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ABSTRACT
Childhood asthma is more common among children whose mothers have asthma than among those whose fathers have asthma.

The reasons for this are unknown, and we hypothesize that genomic imprinting may partly explain this observation. Our aim is

to assess parent‐of‐origin (PoO) effects on childhood asthma by analyzing SNP array genotype data from a large population‐
based cohort. To estimate PoO effects in parent‐reported childhood asthma at 7 years of age, we fit a log‐linear model

implemented in the HAPLIN R package to SNP array genotype data from 915 mother–father–child case triads, 603 mother–
child case dyads, and 113 father–child case dyads participating in the Norwegian Mother, Father, and Child Cohort Study

(MoBa). We found that alleles at two SNPs—rs3003214 and rs3003211—near the adenylosuccinate synthase 2 gene (ADSS2 on

chromosome 1q44) showed significant PoO effects at a false positive rate≤ 0.05. The ratio of the effect of the maternally and

paternally inherited G‐allele at rs3003214 was 1.68 (95% CI: 1.41–2.03, p value = 1.13E−08). Our results suggest PoO effects at

the ADSS2 gene, particularly the maternally inherited G‐allele at rs3003214, may contribute to the maternal effect in childhood

asthma.

1 | Introduction

Asthma is characterized by variable respiratory obstruction
and is the most common chronic disease in childhood. The
heritability varies from 0.79 to 0.92 (Fagnani et al. 2008; Harris
et al. 1997; Ullemar et al. 2016; van Beijsterveldt and
Boomsma 2007). A repeated finding is that children more
often have asthma if the mother has asthma than if the father
has it (Jaakkola et al. 2001; Lim et al. 2010). However, it is still

a mystery through which mechanisms this maternal effect is
promoted. There are several genetic possibilities. One is
mitochondrial inheritance, and another is the effect of
maternal genes on the developing fetus during pregnancy, over
and above the maternal genetic contribution in the fetal
genome (maternal genetic effect). Environmental exposures to
the mother may influence the fetus through epigenetic
mechanisms (Harb et al. 2016; Potaczek et al. 2017). A third
possibility is genomic imprinting, that allelic activity depends
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on the parental source of transmitted alleles. In epidemiolo-
gical studies, one can observe this as parent‐of‐origin (PoO)
differences (Ainsworth et al. 2011; Gjerdevik et al. 2018;
Lawson et al. 2013; X. Yu et al. 2017; J. Y. Zhou et al. 2010; J. Y.
Zhou et al. 2009). There is one large‐scale pedigree‐based study
that reported loci with PoO effects on asthma and allergic
rhinitis combined (Sarnowski et al. 2016). Several studies have
found genetic evidence of imprinting in atopy, with a focus on
the maternal inheritance of certain genes on chromosomes
11q, 6, and 14 and paternal allele clusters on chromosome 13,
indicating a genetic component in allergic conditions
(Cookson et al. 1992; Demenais et al. 2001; Nguyen and
Liao 2015; Shirakawa et al. 1994; Strauch et al. 2001). Our aim
is to estimate PoO effects for childhood asthma, potentially
finding mechanisms for the maternal effect, by performing an
agnostic analysis in SNP array genotype data from a large
population‐based cohort, the Norwegian Mother, Father, and
Child Cohort Study (MoBa).

2 | Methods

2.1 | Study Population

MoBa is a nationwide pregnancy cohort study in which
approximately 95,000 mothers, 75,000 fathers, and 114,000
children were recruited from 1999 to 2009 across Norway
(Magnus et al. 2016). The participation rate of invited preg-
nant women was 41%. Women could participate with more
than one pregnancy during the recruitment period. The
participants completed a series of questionnaires. Peripheral
whole‐blood samples were collected from mothers and
fathers around the 17th week of gestation and from the
mothers (whole‐blood) and newborn children (cord blood) at
delivery (Paltiel et al. 2014; Rønningen et al. 2006). DNA was
extracted from blood samples after arrival at the biobank.
Full details of genotyping, quality control, imputation, and
post‐imputation quality control are described elsewhere
(Corfield et al. 2022). A total of 207,569 unique individuals of
European ancestry (76,577 children, 53,358 fathers, and
77,634 mothers) and 6,981,748 SNPs passed through the
MoBaPsychGen pipeline. The imputed data were provided in
PLINK 1.9 binary format, which supported only hard calls.
Therefore, subsequent statistical analyses were based on the
imputed data with hard calls.

2.2 | Childhood Asthma at Seven Years of Age

When the children were 7 years old, a questionnaire focusing
on allergies and asthma was sent to the parents (available
at https://www.fhi.no/en/studies/moba/for-forskere-artikler/
questionnaires-from-moba/#7yearolds). Mothers were asked
whether the child had ever experienced asthma, whether this
was confirmed/diagnosed by a doctor, and whether the child
had experienced asthma symptoms or used medications for
asthma in the past year. Current asthma was defined as doctor‐
diagnosed asthma with symptoms and/or medication use dur-
ing the past years. This resulted in 1723 children with and
34,995 children without asthma.

2.3 | Statistical Analyses

To quantify SNP‐based PoO effects in childhood asthma, we fit
log‐linear regression using the Haplin R package (version 7.3.0)
(Gjessing and Lie 2006). The risk of childhood asthma given the
genotypes of triads, that is, the disease penetrance, was modeled
as follows: ∙ ∙D M F C D A A A A A A BPr( | , , ) = Pr( | , , ) = RRcmi j k l j l

∙RRcf RR*, where M , F , and C are the, respectively, maternal,
paternal, and offspring alleles, Ai is a maternally non‐transmitted
allele, Aj is a maternally transmitted allele, Ak is a paternally non‐
transmitted allele, Al is a paternally transmitted allele, B is the
baseline risk of asthma in the general population, RRcm is the
relative risk associated with the maternally transmitted effect allele,
RRcf is the relative risk associated with paternally transmitted effect
allele, and RR* is the relative risk for a double‐dose of the effect
allele. By Bayes' theorem, the probability of the genotypes of triads
given disease, D, is M F C|D D M F C M F CPr( , , ) = Pr( | , , )Pr( , , )/

∙ ∙ ∙ ∙D B p pPr( ) = RRcm RRcf RR* i j p p D/Pr( )k l , where pi, pj, pk,
and pl are the population allele frequencies for Ai, Aj, Ak, and Al,
respectively, and DPr( ) is the disease prevalence. The equation can
be rewritten as ∙ ∙ ∙ ∙E μ p p p p( ) = ϵ RRcm RRcf RR* i j k lijkl by multi-

plying both sides by the total number of triads given disease, where
μijkl is the expected count of the triads given disease with certain

alleles for Ai, Aj, Ak, and Al and ϵ is a normalizing constant. In our
analyses, we set RR* to 1, corresponding to a multiplicative dose–
response model. For the current analyses, we considered SNPs with
minor allele frequencies larger than 0.05. The significance of a PoO
effect was determined by the p value of the relative risk ratio (i.e.,
RRcm/RRcf ).

Additionally, we considered SNPs that had moderate effects of
maternally inherited alleles but no effects of paternally inher-
ited alleles, and vice versa. This consideration arises because the
significance of the relative risk ratio (RRcm/RRcf ) is not suffi-
cient to infer potential PoO effects. The RRcm/RRcf ratio can
heighten when RRcm and RRcf are in opposite directions (e.g.,
RRcm is greater than 1.5, while RRcf is less than 0.7) but does
not effectively capture cases where one term is significant, and
the other remains nonsignificant.

As a sensitivity analysis, we also estimated haplotype‐based
PoO effects in childhood asthma. A haplotype analysis should
increase the chance of detecting a deleterious mutation if it
lies within a region of SNPs. However, this analysis is subject
to reduced statistical power and efficiency compared to a SNP‐
based analysis (Sato et al. 2016). Thus, we restricted our
haplotype‐based analyses to the genomic regions where SNPs
with moderate to strong PoO effects were identified in the
SNP‐based analysis, considering three neighboring SNPs at a
time.

For the effects of maternal genotypes on childhood asthma, we
added a parameter RRm to the abovementioned model for PoO
effects, where RRm is the relative risk associated with the
maternal effect allele.

To estimate the effects of the children's own genotypes on
childhood asthma, we fit linear mixed regression to the geno-
type data on 1723 asthmatic children and 34,995 controls, as
implemented in REGENIE (version 3.1.1) (Mbatchou
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et al. 2021) and SAIGE (version 1.1.1) (W. Zhou et al. 2018). The
effect sizes were adjusted for batch and principal components
1–10. For REGENIE, we used parameter settings as follows:
–bsize 200, –spa (saddle point approximation), and –pThresh
0.01. For SAIGE, we used the default parameters for the single‐
variant association tests (it implements the saddle point
approximation by default). For both software, we considered
hard calls at loci with a minor allele frequency higher than 0.05.
Both software programs were used for the following reasons.
REGENIE is highly efficient at performing GWASs quickly,
making it suitable for analyzing large datasets with speed and
scalability (Mbatchou et al. 2021). However, it can produce
overly conservative results, especially in datasets with large
families or highly correlated data such as MoBa (Gurinovich
et al. 2022). On the other hand, SAIGE is noted for its robust
control of type 1 error rates and performs well in small and
correlated data settings (W. Zhou et al. 2018). However, SAIGE
is less efficient in handling missing genotype data (Gurinovich
et al. 2022). Using both tools allowed us to ensure a compre-
hensive and reliable analysis.

3 | Results

3.1 | PoO Effects in Childhood Asthma

To estimate PoO effects, we only included asthmatic children for
whom information on their parent's genotypes as well as their
own were available. This resulted in 915 mother–father–child
triads, 603 mother–child dyads, and 113 father–child dyads
(n= 1631, Figure 1). Alleles at two SNPs—rs3003214 and
rs3003211—near the adenylosuccinate synthase 2 gene (ADSS2
on chromosome 1q44) showed significant PoO effects in child-
hood asthma at a false positive rate (FDR) less than or equal to
0.05 (Figure 2 and Table 1). When the effect allele G at rs3003214
was maternally inherited, it was associated with an increased
relative risk of childhood asthma (RRcm= 1.37, 95% CI:
1.19–1.58, p value = 1.71E−05). By contrast, the same allele was

associated with a reduced relative risk of childhood asthma when
inherited from the father (RRcf = 0.81, 95% CI: 0.70–0.94, p
value = 4.65E−03). The ratio of the effect of the maternally and
paternally inherited G‐allele at rs3003214 was 1.68 (95% CI:
1.41–2.03, p value = 1.13E−08). A similar interpretation applies
to rs3003211 because this SNP was in high linkage dis-
equilibrium (R2 = 0.9934) with rs3003214.

Further, we focused on SNPs that had moderate effects of
maternally inherited alleles but no effects of paternally inherited
alleles, and vice versa (Figure 2 and Table 1). We chose SNPs that
had a p value less than 10E−05 for either RRcm or RRcf and
performed a linkage disequilibrium‐based clumping to obtain a
set of independent SNPs. The maternally transmitted allele T at
rs2788036 showed no effect on the risk of childhood asthma
(RRcm= 1.04, 95% CI: 0.89–1.2, p value = 6.27E−01). However,
the paternally transmitted allele increased the risk of childhood
asthma (RRcf = 1.35, 95% CI: 1.19–1.55, p value = 8.99E−06).
Regional plots around the SNPs listed in Table 1 are provided in
Figure S1, Supporting Information File 1, and the summary
statistics can be found in Supporting Information File 2.

We conducted sensitivity analyses, focusing on the 22 SNPs listed
in Table 1. These analyses included: (1) a haplotype‐based
analysis (Supporting Information File 3), (2) an SNP‐based
analysis conducted separately for boys (n= 986) and girls
(n= 645) (Table S1 and S2, Supporting Information File 1), and
(3) an SNP‐based analysis including one child from each triad,
that is, no siblings included in the data (n= 1604, Table S3,
Supporting Information File 1). The analysis of haplotypes sug-
gested that the haplotypes that contained rs3003214 (e.g., hap-
lotype T‐A‐A, RRcm/RRcf = 1.56, p value = 2.05E−06, where the
reference was T‐A‐G at rs3003215‐rs3006001‐rs3003214) and
rs3003211 (e.g., haplotype G‐C‐T, RRcm/RRcf = 1.49, p value =
6.31E−05, where the reference was A‐T‐C at rs3003212‐
rs3003211‐rs6667957) might have PoO effects. The SNP‐based
analysis for each sex produced almost identical results as those
reported in Table 1 but showed higher p values due to smaller

FIGURE 1 | Overview of the sampling scheme.
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sample sizes. The SNP‐based analysis, including one child from
each triad, generated a consistent result as that in Table 1. We
detected 25 full‐sibling pairs and 1 full‐sibling triad.

3.2 | Effects of Maternal Genotypes on the Risk of
Childhood Asthma

As an additional analysis, we examined the mother's genetic ef-
fects on her children's asthma with adjustment for the PoO effect.
We did not find any SNPs showing maternal effects at FDR less
than or equal to 0.05 but spotted moderate maternal effects at

SNPs such as rs10841054 (p value = 3.94E−07) and rs10842885
(p value = 7.79E−07) that were located near PIK3C2G on chro-
mosome 12p12.3 and STK38L on chromosome 12p11.23,
respectively (Figure S2, Supporting Information File 1).

3.3 | GWAS of Children's Own Genotype and Risk
of Childhood Asthma

As shown and discussed in Supporting Information File 1,
we first performed a genome‐wide association study (GWAS) of
children's own genotype and childhood asthma. This analysis

FIGURE 2 | Parent‐of‐origin effects in childhood asthma. (a) Manhattan plot showing the significance of the ratio RRcm/RRcf across the whole

genome. The red line refers to E−log(1 − 05) = 5, while the blue line refers to E−log(1 − 07) = 7. These lines do not indicate any statistical

significance but were set to improve the visibility of this plot. (b) Comparison between Z statistic for the risk of childhood asthma by maternally

inherited alleles (RRcm) and that by paternally inherited alleles (RRcf) at each SNP. Z statistic was calculated as the logarithm of either RRcm or

RRcf divided by its standard error. The scatter plot displays, in different colors, the two SNPs detected in (a) and other SNPs where the p value of

either relative risk by maternally or paternally inherited alleles was below 10E−05. The SNPs with RSID numbers were selected after linkage

disequilibrium‐based clumping.
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was based on 1723 asthmatic children at 7 years of age (defined
as cases) and 34995 control children. We found strong asso-
ciations between childhood asthma and variants near gasder-
min B (GSDMB) and zona pellucida‐binding protein 2 (ZPBP2)
on chromosome 17q21.1 (e.g., rs4795399‐T, odds ratio = 1.43,
p value = 1.61E−23), which is consistent with previous studies
(Moffatt et al. 2010; Pividori et al. 2019; Verlaan et al. 2009)
(Table S4 and Figure S3, Supporting Information File 1).
Additionally, we assessed the association between rs4795399‐T
and childhood asthma in boys and girls separately and found no
significant difference between the sexes (odds ratio for boys =
1.38 and for girls = 1.48, p value for the difference = 0.31).

4 | Discussion

When searching for PoO effects in childhood asthma across the
whole genome, we found that the effect alleles at two SNPs,
rs3003214 and rs3003211, near the gene for adenylosuccinate
synthase 2 (ADSS2 on chromosome 1q44) were significantly
associated with childhood asthma in opposite directions
depending on the parental origin of the alleles. At 20 SNPs, the
alleles transmitted from one parent showed moderate effects on
the risk of childhood asthma, while the same alleles showed no
effect when transmitted from the other parent.

Our PoO analyses identified moderate to strong associations
with several genes previously reported to be associated with
asthma. This includes PPARG coactivator 1 α (PPARGC1A on
chr 4p15.2), Discs large MAGUK scaffold protein 2 (DLG2
on chr 11q14.1), RAR‐related orphan receptor A (RORA on
15q22.2), and GSDMB (on 17q21.1) (highlighted in bold in
Table 2). PPARGC1A encodes a transcriptional coactivator that
regulates mitochondrial function and glucose metabolism
(Y. Li et al. 2023). Of specific relevance for asthma and
obstructive pulmonary disease, mitochondrial mass and oxygen
consumption were shown to be higher in the bronchial smooth
muscle from asthmatic individuals compared to that from
chronic obstructive pulmonary disease (COPD) patients and
controls (Sun et al. 2019; Trian et al. 2007). This process is likely
to involve enhanced mitochondrial biogenesis through the
upregulation of PPARGC1A (Callender et al. 2021; Trian
et al. 2007).

The next top gene associated with PoO effects in our list, DLG2,
encodes a member of the membrane‐associated guanylate
kinase (MAGUK) family. A genome‐wide interaction analysis of
air pollution exposure and childhood asthma showed interac-
tions with three genes, ADCY2, B4GALT5, and DLG2, which
have been found to be important for the development of asthma
(Gref et al. 2017). Similarly, RORA has an established role as a
risk gene for asthma. This gene encodes a member of
the nuclear hormone receptor 1 (NR1) subfamily known to be
involved in a wide array of biological processes, including
the regulation of inflammation, apoptosis, autophagy, and oxi-
dative stress, among others (reviewed in [Chen et al. 2023]).
Genetic variants in RORA have also been associated with risk of
allergic rhinitis and multi‐trigger wheeze (Laubhahn et al. 2022;
Lian et al. 2022), with asthma and allergy markers in an
admixed population (Lima et al. 2019), and with the regulation
of T helper‐2 (Th2) cells that are closely involved in the

pathogenesis of allergic asthma (Lee et al. 2021). Finally, an
interaction between RORA and another gene, neuropeptide S
Receptor 1 (NPSR1), appears to play a significant role in noc-
turnal asthma (Gaertner et al. 2019).

The last gene on our list, GSDMB, is also a recognized gene for
childhood asthma (Schoettler et al. 2022). It encodes a member
of the gasdermin domain containing a family of proteins known
to play critical roles in a wide variety of cellular processes,
including cellular differentiation, coagulation, inflammation,
and tumor development (Ntontsi et al. 2021; Zou et al. 2021).
Members of this gene family are also involved in the regulation
of antimicrobial response and pyroptosis—a highly inflamma-
tory form of programmed cell death that occurs postinfection
with intracellular pathogens (P. Yu et al. 2021). Like ZPBP2 that
was identified in our GWAS of children's own genotypes and
childhood asthma, GSDMB also lies within the same core region
on 17q12‐q21 that is strongly linked to childhood‐onset asthma.
The mechanism behind the association is thought to involve the
regulation of GSDMB expression in airway epithelial cells. A
genome‐wide study of early and severe childhood asthma
pointed to a significant interaction between another known
gene for asthma, CDHR3, and GSDMB (Eliasen et al. 2022).
Further, a SNP in GSDMB (rs7216389) was also found to be
associated with chronic rhinosinusitis, an inflammatory condi-
tion affecting the nasal and sinus mucosa, correlating strongly
with the occurrence of asthma (Zack et al. 2021). Additionally,
eQTL analysis using gene‐expression data revealed multiple
SNPs in GSDMB that were associated with the severity of
asthma, exacerbations, and antiviral pathways (X. Li
et al. 2021). Another eQTL fine‐mapping analysis of the 17q12‐
21‐haploblock region showed that GSDMB was the leading
candidate gene for asthma susceptibility in both African
Americans and European Americans (Ober et al. 2020).

Reassuringly, the results of our GWAS of children's own gen-
otypes and childhood asthma (Table S4 and Figure S3, Sup-
porting Information File 1) confirmed the strong associations
previously reported between childhood asthma and chromo-
somal region 17q12‐q21 (Blekic et al. 2013; Laubhahn
et al. 2022; Naumova et al. 2013; Schmiedel et al. 2016). As
previously mentioned, this region houses a handful of genes, for
example, IKZF3, ZPBP2, GSDMB, ORMDL3, and GSDMA (in
this order), that have shown strong associations with asthma in
several studies. This core region has also been reported to
interact with early‐life environmental exposures in conjunction
with childhood asthma (Blekic et al. 2013). Lastly, risk variants
in genes within the 17q12‐q21‐haploblock have been associated
with multi‐trigger wheeze, which is an initial symptom of
asthma (Laubhahn et al. 2022). However, our findings did not
reveal any associations between the 6p.21 region (HLA‐B, HLA‐C,
HLA‐DQA1, and HLA‐DQB) and childhood asthma, despite
previous reports suggesting such an association (Pividori
et al. 2019). One possible explanation for this discrepancy could
be differences in statistical power. Our study included 1723
asthmatic cases, while Pividori et al. (2019) included 9433 cases.
Furthermore, heterogeneity in case selection might have also
contributed to some of the observed differences. For example,
Pividori et al. (2019) defined childhood asthma as onset before
12 years of age, while in our study, the onset was considered
before 7 years of age.
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Our GWAS of children's own genotypes and childhood asthma
identified associations in ZPBP2 (on chromosome 17q21.1), a
gene predicted to be involved in the assembly of the cap‐like
structure covering the head of a sperm (acrosome) and in the
process through which a sperm binds to the extracellular matrix
(zona pellucida) surrounding an oocyte. The strong link
between ZPBP2 and asthma has also been demonstrated in
murine models. For example, knocking out Zpbp2 in mice af-
fects airway hypersensitivity and lung lipid metabolism
(Kanagaratham et al. 2018). Additional evidence from human
studies stems from a meta‐analysis of GWAS studies of asthma
in a Puerto Rican population, which revealed a significant
association between SNPs in the region encompassing ZPBP2
and asthma (Yan et al. 2017). A potential mechanism for these
associations is the observation that T cells were one of the main
cell types affected by variants at 17q21 (Callender et al. 2021;
Schmiedel et al. 2016).

However, our results on PoO effects were not consistent with
those reported by Sarnowski et al. (2016). The two SNPs,
rs10009104 and rs7687115, identified by Sarnowski et al. (2016)
as having PoO effects on asthma and allergic rhinitis, showed
RRcm/RRcf = 1.10 (p value = 0.32) and RRcm/RRcf = 0.99 (p
value = 0.91) in our analysis. This discrepancy may be due to
the different phenotype definitions. While our study focuses on
childhood asthma alone, Sarnowski et al. (2016) included both
asthma and allergic rhinitis.

Genomic imprinting is a potential mechanism behind maternal
or PoO effects. However, there are other genetic mechanisms,
such as maternal genetic effects (“genetic nurture” [Kong
et al. 2018]) beyond the maternal contribution to the fetal
genome and the influence of mitochondrial genes. Additionally,
several maternally transmitted environmental exposures could
also potentially influence asthma risk. In addition to replication
in other asthma cohorts, our PoO findings need more in‐depth
molecular genetic studies to confirm that genomic imprinting is
indeed present.

As a limitation, firstly, the study population comprised in-
dividuals of European ancestry only. Secondly, our findings
were not replicated in other independent cohorts. We have not
yet found large‐scale cohorts with a sufficiently large number of
genotyped triads or dyads. Thirdly, the asthmatic triads and
dyads in this study were identified based on the self‐reported
questionnaire, potentially including both persistent and tran-
sient cases (e.g., wheezing due to infections). However, the
physician‐confirmed asthma diagnosis at age 7 likely excluded
most transient wheezing disorders (Piippo‐Savolainen and
Korppi 2008). We acknowledge potential improvement in
defining asthmatic children, for example, by combining child-
hood asthma and allergic rhinitis or using more refined data
from nationwide prescription records.

Given that the overall participation rate in MoBa was 41%, it is
valid to consider if selection bias could have impacted the
validity of our findings. A previous publication reported that
MoBa well represented all Norwegian births but slightly un-
derrepresented certain minor groups; this included young
(at age < 25 years), single or smoking mothers, and those who
experienced stillbirths and neonatal deaths (Nilsen et al. 2009).

However, although the prevalence of certain characteristics
differed between participants and nonparticipants, that study
showed that exposure–outcome associations remained
unbiased. If the variables characterizing these groups were to
influence genomic variants and childhood asthma, this selec-
tion bias could lead to confounding in a conventional case–
control design (Starks et al. 2009). However, the log‐linear
model by HAPLIN protects against such confounding when fit
to case triads and dyads (Gjessing and Lie 2006). This is because
the HAPLIN model is based on comparing transmitted and non‐
transmitted alleles from the same source population (the par-
ents), which are likely to be equally affected by confounding.
When considering environmental exposures influencing child-
hood asthma, it is important to note that further research is
needed to explore potential interaction effects between en-
vironmental factors, for example, maternal smoking and PoO
alleles (Gjerdevik et al. 2018).

In conclusion, our current analyses point to potential PoO ef-
fects in childhood asthma. Identifying PoO effects is critical
because they can help illuminate the roles of genomic im-
printing and maternal/paternal effects in disease pathogenesis,
offering new insights into the mechanisms of inheritance and
potentially aiding the development of more targeted therapeutic
interventions.
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