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Two pregnancy cohorts were used to investigate the association between single-nucleotide polymorphisms (SNPs) in genes within the
insulin-like growth factor (IGF)-axis and antenatal and postnatal growth from birth to adolescence. Longitudinal analyses were conducted
in the Raine pregnancy cohort (z=1162) using repeated measures of fetal head circumference (HC), abdominal circumference (AC)
and femur length (FL) from 18 to 38 weeks gestation and eight measures of postnatal height and weight (1-17 years). Replications of signi-
ficant associations up to birth were undertaken in the Generation R Study (z = 2642). Of the SNPs within the IGF-axis genes, 40% (7 = 58)
were associated with measures of antenatal growth (P=0.05). The majority of these SNPs were in receptors; IGF-1R (23%; n = 34)
and IGF-2R (13%; n=9). Fifteen SNPs were associated with antenatal growth (either AC or HC or FL) in Raine (2= 0.005): five of
which remained significant after adjusting for multiple testing. Four of these replicated in Generation R. Associations were identified between
38% (n=55) of the IGF-axis SNPs and postnatal height and weight; 21% in IGF-1R (z=31) and 9% in IGF-2R (# = 13). Twenty-six
SNPs were significantly associated with both antenatal and postnatal growth; 17 with discordant effects and nine with concordant effects.
Genetic variants in the IGF-axis appear to play a significant role in antenatal and postnatal growth. Further replication and new analytic
methods are required in order to better understand this key metabolic pathway integrating biologic knowledge about the interaction between
IGF-axis components.
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Introduction growth hormone (GH).® IGF-1 and IGF-2 are essential for
fetal growth.”™® IGF-1 is the predominant regulator of
postnatal growth,'® acting as an important mediator between
GH and growth during childhood."” IGF-2 has been shown

to be primarily responsible for early development, particularly

The insulin-like growth factor (IGF) pathway is fundamental in
cell proliferation, differentiation and transformation across all
stages of growth and development."” IGFs are part of a complex
system promoting cellular communication with the physiologic
environment often denoted the IGF ‘axis’> The IGF-axis
comprises two cell-surface receptors (IGF-1R, IGF-2R), two
ligands (IGF-1, IGF-2), a family of 10 IGF-binding proteins
(IGFBP 1-10) and associated IGFBP degrading enzymes known

intra-uterine growth.'*"'®

The interaction of IGFs and their receptors play a critical
role in promoting and regulating growth from mid-gestation
onwards optimizing pre- and postnatal growth and develop-

4,17 .
collectively as proteases. The ligands interact with IGE-1R more ment. ™ * Although 10 IGFBPs are known to exist, most

readily than I GE-2R“ The IGFBPs and proteases play a vital studies (including this one) have focussed on IGFBPs 1 to 5,
role in controlling and modulating the effects of IGFs. > which have a high affinity towards the ligands and tighely

The regulation of fetal and postnatal growth depends on regulace IGF function.>> > Overall IGFBPs are known to

. . . . . affect cell motility and adhesion, apoptosis, survival and cell
multiple hormones including insulin, IGF-1, IGF-2 and cycle by aiding IGF-1 and IGF-2 transport and modulating

their interactions with IGF receptorsla’19 (Fig. 1).
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The aim of the current study was to investigate the asso-
ciation between SNPs in genes within the IGF-axis and
antenatal and postnatal growth from birth to adolescence in
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Fig. 1. Elements of the insulin-like growth factor (IGF)-axis [adapted from multiple sources (14, 7, 9-13, 21-24, 27-31)]. The factors are
IGF-1 and IGF-2. IGF-1 expression is required for achieving maximal growth. IGF-1 is the predominant regulator of postnatal growth,'
acting as an important mediator between growth hormone (GH) and growth during childhood." IGE-2 is thought to be the primary growth
factor required for carly development.”” Receptors (IGF-1R, IGF-2R): The IGFs are known to bind with receptors including IGF-1R,
IGF-2R and the insulin receptor.4’3 9 IGF-1R is a transmembrane tyrosine kinase receptor, which dominates IGF-2R, acting as the primary
receptor to both IGF-1 and IGF-2.*%° Tts principal role mediates mitogenic responses of the cell but can also affect metabolic responses from
tissues.'* IGF-2R binds only IGF-2. IGF2R may indirectly affect downstream signalling via its interaction with other proteins®® and clearance
of IGF-2; however, its major function is to maintain the correct IGF-2 levels in tissues and in the circulation. Binding proteins IGFBP1-5):
Generally, it is accepted that IGFBPs 1-5 have similar affinities for IGF-1 and IGF-2.>'° IGFBP-1 has the ability to either inhibit or
potentiate the effects of IGFs, depending upon its state of phosphorylation.>'??"%”% In contrast, the main function of IGFBP-2, is to
inhibit IGF-2 function.”>® IGFBP-3 like IGFBP-1 has the ability to either inhibit or augment IGF activity by controlling the binding

of IGF-1 and IGF-1R.®° IGFBP-4 levels have been associated with an inhibitory effect caused by preventing the binding of IGF-1 with
IGF-1R.*'?? IGFBP-5 is thought to have a stimulatory rather than an inhibitory effect on IGFs.?

the Raine Cohort adjusting for common environmental
influences on IGF levels. Analyses were replicated where
possible in the Generation R Pregnancy Cohort.

Methods
Study cohorts

Discovery cohort

Recruitment of the Western Australian Pregnancy (Raine)
Cohort has previously been described in detail.*' In brief,
between 1989 and 1991 2900 pregnant women were
recruited before 18 weeks gestation into a randomized con-
trolled trial to evaluate the effects of repeated ultrasound
in pregnancy. Recruitment predominanty took place at
King Edward Memorial Hospital (Perth, Western Australia).
Ninety percent of eligible women agreed to participate in
the study.”” Women were randomized to either intensive
ultrasound assessment (ultrasound biometry in addition to
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umbilico-placental and utero-placental Doppler flow velocity
waveforms measurements at 18, 24, 28, 34 and 38 weeks
gestation) or to a regular ultrasound assessment at 18 weeks
with subsequent scans at the clinicians discretion. The study
was conducted with appropriate institutional ethics approval,
and written informed consent was obtained from all mothers.
The cohort has been comprehensively phenotyped through
pregnancy, childhood and adolescence. In this study, we focus
on a subset of 1162 individuals within the Raine Cohort
who were Caucasian, singleton pregnancies with at least one
ultrasound measure during pregnancy.

Gestational age (GA) was based on the date of the last
menstrual period unless there was discordance of more than
7 days with ultrasound measurements at <18 weeks; in those
cases (29.7%), the estimate was based on ultrasound biometry
at 18 weeks gestation.”’ Maternal and paternal characteristics
were self-reported by questionnaire. Research midwives
recorded concurrent maternal medical conditions during
pregnancy at recruitment and 34 weeks gestation. Fetal head
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circumference (HC), abdominal circumference (AC), femur
length (FL) and umbilico-placental and utero-placental
Doppler flow velocity waveforms were measured in triplicate
using standard techniques. More than 95% of day-2 measures
were taken by a single observer, the remainder by a consultant
pediatrician using standardized protocols.”' Postnatal weight
and height were measured by trained researchers to the
nearest 100g and 0.1 cm, respectively.”” From here on we
refer to the Raine Study as the discovery cohort.

Replication cobort

Recruitment of the Generation R Cohort has previously been
described in detail?*** In brief, following local ethics board
approval, 9778 mothers with a delivery date between April
2002 and January 2006 were recruited from two hospitals, eight
midwifery practices and 16 child health centers in Rotterdam
(The Netherlands) to identify early environmental and genetic
causes of normal and abnormal growth, development and
health. Written informed consent was obtained from all parti-
cipants. Repeat ultrasound measurements were made at 12, 20
and 30 weeks gestation. Maternal and paternal characteristics
and breast-feeding duration were collected by questionnaire.
Children were assessed up to 4 years of age at routine child
health centers. The cohort has been shown to be representative
of the antenatal population in Rotterdam.?* From here on we
refer to Generation R as the replication cohort.

Genotyping

DNA was purified from peripheral blood using standard
protocols in both cohorts. Nine candidate genes were selected
in the IGF-axis: two ligands, IGF-1 and IGF-2; two IGF
receptors, IGF-1R and IGF-2R; and five IGFBP, IGFBP1 to
IGFBP5. IGFBP6-10 were not selecting for genotyping as
this stage. A multistep process was used to select SNPs in
these genes. In brief, this gene-based approach entails (a) the
selection of common tagging SNPs that best describe the
haplotype diversity of the human genome in our population
and (b) the selection of SNPs that are functionally relevant in
the IGF-axis pathway. Computational programs such as
SIFT, PolyPhen and SWISSProt were then utilized to char-
acterize and model the consequences of SNPs to ensure
sensitivity of evolutionary conservation, protein alignment
and function. The Promoalign tool was used to identify
upstream regulatory regions of genes and NetPhos to find
SNPs potentially altering the phosphorylation patterns of
proteins. Using this process, 165 SNPs were identified in the
nine candidate genes in the IGF-axis.

Genotyping was performed at Centre for Applied Geno-
mics (Toronto, Ontario, Canada). SNPs were uploaded to
[lumina’s Assay Design Tool (http://www.illumina.com/) for
probe design resulting in a custom panel. A total of 5 pl of
50ng/pl in 10mM Tris-HCL pH 8.0, 1mM EDTA of
genomic DNA underwent an allele-specific oligonucleotide
hybridization followed by extension and ligation. A universal
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PCR step for all 1536 loci followed with primers labelled
with either Cy3 (primer 1) or Cy2 (primer 2). The amplified
products were then hybridized to a sentrix array matrix
and scanned using the Illumina BeadArray Reader (BAR)
(Illumina, San Diego, CA, USA). The resulting data were
analyzed with Beadstudio v.3.0 using the default parameters.
Only SNPs with GenCall scores >0.25 were called and
samples were discarded if call rates were below 85%.

SNPs with a minor allele frequency of <<10% were excluded
from analyses. SNPs that did not pass the Hardy—Weinberg
equilibrium test were also excluded. Thus, a total of 145 (of
165 genotyped) SNPs were used in analyses.

In the replication cohort, cord blood for DNA isolation
was available in 59% of all live-born participating children.
Sex-mismatch rate between genome-based sex and midwife-
record-based sex was low (<0.5%), indicating that possible
contamination of maternal DNA was extremely low. Missing
cord blood samples were mainly due to logistical constraints
at the delivery. Individual genotype data were extracted from
the genome-wide Illumina 610 Quad Array.

Statistical analysis

We have utilized previously published models to analyze
antenatal growth.”> Covariates considered in these multi-
variate models included: parental height, weight, body mass
index (BMI), age, socioeconomic status; maternal smoking
status, parity, GA at birth; placental weight and function; and
gender of the child. Parity and breast-feeding duration were
factored to reflect the effect plateau in the higher categories.
BMI was modeled longitudinally using linear mixed effect
models from childhood to adolescence adjusting for the age
that BMI was measured and the mothers’ smoking status
during pregnancy.

All continuous covariates were mean-centered to remove
potential correlations between model coefficients. The SNPs
tagging the IGF-axis were coded according to the number of
minor alleles (0, 1 or 2) using SimHap®® and analyzed under
an additive model. Replication was performed where possible
in the replication cohort (Generation R).

Analyses of antenatal measures

In the discovery cohort of 1162 subjects, antenatal analyses
focussed on 588 subjects with repeated ultrasound measures at
18, 24, 28, 34 and 38 weeks gestation. This enabled both
cross-sectional and longitudinal analyses to be performed on
the same subset of the discovery cohort. Fetal AC and HC were
analyzed using linear mixed effects models,”” including inter-
cept and GA as random effects. SNPs significantly associated
with these measures of antenatal growth (either intercept or
change with time; trajectory) within the discovery cohort (data
18-38 weeks gestation) were analyzed longitudinally in the
replication cohort (data 12-30 weeks gestation, 7 = 2642)
and cross-sectionally using multivariate linear regression for
the following three timeframes: 16-24 weeks, 26-32 weeks
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inclusive and >32 weeks for discovery cohort and >12 weeks, The statistical software package R version 2.8.0°% was used
16-24 weeks and 26-32 weeks in the replication cohort study ~ to conduct all analyses. All SNPs selected have a minor allele
to explore the time of onset of significant associations. frequency of >10% in the discovery cohort. All analyses

were performed in males and females separately, as well as the
Analyses of postnatal measures c9mbined datas.et. P—values. <0.05. indicate .statistical sig-
Height and weight were utilized as the primary predictors and mﬁcanc'e. ,TO ad.)us.t for multiple testing, a modified t,h.reShOId
determinants of postnatal growth within the discovery cohort. for statistical significance of P<0.00041 was utilized as

BMI was additionally analyzed. A maximum of 1162 subjects described by the simpleM method.”
with height and weight data collected at ages 1, 2, 3, 5, 8, 10,

14 and 17 years were analyzed longitudinally using linear ~ Results

mixed effects modeling. These models adjusted for repeated
measures over time. Our BMI model was analogous to those
chosen for height and weight analyses and therefore did not ~ The demographic data for the discovery and replication
adjust for the nonlinear relationship of BMI over time. cohort are presented in Table 1. The maternal demographic

Population characteristics

Table 1. Cohort demographic data

Discovery Cohort: Raine Replication Cohort: Generation R
Variables All, n=1162 Female, n =548 Male, =613 All, n=2642 Female, n=1290 Male, n= 1352
Maternal data during pregnancy
Age (years) 28.4 (5.8) 28.3 (5.9) 28.4 (5.7) 31.6 (4.2) 31.6 (4.1) 31.5 (4.3)
Height (cm) 164.4 (6.5) 164.6 (6.6) 164.2 (6.4) 170.9 (6.4) 170.9 (6.7) 170.9 (6.1)
BMI (kg/m?) 22.6 (4.4) 225 (4.3) 22.6 (4.4) 23.1 (3.8) 23.1 (3.6) 232 (3.9)
Parity
0 47.5 46.2 48.8 59.2 58.4 60.0
1 30.0 32.5 279 31.6 32.1 31.2
2 15.1 13.3 16.5 7.7 7.8 7.6
3 5.7 6.2 5.2 1.2 1.4 1.0
4+ 1.7 1.8 1.6 0.3 0.4 0.1
Smoker 25.6 27.9 23.5 23.2 21.9 24.4
Anemic 26.6 28.3 25.1 1.2 1.4 1.0
Diabetes 3.8 3.6 3.9 0.7 0.8 0.7
Hypertension 27.5 27.4 27.6 4.0 4.5 3.5
Preeclampsia 3.8 4.0 3.6 1.3 1.6 1.0
Preterm birth 8.4 8.8 8.2 3.1 3.3 2.9
Birth data
Gestational age (days) 275.2 (14.9) 274.8 (15.3) 275.5 (14.6)  280.9 (10.6) 280.8 (10.4) 280.9 (10.8)
Placental weight (g) 594.2 (125.6)  594.3 (127.1)  594.1 (124.4) 644.6 (144.6) 647.8 (144.5) 641.5 (144.6)
Birth weight (g) 3359 (576) 3291 (564) 3419 (580)* 3549 (517) 3496 (500) 3599 (528)*
Birth length (cm) 49.1 (2.7) 48.6 (2.6) 49.5 2.7)* 50.6 (2.3) 50.2 (2.3) 50.9 (2.3)*
Ponderal index 27.3 (2.7) 27.4 (2.8) 27.1 (2.7) 27.5 (3.2) 27.7 (3.3) 27.3 (3.2)*
Postnatal data BMI (kg/mz)
Year 1 17.1 (1.4) 16.9 (1.3) 174 (14* 174 (1.3) 17.2 (1.3) 17.6 (1.3)*
Year 2 16.0 (1.3) 15.7(1.2) 16.2 (1.3)* 16.6 (1.3) 16.5 (1.3) 16.7 (1.4)*
Year 3 16.2 (1.3) 16.0 (1.3) 16.3 (1.2)* 16.0 (1.2) 15.9 (1.2) 16.1 (1.2)*
Year 5 15.9 (1.8) 15.8 (1.8) 16.0 (1.7) na na na
Year 8 16.9 (2.5) 17.0 (2.6) 16.9 (2.5) na na na
Year 10 18.8 (3.4) 18.8 (3.4) 18.7 (3.4) na na na
Year 14 21.5 (4.3) 21.8 (4.3) 21.3 (4.3)* na na na
Year 16 23.3 (4.5) 23.4 (4.5) 23.1 (4.5) na na na

BMI, body mass index.

Maternal, pregnancy, birth and postnatal data presented as mean and standard deviation for continuous variables and percentages for
categorical variables in the discovery cohort (Raine) and replication cohort (Generation R).
*Indicates that a statistically significant difference (?<0.05) was observed between males and females within each individual cohort.
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and obstetric data were similar between the two cohorts.
Offspring of the replication cohort had, on average, a longer
gestation (~5 days) and birth length (~1 cm), higher birth
order and had greater placental weights (~50g) and birth
weights (~200g) than members of the discovery cohort.
Further, mothers in the replication cohort were observed to
be slightly older ( ~3 years), and with more tertiary education
and had lower smoking rates than mothers in the discovery
cohort. There were also fewer women with pregnancy com-
plications, including anemia, diabetes and hypertension,
during pregnancy in the replication cohort than the discovery
cohort. Maternal characteristics were similar for both genders
within a cohort; however, birth weight and length were sig-
nificantly greater in male compared with female offspring in
both the discovery and replication cohorts. In the discovery
cohort, the subset that was randomly selected to undergo
repeated ultrasound measures (7 = 588) was representative of

IGF-axis influences developmental growth 161
all discovery cohort members with genetic data (= 1162;
Supplementary Table 1a).

Genetic associations

Antenatal

A summary of the associations between SNPs in genes in
the IGF-axis and antenatal growth is presented in Fig. 2.
Utilizing a P-value threshold of 0.05, there were 58 sig-
nificant associations identified, more than expected for the
total number of SNPs analyzed. Almost half of the number
of SNPs analyzed in each IGF-axis gene (34 of the 73 SNPs
genotyped for IGF-1R and 13 of the 34 SNPs genotyped for
IGF-2R) demonstrated significant associations with antenatal
growth in the discovery cohort. Twenty-six of these SNPs
were also significantly associated with postnatal growth
(detailed later in this section). Similar patterns were observed

(a) -
9Genes
145 5NPs
[
IGF1 IGF-1R IGF-2 | IGF-2R | IGF-BP (1-5)
73SNPs 65NPs | 34 SNPs 19 SNPs

Antenatal Growth Antenatal Growth A | Growth Antenatal Growth
6 5NPs p<0.05 34 5NPs p<0.05 2 5NPs p<0.05 13 SNPs p<0.05 3 5NPs p<0.05
4 SNPs p<0.01 19 SNPs p<0.01 0SNPs p<0.01 9 SNPs p<0.01 0SNPs p<0.01
2 5NPs p<0.005 15 SNPs p<0.005 0 5NPs p<0.005 | 6 SNPs p<0.005 0 5NPs p<0.005

Postnatal Growth

5 SNPs p<0.05 31 5NPs p<0.05 15NP p<0.05 13 SNPs p<0.05 5 SNPs p<0.05
4 SNPs p<0.01 9 SNPs p<0.01 0SNPs p<0.01 6 SNPs p<0.01 15NP p<0.01
2 SNPs p<0.005 4 SNPs p<0.005 0 SNPs p<0.005 4 SNPs p<0.005 1SNP p<0.005
(b)
IGF Axis
9 Genes
145 SNPs
[ l 1
IGF1 IGF-1R IGF-2 IGF-2R l IGF-BP (1-5) |
| 19 SNPs

13 5NPs

Postnatal Growth

| Growth

73 5NPs

34 5NPs

Postnatal Growth

Antenatal Growth Antenatal Growth Antenatal Growth Antenatal Growth
3 SNPs p<0.05 10 SNPs p<0.05 3 SNPs p<0.05 11 5NPs p<0.05 4 5NPs p<0.05
0 5NPs p<0.01 0 5NPs p<0.01 2 SNPs p<0.01 0 SNP p<0.01 0 5NPs p<0.01
0 SNPs p<0.005 1 SNP p<0.005 15NPs p<0.005

0 SNPs p<0.005

0 SNPs p<0.005

F tal Growth Postnatal Growth

No data available

No data available

No data available No data available

Postnatal Growth
No data available

Fig. 2. Significant associations between antenatal and postnatal growth for the insulin-like growth factor (IGF)-axis: IGF single-nucleotide
polymorphisms (SNPs) significantly associated with antenatal (abdominal circumference and/or head circumference and/or fetal length)

growth and postnatal height and/or weight are summarized here. Data from the Raine Cohort are presented in (). There are more SNPs
than expected with significant associations with antenatal and postnatal growth, especially in IGF-1R and IGF-2R. Data from Generation

R are presented in (4) showing a similar pattern of association with the discovery cohort.
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with the replication data with 11 SNPs from IGF-2R also
exhibiting significant associations with antenatal growth in
the replication cohort.

Table 2 summarizes the longitudinal analyses of fetal HC
and AC in the discovery cohort (five biometry measures
between 18 and 38 weeks gestation). Of the 19SNPs, which
had significant associations with longitudinal analyses
(P=<0.01), 15 of these SNPs had P-values <0.005. After
adjusting for multiple testing (2= 0.00041; Table 2 and
Supplementary Table 4), four SNPs in IGF-1R and one SNP
in IGF-2R remained statistically significant. When IGF-SNPs
were evaluated in the replication cohort (three biometry
measures between 12 and 30 weeks gestation) only four SNPs
were significantly associated (2= 0.05) with HC/AC or FL
intercept or trajectory (Supplementary Tables 2a and 4).

To explore the timing of onset of the effects on fetal growth,
we focussed on six IGF-1R SNPs (rs1879612, rs8030777,
rs1521481, rs2684781, rs2684791 and rs12910200) that were
significant to 2= 0.005 in the discovery cohort. A summary
of the cross-sectional analyses of these SNPs is presented in
Table 3. Results from cross-sectional analyses suggested that for
the majority of these SNPs, the effects on fetal growth became
statistically significant in the mid to late third trimester; hence,
it is to be expected that smaller effect sizes were seen in
replication cohort where their last ultrasound assessment was at
30 weeks gestation. It is interesting to note that the direction of
effect was analogous between the discovery and replication
cohorts in those cross-sectional timeframes where numerous
measures were available (16-24 weeks).

As a form of secondary analyses, FL was analyzed
(Supplementary Table 4) and compared with postnatal height
to assess the influence of IGF SNPs on developmental linear
growth. The majority of SNPs effecting antenatal FL across
gender-combined datasets belonged to IGF-2R, whereas
male FL tended to be influenced by SNPs in IGF-1. Two
SNPs, 19347380 and RS9456497 (all in IGF-2R) replicated
in GenR.

Postnatal

The longitudinal analyses of associations between SNPs in
the IGF-axis and postnatal height and weight (using eight
measures recorded over 17 years of life) are summarized in
Table 4. Additional longitudinal postnatal analyses using
BMI as an outcome are detailed in Supplementary Table 3.
These measures were not available in the replication cohort
because of the cohort’s age. Similar to antenatal growth, the
vast majority of the significant associations were in SNPs in
the IGF receptors.

We observe that the majority of IGF-1R SNPs associated
with postnatal growth are significantly associated with weight
(Table 4) and subsequently BMI (Supplementary Table 3).
Theses associations with weight appeared to be more prevalent
in females, where six out of eight IGF-1R SNPs produced
significant associations in female subsets with only one for
males and gender-combined datasets, respectively. To illustrate
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the magnitude of effect of these SNPs on postnatal growth we
use IGF-1R SNP rs3784605, which was significantly asso-
ciated with reducing weight in females, decreasing weight
0.72 kg for the intercept and a further 0.18 kg for the trajectory
effects. Several SNPs in IGF-2R were significantly associated
with both weight gain and linear growth across children of
the discovery cohort. Six out of ten SNPs significantly asso-
ciated with postnatal height analyses (Table 4, P<<0.01)
belonged to IGF-2R, where five SNPs were produced from
analyses in the gender-combined dataset. To illustrate the
effects of these SNPs on longitudinal height, rs7746102 in
IGF-2R was significantly associated with increasing both the
intercept and trajectory of height in males and females
combined. At 17 years of age, this equated to an increase in
height of 0.0145 m” for the heterozygote (TC) and 0.029 m?
for the minor homozygote (CC).

Comparing antenatal and postnatal growth

The number of SNPs with significant associations with both
antenatal growth and postnatal growth was similar for each
of the ligands, receptors and binding proteins (results not
published; details available upon request). Figure 3 illustrates
26 SNPs that were significantly associated with both antenatal
and postnatal growth in the discovery study; 17SNPs (13 in
IGF-1R) were associated with discordant growth patterns
consistent with the Developmental Origins of Health and
Disease (DOHaD) hypothesis. IGF-1R SNPs rs4966035,
157165875, 151521481, rs1879613 and IGF-2R SNP rs687088
were all associated with reduced antenatal AC, FL and increased
weight gain. Nine SNPs were associated with concordant
growth patterns, binding proteins rs9658238 (IGFBP1) con-
sistently associated with increased growth and rs1009728 of
IGFBP4 consistently associated with decreased growth.

Discussion

The aim of the current study was to investigate the association
between SNPs in genes within the IGF-axis and antenatal and
postnatal growth from birth to adolescence in the discovery
and replication cohorts adjusting for common environmental
influences on IGF levels. We have shown that 40% (58/145)
of the SNPs in genes within the IGF-axis were associated
with measures of fetal growth. The majority of these SNPs
were in the genes for the two cell-surface receptors, IGF-1R
and IGF-2R [23% (34) and 9% (13), respectively]. Of the
eight SNPs within the two ligands, IGF-1 had more SNPs
associated with antenatal growth, accounting for a small
proportion of the significant associations (4%; six SNPs,
respectively) with the remaining two SNPs found in IGF-2.
Three SNPs from the five IGFBP assessed (IGFBP 1-5)
constituted a further 2%. These data suggest a potentially
important role of genetic variants in IGF-1R (and to a lesser
extent IGF-2R) in the regulation of fetal growth. This finding
is consistent with the observation that both IGF-1R and
insulin receptors are necessary for optimal pre- and postnatal
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Table 2. Significant associations between longitudinal measures of antenatal growth and the IGF-axis in the Raine Cobort

Antenatal HC longitudinal analyses

Antenatal AC longitudinal analyses

Intercept Trajectories Intercept Trajectories
Gene Subset SNP B (s.E.) P-value B (s.E.) P-value B (s.E.) P-value B (s.E.) P-value
IGF-1 Females rs1520220 0.1479 (0.7460) 0.8429 0.2454 (0.0893) 0.0061
Females rs10860865 —0.1318 (0.6335) 0.8353 0.2039 (0.0781) 0.0092
IGF-1R Males 12684777 0.5493 (0.5897) 0.3520 —0.2233 (0.0783) 0.0044
Everyone rs1879612 —1.0417 (0.3784) 0.0060 —0.0444 (0.0386) 0.2501 —0.7101 (0.3872) 0.0670 —0.1320 (0.0509) 0.0095
Males rs1879612 —0.3062 (0.5137) 0.5514 —0.2651 (0.0680) 0.0001*
Males 152670504 07211 (0.6385)  0.2593  —0.2772 (0.0863)  0.0014
Males rs8030777 0.3406 (0.5664) 0.5479 —0.2855 (0.0763) 0.0002*
Everyone rs2684781 —1.6043 (0.4608) 0.0005 —0.0256 (0.0466) 0.5829 —1.2628 (0.4651) 0.0067 —0.0895 (0.0612) 0.1435
Males rs2684781 —1.6468 (0.6583) 0.0127 —0.0127 (0.0667) 0.8487 —2.0383 (0.6255) 0.0012 —0.0630 (0.0835) 0.4510
Everyone rs1521481 —0.9512 (0.3803) 0.0125 —0.0603 (0.0390) 0.1225 —0.9425 (0.3853) 0.0146 —0.1438 (0.0513) 0.0052
Males rs1521481 —0.6051 (0.5143) 0.2399 —0.2578 (0.0693) 0.0002*
Males rs4966035 —0.8010 (0.5724) 0.1623 —0.1189 (0.0588) 0.0436 —0.2714 (0.5475) 0.6203 —0.2305 (0.0725) 0.0015
Females rs4966035 —1.6034 (0.6118) 0.0091 0.0057 (0.0801) 0.9436
Males rs1357112 —0.0248 (0.5661) 0.9651 0.1633 (0.0581) 0.0051 0.1358 (0.5414) 0.8020 0.1790 (0.0739) 0.0155
Everyone rs1879613 —0.5897 (0.4873) 0.2265 —0.1411 (0.0661) 0.0331
Males rs1879613 0.3212 (0.6551) 0.6242 —0.2731 (0.0899) 0.0024
Males rs7165875 0.1531 (0.5977) 0.7980 —0.2334 (0.0821) 0.0046
Females rs7165875 —1.7766 (0.6657) 0.0079 0.0621 (0.0883) 0.4819
Everyone rs12910200 0.0202 (0.4135) 0.9610 0.1282 (0.0409) 0.0018 0.4080 (0.42006) 0.3323 0.2019 (0.0549) 0.0002*
Males rs12910200 0.2501 (0.5788) 0.6659 0.1796 (0.0585) 0.0022 0.6185 (0.5564) 0.2667 0.2718 (0.0744) 0.0003*
Males 152684811 —1.1512 (0.6507)  0.0775  —0.1502 (0.0662)  0.0236  —0.1443 (0.6310)  0.8192  —0.2625 (0.0846)  0.0020
Males rs9920651 1.0222 (0.6511) 0.1170 0.2628 (0.0871) 0.0026
Females rs2684791 1.5508 (0.5590) 0.0058 —0.0455 (0.0542) 0.4014 0.3399 (0.6134) 0.5798 0.2204 (0.0755) 0.0036
IGF-2R Males rs3777421 1.5220 (0.5787) 0.0088 0.0075 (0.0598) 0.8996

IGF, insulin-like growth factor; HC, head circumference; AC, abdominal circumference; SNP, single-nucleotide polymorphisms.
IGF SNPs significantly associated (P-values < 0.005) with antenatal HC or antenatal AC from linear mixed-effects analyses in either gender combined (‘Everyone’) or gender stratified
(‘Males’/‘Females’) are listed here.
B represents the regression coefficients for both the intercept and change with time (trajectory) within the discovery cohort (data 18-38 weeks gestation).
P-values <0.010 are highlighted in bold text.
*Denotes P-values that remain statistically significant after adjusting for multiple testing (P=< 0.00041).
Onmitted from the table are values for AC or HC where intercept and trajectory have been found to be non-significant.
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Table 3. Cross-sectional antenatal HC and AC analyses of IGF-1R SNPs in Raine and Generation R

Cross-sectional antenatal growth

<Week 12 Weeks 16-24 Weeks 26-32 <32 Weeks
Subset SNP Cohort B (s.E.) P-value B (s.E.) P-value B (s.E.) P-value B (s.E.) P-value
HC
Everyone rs1879612 Raine —0.5412 (0.4204) 0.1983 —1.3752(0.7341) 0.0617 —1.3276 (0.7937) 0.0951
Everyone rs1879612 GenR —0.0080 (0.4356) 0.9853 —0.0461 (0.1795) 0.7974 —0.4609 (0.2694) 0.0872
Everyone rs2684781 Raine —1.2876 (0.5110) 0.0119 —2.5699 (0.8923) 0.0042 —1.2955 (0.9474) 0.1722
Everyone rs2684781 GenR —0.6017 (0.5970) 0.3146 —0.1729 (0.2327) 0.4574 —0.2435 (0.3500) 0.4867
Everyone rs12910200 Raine —0.8968 (0.4533) 0.0482 0.5975 (0.7975) 0.4541 1.6897 (0.8331) 0.0432
Everyone rs12910200 GenR 0.1539 (0.4734) 0.7454 —0.0170 (0.1864) 0.9272 0.7397 (0.2819) 0.0087
Males rs12910200 Raine —0.6971 (0.6332) 0.2715 1.2965 (1.1598) 0.2647 2.8614 (1.1403) 0.0128
Males ;512910200  GenR  —0.1011 (0.6850)  0.8830  —0.2298 (0.2688)  0.3929 0.6671 (0.4175)  0.1103
Females rs2684791 Raine 1.6555 (0.6261) 0.0085 1.4893 (1.0402) 0.1537 0.7767 (1.1721) 0.5083
Females rs2684791 GenR 0.7666 (0.5868) 0.1939 0.1487 (0.2561) 0.5616 0.2375 (0.3704) 0.5215
AC
Everyone rs1879612 Raine —0.4034 (0.4185) 0.3354 —2.3088 (0.8394) 0.0062 —2.1104 (1.0356) 0.0421
Everyone rs1879612 GenR 0.4638 (0.5170) 0.3715 —0.0706 (0.2432) 0.7717 0.0086 (0.3919) 0.9825
Males rs1879612 Raine —0.1957 (0.5575) 0.7257 —1.5175 (1.1424) 0.1853 —5.1039 (1.3973) 0.0003
Males rs1879612 GenR 0.5432 (0.7113) 0.4485 0.0384 (0.3522) 0.9131 0.4486 (0.5697) 0.4312
Males rs8030777 Raine 0.6164 (0.6108) 0.3133 —1.8705 (1.2466) 0.1347 —4.5067 (1.5802) 0.0047
Males 158030777 GenR 0.6651 (0.6877)  0.3380 0.0065 (0.3955)  0.9870 0.3695 (0.6436)  0.5660
Males rs1521481 Raine —0.4154 (0.5576) 0.4566 —2.2828 (1.1451) 0.0473 —5.0893 (1.4215) 0.0004
Males rs1521481 GenR 0.2626 (0.7428) 0.7251 —0.0888 (0.3501) 0.7998 0.2184 (0.5636) 0.6985
Everyone 1512910200  Raine —0.1509 (0.4539)  0.7397 21067 (0.9157)  0.0218 35354 (1.1158)  0.0016
Everyone rs12910200 GenR 0.2601 (0.5228) 0.6198 —0.1017 (0.2529) 0.6876 0.2940 (0.4097) 0.4731
Males rs12910200 Raine 0.3568 (0.6034) 0.5545 3.1123 (1.2324) 0.0122 5.6035 (1.4979) 0.0002
Males ;512910200  GenR  —0.4895 (0.7622)  0.5236  —0.1701 (0.3691)  0.6449 0.1061 (0.5973)  0.8591

HC, head circumference; AC, abdominal circumference; IGF, insulin-like growth factor; SNP, single-nucleotide polymorphisms.
Cross-sectional analyses demonstrate that effects in fetal HC occur late in third trimester, with cross-sectional data at (26-32 weeks) demonstrating similar 3 coefficients in the discovery
and replication cohorts for antenatal HC. Generation R do not have serial ultrasound scans at 34 and 38 weeks gestation; hence, we have limited ability to replicate our mid and late third

trimester associations.
Bold text indicates effects observed to be statistically significant (P < 0.05), whereas effects going in the same direction in both cohorts are highlighted in italics.
Bold italics text indicates effects observed to be statistically significant (2= 0.05) and going in the same direction in both cohorts.
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Table 4. Associations between postnatal weight and length with SNPs of the IGF-axis (Raine Cohort)

Weight Height
Intercept Trajectory Intercept Trajectory
Gene Subset SNP B (s.p.) P-value B (s.p.) P-value B (s.p.) P-value B (s.p.) P-value
IGF-1 Males RS10860861 0.5556 (0.2298)  0.0159 0.1397 (0.0513)  0.0065 0.0012 (0.0021)  0.5726  —0.0003 (0.0002)  0.1936
Everyone RS6214 0.1183 (0.1658) 0.4757 0.0526 (0.0362) 0.1464 —0.0007 (0.0014) 0.6438 —0.0004 (0.0002) 0.0099
Males RS6214 0.4304 (0.2305)  0.0624 0.1167 (0.0515)  0.0237  —0.0002 (0.0021)  0.9259  —0.0004 (0.0002)  0.0656
IGF-1R Males RS12442093 0.0405 (0.2893)  0.8888 0.0512 (0.0649)  0.4309 0.0080 (0.0026)  0.0024 0.0005 (0.0003)  0.0555
Females RS1879613 0.7842 (0.2900) 0.0071 0.1234 (0.0615) 0.0450 —0.0030 (0.0025) 0.2339 —0.0004 (0.0003) 0.1536
Females RS2272037 0.3696 (0.2398)  0.1238 0.1249 (0.0506)  0.0137 0.0017 (0.0021)  0.4177  —0.0003 (0.0002)  0.2303
Females RS2670504 0.8721 (0.3122)  0.0054 0.1657 (0.0663)  0.0125  —0.0037 (0.0027)  0.1702  —0.0004 (0.0003)  0.1793
Females RS3784605 —0.7116 (0.2535) 0.0052 —0.1758 (0.0536) 0.0011 0.0003 (0.0022) 0.8981 0.0004 (0.0002) 0.1214
Females RS4966035 0.6579 (0.2485)  0.0084 0.1129 (0.0528)  0.0327  —0.0019 (0.0021) 03831  —0.0003 (0.0002)  0.2488
Females RS7169544 —0.5632 (0.2353) 0.0170 —0.1514 (0.0498) 0.0024 0.0003 (0.0020) 0.8852 0.0001 (0.0002) 0.5568
Everyone R§907801 —0.6032 (0.2223) 0.0068 —0.1157 (0.0485) 0.0172 0.0001 (0.0019) 0.9574 0.0003 (0.0002) 0.1655
IGEF-2R Everyone RS2297363 0.6186 (0.2359) 0.0089 0.1437 (0.0516) 0.0053 —0.0032 (0.0021) 0.1223 —0.0007 (0.0002) 0.0054
Males R§8399919 0.6955 (0.2395) 0.0038 0.0992 (0.0539) 0.0658 —0.0043 (0.0022) 0.0529 —0.0006 (0.0002) 0.0073
Everyone RS4709393 0.5911 (0.1837) 0.0013 0.1231 (0.0402) 0.0022 —0.0025 (0.0016) 0.1245 —0.0005 (0.0002) 0.0048
Females RS4709393 0.3810 (0.2669) 0.1541 0.0738 (0.0567) 0.1928 —0.0051 (0.0023) 0.0264 —0.0007 (0.0003) 0.0040
Males RS4709393 0.7442 (0.2536) 0.0035 0.1526 (0.0569) 0.0074 0.0012 (0.0023) 0.6244 0.0000 (0.0002) 0.9836
Everyone RS635551 0.3967 (0.2206) 0.0724 0.0807 (0.0482) 0.0936 —0.0029 (0.0019) 0.1263 —0.0006 (0.0002) 0.0067
Everyone RS687088 0.5703 (0.1725) 0.0010 0.0980 (0.0379) 0.0097  —0.0040 (0.0015) 0.0090 —0.0004 (0.0002) 0.0133
Everyone RS7746102 —0.4084 (0.1917) 0.0333 —0.0842 (0.0419) 0.0444 0.0043 (0.0017) 0.0097 0.0006 (0.0002) 0.0017
IGF-BP4 Everyone RS1009728 —0.4525 (0.1734) 0.0092 —0.0968 (0.0379) 0.0106 0.0001 (0.0015) 0.9592 0.0001 (0.0002) 0.6621

SNP, single-nucleotide polymorphisms; IGF, insulin-like growth factor; HC, head circumference; AC, abdominal circumference.
Longitudinal analyses of postnatal weight and height were performed using data from 1 to 17 years of age. Effects observed to be statistically significant (P < 0.01) are detailed in bold here.
SNPs significantly associated with antenatal growth (antenatal HC or antenatal AC; Table 2) are highlighted in italics.

Bold italics text indicates SNP effects associated with antenatal growth (Table 2) and postnatal growth (P<0.01).
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Fig. 3. Insulin-like growth factor (IGF) single-nucleotide polymorphisms (SNPs) significantly associated with both antenatal and
postnatal growth. Of the 58 SNPs associated with antenatal growth, 12 SNPs have demonstrated a U-shaped association relating antenatal
growth restriction and postnatal growth. This is consistent with one of the underlying hypotheses of the Developmental Origins of

Health and Disease paradigm that describes how fetal programming may operate across differing stages of nutrition with a U-shaped
curve relating prenatal growth and nutrition to adult obesity and metabolic disease. SNPs listed here were significantly associated
(P-values =<0.05) with both antenatal measures of growth (head circumference, HC; abdominal circumference, AC; or femur length, FL)

and postnatal growth (height, weight or body mass index).

growth and development, with the interaction of IGFs and their
receptors playing a critical role in promoting and regulating
embryonic growth from mid-gestation onwards®'” with IGF-1
and IGF-2 acting via IGF-1R to promote grovvth.4’30

In addition to playing an important role in antenatal growth,
our data suggest that SNPs in genes within the IGF-axis may
also play a role in postnatal growth with associations identified
with 38% (55/145) of the SNPs investigated and longitudinal
height and/or weight from 1 to 17 years. Similar to antenatal
growth, the majority of these associations were in the genes for
the two cell-surface receptors, with 21% in IGF-1R (31 SNPs)
and 9% in IGF-2R (13 SNPs).

Results from this study illustrated that SNPs from IGF-2R
were associated with reduced antenatal FL but increased
postnatal weight gain/BMI.

Further, the associations we identified between SNPs in
IGFBP-4 were consistent with published literature, which
state that it has an inhibitory effect on growth by preventing
the binding of IGF-1 with IGF-1R.>"** We have illustrated
that rs1009728 in IGF-BP4 was significantly associated with
reducing both antenatal growth and postnatal weight (and
BMI) in males and females.

The underlying principle of DOHaD is founded upon
decades of research in both human and animal studies
illustrating the relationship between antenatal growth and
postnatal obesity, where early life growth restriction predisposes

https://doi.org/10.1017/52040174412000633 Published online by Cambridge University Press

individuals to diseases such as obesity, diabetes, metabolic
syndrome, stroke and cardiovascular disease during adult-
hood.?>® It is widely accepted that genetic and epigenetic
pathways mediate much of the relationship between the
environment and the DOHaD paradigm where both
mechanisms likely contribute to the variation seen in an
individual’s response to the environment as complex inter-
actions between genes and the early environment modulate
developmental programming of adult disease.”” Genetic
differences not only regulate gene—environment interactions
underlying disease onset but also regulate disease suscept-
ibility following environmental alterations.*

There is growing evidence that the relationship between
antenatal/postnatal growth and disease is mediated by genetic
variants in the IGF-axis.>*'%>%~% e have demonstrated
that a large number of SNPs from the IGF pathway were
significantly associated with anthropomorphic measures taken
from ultrasounds and postnatal growth. Further, we have
provided data suggesting that 26 SNPs in the IGF-axis were
associated with both antenatal and postnatal growth patterns
consistent with the DOHaD hypothesis. Seventeen SNPs
were associated with discordant growth patterns consistent
with the lower end of the U-shaped curve described between
antenatal growth and postnatal obesity.>*4>4¢

Genetic variants in the IGF receptors accounted for the
majority of the associations with growth observed in our study.


https://doi.org/10.1017/S2040174412000633

The next step in understanding the mechanism responsible
for the association between variants in the IGF pathway and
early human growth and development is to investigate the
interactions between insulin-like factors, their receptors and
their associated IGFBP, which fundamentally control the

2-7,13,17,19,20,30 Further investiga—

factor—receptor interaction.
tions of the entire IGF pathway and the interactions within
genetic components of the pathway and the environment
would provide greater detail as to the underlying function and
influence on growth and metabolic diseases. Investigating
SNPs individually (i.e. one-by-one) may miss important
information regarding essential biological pathways.*”*®
This is highlighted by publications detailing genetic analyses
utilizing both candidate gene approaches and Genome-Wide
Association Study (GWAS) where single SNPs account for
only a small amount of the genetic variation in obesity and
diabetes.?>*> Therefore, new analytic methods are required in
order to better analyze and understand this key metabolic
pathway to include how the IGF SNPs work in conjunction.
This is particularly important as levels of phosphorylation and
methylation of these SNPs also contributes heavily to the
overall functioning of the pathway affecting anthropomorphic
outcomes by activating, mediating or inhibiting the interaction
between IGFs and receptors.

The discovery cohort (Raine) and the replication cohort
(Generation R) have been shown to be representative of the
populations in Western Australia and Holland, respectively.
Both cohorts have multiple measures of growth that have
enabled longitudinal analyses, increasing the power and
uniqueness of this study. The large number of available
covariates associated with fetal growth has allowed us to focus
on the effects due to genetic variants as we were able to
account for ~72% of the variance observed using epide-
miologic data. We do, however, note important limitations of
our study, including our limited sample size and concomitant
modest statistical power to detect small genetic effects and the
lack of multiple ultrasound scans in the third trimester for the
replication cohort. The younger age of the replication cohort
has also meant that we are unable to replicate our postnatal
findings in this cohort.

Future research will need to be conducted in larger and
ethnically diverse studies where growth has been measured
on multiple occasions across the life-course. Further investi-
gation into the association between IGF SNPs and growth
will need to emphasize not only the genetic influence but
also the complexities of environmental exposures and
gene—environment interactions. Such exposures include diet
and nutrition of mother and child as well as the level of
physical activity by the children and its subsequent influence
on postnatal growth measures.

In the future, we hope that lifestyle modifications can be
implemented following the identification of those children
whose antenatal growth patterns and individual genetic
variation predispose them to the development of obesity.
Further research is required to evaluate targeted interventions
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(including diet, exercise and medication) for those at the
greatest risk of obesity.
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