126629-
7196046 RBFOX1 221 65 691 107 96 1861 

chr16:6763216-
6801846 RBFOX1 98 47 311 75 33 1082 

Conserved sites=conserved sites by GERP (Genomic Evolutionary Rate Profiling)(2, 3) and/or SiPhy-omega (Site-specific PHYogenetic 
analysis)(4) algorithm;   Promoter histone markers= Promoter histone markers by ENCODE(5) and/or Roadmap(6); Enhancer histone markers= 
Enhancer histone markers by ENCODE(5) and/or Roadmap(6); DNase=DNase hypersensitive sites; Proteins bound=Proteins bound by ChIP 
(ENCODE(5)). 
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Supplemental Table II. Statistical results of CNVR in gene RBFOX1 in the Caucasian cohort. 

 Discovery cohort Replication cohort Meta-
analysis 

Gene CNVR 

Cases N 
(frequen

cy) 

Control 
N 

(frequen
cy) 

P-value Type CNVR 

Cases N 
(frequen

cy) 

Controls 
N 

(frequen
cy) 

P-value Type P-value 

RBFOX1 chr16:71266
29-7196046 

3 
(1.35%) 

1 
(0.05%) 3.64x10-3 Del chr16:67632

16-6801846 
2 

(1.89%) 
0 

(0.00%) 4.82x10-3 Del 7.35 x10-5 

Del=Deletion 
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