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ABsTrACT 
Cord blood 25-hydroxyvitamin D (25OHD) has been 
reported in association with risk of early life recurrent 
wheeze. In a subset of infants who participated in 
the Vitamin D Antenatal Asthma Reduction Trial, we 
demonstrated that higher cord blood 25OHD at birth 
(>31 ng/mL) was associated with a reduced risk of 
recurrent wheeze in the first year of life. We then 
identified a module of co-expressed genes associated 
with cord blood 25OHD levels >31 ng/mL. Genes in this 
module are involved in biological and immune pathways 
related to development and progression of asthma 
pathogenesis including the Notch1 and transforming 
growth factor-beta signalling pathways.

InTroduCTIon
Recurrent wheeze in infancy is associated with 
increased risk of asthma later in childhood.1 
Several studies have reported an inverse relation-
ship between prenatal vitamin D (25OHD) levels 
and early life wheezing.2 3 The potential biolog-
ical mechanisms underpinning these associations 
are unknown and we sought to investigate them 
in as subset of neonates born to participants in 
the Vitamin D Antenatal Asthma Reduction Trial 
(VDAART). VDAART is a randomised, double 
blind, placebo-controlled clinical trial of vitamin 
D supplementation (4000 International Units (IU) 
plus a multivitamin with 400 IU daily) versus 
placebo (placebo pill plus a multivitamin with 400 
IU daily) in pregnant women to prevent asthma and 
recurrent wheeze in their children (online supple-
mentary file 1).

MeThods
study design
A total of 56 cases with recurrent wheezing (≥2 
episodes) were matched with 113 healthy infants 
with no wheeze in the first year of life. The 
matching procedure employed information on 
study centre, child’s race and maternal asthma to 
form optimally matched strata.4 Cord blood vitamin 
D (CBVD) levels were measured in umbilical cord 
blood (CB) plasma at birth using liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS). 
Total RNA was isolated from umbilical CB using 
the Paxgene Blood RNA Kit (Qiagen) and qualified 
per manufacturer’s protocol. CB gene expression 
data were obtained using the Affymetrix Gene-
Chip Human 1.0 ST and normalised. Batch-cor-
rected gene expressions were used in differential 

expression analysis and restricted to probes derived 
from autosomal chromosomes. Probes with overall 
between-sample variance in the first quintile of the 
distribution of the variances across probes were 
excluded. This approach resulted in a final expres-
sion set of 15 252 probes from 169 samples.

statistical analysis
Cord blood vitamin D levels and wheezing status in 
first year of life
Conditional logistic regression, incorporating 
matched strata, was used to examine the associa-
tion between CBVD levels and wheezing status 
in the first year of life. CBVD levels were catego-
rised into quartiles with the highest quartile repre-
senting sufficiency,5 that is, <13, 13–22, 22–31 
and >31 ng/mL.

Gene expression, gene co-expression and TF network 
analysis
In linear models adjusting for child race, gestational 
age at delivery and gender, genes with differential 
expressions were identified (nominal p value from 
the moderated t-statistics <0.05). These CBVD-as-
sociated genes were further clustered into modules 
of highly interconnected genes using weighted 
gene co-expression network analysis (WGCNA).6 
The first principal component (‘eigengene’) for the 
module expression matrix was computed and used 
in conditional logistic regression to measure the 
association with infant wheezing status adjusting 
for quartiles of CBVD level. Any module exhibiting 
significant correlation was chosen for further char-
acterisation. The MetaCore platform was further 
used to identify transcriptional factor (TF) subnet-
works of the module and key hubs. TF subnetworks 
were ranked by a false discovery rate (FDR) <0.05. 
Enrichment Analyses using InnateDB and Consoli-
dated Pathways from GeneMANIA were conducted 
to determine the Gene Ontology functional terms 
of module TFs (FDR<0.05). The online supple-
mentary file 1 provides detailed information on the 
study design.

resulTs
study population’s characteristics
Infants had a median gestational age of 39 weeks 
at delivery and consisted of 83 girls and 86 boys. A 
total of 102 infants were of African American back-
ground, while 67 infants were white or of other 
races (online supplementary file 2: online supple-
mentary table S1). After the matching process, we 
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Table 1 The association of cord blood vitamin D levels and the 
identified blue module with risk of wheezing status in 1st year of life

Predictor Coefficient or (95% CI) P value

Vitamin D level (ng/mL)

  <13 Reference

  13–22 −0.82 0.44 (0.17 to 1.10) 0.08

  22–31 −0.54 0.58 (0.22 to 1.50) 0.26

  >31 −1.08 0.34 (0.12 to 0.96) 0.04*

Blue module (EG) −0.42 0.65 (0.46 to 0.94) 0.02*

*P<0.05.
EG, eigenvalue.

Table 2 Blue module pathway enrichment analysis using Innate DB 
(top 15 enriched pathways)

Pathway name Fdr Gene symbols

IL-4 signalling 0.01 JAK1; PTPN6

LIF signalling 
TSLP

<0.0001 CREBBP; JAK1
DBNL; DOCK5; JAK1; KDM3B; LYN; PTPN6; STK10; 
WIPF1; ZZEF1

BCR <0.0001 ATP2B4; CHST15; DBNL; LCP2; LYN; PTPN6; 
RAPGEF1; RPS6KA1; SH3BP2

TCR <0.0001 CREBBP; DBNL; DIAPH1; ELMO1; LCP2; LYN; PTPN6; 
RAPGEF1; SH2D3C; SH3BP2; WIPF1

IL-5 <0.001 JAK1; LYN; PTPN6; RAPGEF1; RPS6KA1

IL-4 0.01 CREBBP; JAK1; PTPN6; SPI1

EGFR1 0.01 ACTN4; EPS15L1; IQGAP1; JAK1; LYN; PTPN6; PTPRE; 
RPS6KA1; SH2D3C

IL-3 0.01 JAK1; LYN; PTPN6; RAPGEF1

RANKL 0.01 JAK1; LYN; PTPN6; SPI1

Kit receptor 0.016 LYN; PTPN6; RPS6KA1; WIPF1

Prolactin 0.016 CREBBP; JAK1; LYN; PTPN6

IL-2 0.029 JAK1; LYN; PTPN6

IL-6 0.03 CREBBP; JAK1; LYN

IL-11 0.04 JAK1; RPS6KA1

BCR, B-cell receptor; EGFR, epidermal growth factor receptor; FDR, false discovery 
rate; IL, interleukin; LIF, leukaemia inhibitory factor; RANKL, receptor activator 
of nuclear factor kappa-Β ligand; TCR, T-cell receptor; TSLP, thymic stromal 
lymphopoietin.

examined the distribution of subjects across trial arms and found 
an even distribution (84 and 85 children from intervention and 
placebo arms, respectively). There was also no difference in 
marginal distributions by case and control status (p=0.16).

Cord blood vitamin d levels and wheezing status in first year 
of life
A protective association between higher levels of CBVD and risk 
of recurrent wheeze was observed (p for trend across increasing 
CBVD quartiles=0.031). The top-to-bottom quartile compar-
ison (CBVD >31 ng/mL vs CBVD <13 ng/mL) yielded an esti-
mated OR for recurrent wheeze of 0.30 (95%CI 0.11 to 0.88). 
Trial arm was not a predictor of the early life recurrent wheeze 
(p=0.12).

Gene expression, gene co-expression and TF network analysis
Linear regression analysis identified 1327 genes with differen-
tial expression (796 down-regulated) potentially associated with 
CBVD quartiles (nominal p<0.05, online supplementary file 3). 
WGCNA clustered these genes into two co-expression modules 
named ‘blue’ and ‘turquoise’ that included 73 and 231 co-ex-
pressed genes, respectively. A ‘grey’ module was also generated, 
representing those genes that did not fit into either of the other 
two modules (1023 transcripts). Conditional logistic regres-
sion further confirmed the association between only the blue 
module eigengene and lower risk of wheezing in the first year 
(aOR=0.65, 95% CI 0.46 to 0.94, p=0.02; table 1), adjusting 
for quartiles of CBVD levels.

The blue module was enriched for several biological pathways 
contributing to the development and progression of asthma, 
including thymic stromal lymphopoietin (TSLP), T-cell receptor 
(TCR) and B-cell receptor (BCR) signalling as well as immune 
initiating pathways, such as interleukin (IL)-3, IL-4, IL-5 and 
granulocyte macrophage colony-stimulating factor (GM-CSF) 
(all FDR<0.05, table 2 and online supplementary file 2: online 
supplementary figure S1). TF network analysis identified 30 
subnetworks of TFs that acted on the blue module genes (all 
FDR<0.01, online supplementary file 2: online supplementary 
table S2). One sub-network containing seven total nodes with 
six seed nodes from the blue module included the vitamin D 
receptor (VDR), representing interactions between the VDR TF 
and the blue module including the transforming growth factor 
(TGF)-beta signalling pathway (online supplementary file 2: 
online supplementary figure S2).

Sixty-three out of 73 genes in the blue module (86.3%) made 
up the largest connected component (LCC), of which, 13 genes 
(18%) including Lyn and Notch1 have previously reported in 
association with asthma (online supplementary file 4).7 8 Lyn 
demonstrated the highest degree of connectivity in the LCC 

with 27 interactions. Shortest path network analysis demon-
strated that Notch1 was connected to both module subsets of 
prior known asthma genes and putative novel genes via Lyn and 
PHF12 (figure 1, online supplementary file 2: online supplemen-
tary table S3).

dIsCussIon
In this study, higher CBVD levels (>31 ng/mL) were associated 
with a 70% lower risk of ‘recurrent wheeze’ in the first year of 
life. A module of 73 co-expressed genes was associated with both 
CBVD levels and wheezing status in the first year of life and a 
35% reduction in the risk of ‘recurrent wheeze’ in the first year 
of life.

Our results are in line with Rochat and colleagues who 
demonstrated that vitamin D intake increased targeted CB gene 
expressions.9 The co-expressed clustered gene among CBVD-as-
sociated gene signatures in this study was largely characterised 
by immune-related genes. The observed VDR pathway connec-
tivity within the module provides further evidence on a plau-
sible preventive role of vitamin D. Among the 63 interconnected 
module genes, Lyn was a regulatory hub and enriched in several 
immune pathways involved in cytokines regulation with a known 
contribution to asthma pathogenesis (table 2). Lyn is an inhib-
itor of Lyn kinase and expressed in haemopoietic cells. Previous 
studies suggest an essential role of Lyn in IL5R alpha signalling 
and the antiapoptotic effect of IL-5 in eosinophils.10

Known asthma genes were connected with putative novel 
genes in the blue module through Notch1. Several studies 
demonstrated the role of Notch signalling in asthma pathogen-
esis and cell fate and cell communication.8 Among the puta-
tive blue module novel genes, PHF12 was another hub gene. 
Mutational alteration of PHD finger proteins has been related 
to immune disease.11 The precise role and interaction of Lyn, 
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Figure 1 The linkage of prior known asthma genes in the blue module 
to potential novel genes using the shortest path connectivity algorithm. 
NOTCH signalling pathway (Notch1) along with potential novel PHF12 
gene plays the key role in connecting asthma-related genes to novels 
ones.

Notch1 and PHF12 signalling pathways (figure 1) in promoting 
early life wheezing and pathogenesis of asthma later in life 
should be investigated.

This study used a novel systematic approach to identify a 
co-expression network associated with first year of life wheezing. 
The gene set used for network analysis consisted of genes 
whose expression was nominally significantly associated with 
CBVD concentrations. This list of genes likely includes genes 
whose associations are artifactual. However, identification of 
co-expression modules, assessment of module association with 
disease risk and TF network analysis were conducted with multi-
plicity corrections. This systems biology approach to identify 
TF signalling networks that might play important roles in early 
life recurrent wheezing should be followed up with independent 
confirmation and functional tests of the mechanistic hypotheses 
implied by these findings.

VdAArT registration
This is study is a secondary analysis on the data from Vitamin 
D Antenatal Asthma Reduction Trial (VDAART). VDAART 

is registered on  clinicaltrials. gov with identification number 
NCT00920621. The trial records and results are posted.
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