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Background: The etiology of childhood cancer is not well understood, but may be linked to
prenatal and perinatal factors, such as maternal diabetes. However, this association has not
been examined in depth. We aimed to determine if maternal diabetes is associated with risk of
childhood brain tumor (CBT), leukemia (all types combined and acute lymphoblastic leukemia
[ALL] separately), and lymphoma.

Methods: All children born in Sweden between 1973 and 2014 (n=4,239,965) were followed
from birth until first cancer diagnosis, age 15 years, or December 31, 2015. Data on maternal
diabetes, childhood cancer, and covariates were obtained from nationwide health registers.
Incidence rate ratios (IRRs) and 95% confidence intervals (ClIs) were calculated using Cox
regression adjusted for potential confounders/mediators. Additionally, we performed an explor-
atory analysis using results from published genome-wide association studies and functional
annotation.

Results: Maternal diabetes was associated with lower risk of CBT (adjusted IRR [95% CI]:
0.56 [0.35-0.91]) and higher risk of leukemia (adjusted IRR: 1.47 [1.13—-1.92] for all leukemia
combined and 1.64 [1.23-2.18] for ALL). These associations were similar for both maternal
type 1 diabetes and gestational diabetes. Associations of five previously identified genetic loci
were compatible with a causal effect of diabetes traits on neuroblastoma and common Hodg-
kin’s lymphoma.

Conclusion: Children whose mother had diabetes had lower risk of CBT and higher risk of
leukemia, compared with children whose mother did not have diabetes. Our results are compat-
ible with a role of prenatal and perinatal glycemic environment in childhood cancer etiology.
Keywords: neoplasm, childhood, diabetes, fetal growth, perinatal environment

Introduction

Cancer is the second most common cause of death in children in high-income coun-
tries, with incidence rates in Europe increasing by around 1% per year.! Although the
etiology of childhood cancer is not well understood, the typically early onset suggests
that genetic, prenatal, and perinatal factors may be involved.>?

Perinatal factors linked to gestational diabetes, such as high fetal growth and
high birth weight, have been associated with increased risk of childhood brain tumor
(CBT) and leukemia.**® As such, maternal diabetes may influence the risk of childhood
cancer.”'* The largest study to date showed an increased risk of leukemia, particularly
acute lymphoblastic leukemia (ALL), and Wilms tumor among children of mothers
with pre-pregnancy diabetes, but not gestational diabetes.” However, other studies have

typically been small®*® and have not examined associations with cancer subtypes.’!?
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In adults, type 1 and type 2 diabetes are both associated
with cancer risk, with the direction of association varying
by cancer subtype.!'"’* By examining if such differences
are also present in children exposed to maternal diabetes,
we may acquire insights into etiological differences across
cancer subtypes. By additionally examining associations of
cancer risk with specific types of maternal diabetes, we may
increase our understanding of the role of hyperglycemia and
autoimmunity in childhood cancer risk.

In this nationwide Swedish cohort study, we examined the
association of maternal diabetes and diabetes subtypes with
the most common types of childhood cancer: CBT, leukemia
(all types combined and the most common subtype, ALL,
separately), and lymphoma.

Methods
Study cohort

We conducted a population-based cohort study of all live
births in Sweden between 1973 and 2014, identified from
the Swedish Medical Birth Register. This register contains
information on birth and perinatal factors for 98% of births in
Sweden since 1973.!* Children were followed from birth and
censored at death, emigration, first primary cancer diagnosis,
their 15th birthday, or end of follow-up (December 31, 2015).
Date of death and migration were ascertained from the Cause
of Death Register and the Migration Register, respectively.
All cancer diagnoses between 1973 and 2015 were obtained
from the nationwide Cancer Register, which has an overall
completeness of at least 96%.'> Children without sufficient
information to enable their mother to be identified in the
hospital inpatient and outpatient registers (n=5,237) were
not included in this study. In total, <1% of the study popula-
tion had missing data on at least one covariate (n=37,354),
leaving 4,239,965 children for inclusion in the analyses.
Ethical approval for the study was granted by the Regional
Ethical Review Board, Stockholm, Sweden (2011/634-31/4).
Informed consent was not required for this study since it was
based on de-identified data from national registers and publi-
cally available data. Patient data confidentiality was assessed
and approved by the National Board of Health and Welfare
and the Ethical Review Board before de-identified personal
data were disclosed to the research team.

Exposure ascertainment

Mothers with diabetes diagnosed prior to and during preg-
nancy were identified using International Statistical Clas-
sification of Disease and Related Health Problems (ICD)
codes in the Medical Birth Register and hospital inpatient

and outpatient registers, and an indicator variable (yes/no)
for maternal diabetes in the Medical Birth Register (ICD
codes described in Table S1A). Since type 2 diabetes is typi-
cally preceded by a period of prediabetes, we also included
mothers with type 2 diabetes diagnoses up to 5 years after the
child’s birth as exposed. For the main analyses, all diabetes
diagnoses were pooled. However, type of maternal diabetes
(type 1, type 2, or gestational diabetes) was subsequently
categorized, as described in Table S1B.

Outcome ascertainment

Cases of childhood cancer were defined as the first primary
cancer diagnosis in the Cancer Register during the follow-up
period. Cancer diagnoses were identified using the following
ICD-7 codes (ICD-8 for leukemia), which were available
throughout the follow-up period: CBT, 193.0; lymphoma,
200-202; leukemia (all subtypes types combined), 204-207;
and ALL (the most common subtype of childhood leukemia,
separately), 204.0. For other cancer subtypes, an insufficient
number of exposed cases were available to calculate mean-
ingful risk estimates.

Statistical analysis

Cox proportional hazards models were used to estimate inci-
dence rate ratios (IRRs) and 95% confidence intervals (95%
ClIs) of all cancer subtypes combined, CBT, all leukemia
subtypes combined, ALL, and lymphoma. Children born to
mothers without diabetes were the reference group. Mother’s
identification number was used as a clustering variable, and
robust standard errors were estimated to account for lack of
independence between siblings. In model 1, unadjusted esti-
mates are presented. Model 2 was adjusted for potential con-
founders: child’s sex, decade of birth, maternal age at child’s
birth, highest attained parental education level, and birth order.
Model 3 was additionally adjusted for birth weight by gesta-
tional age, gestational age, child’s diabetes status, and birth
defects in the child. While these factors may be considered
mediators rather than confounders, model 3 was designed to
isolate the association with maternal diabetes itself. Categori-
zation and ICD codes used for all covariates are described in
Table 1. We used the same aforementioned statistical methods
to examine associations of maternal type 1, type 2, and gesta-
tional diabetes with offspring cancer separately. All analyses
were performed in Stata version 13.1 (StataCorp, 2013).

Additional analyses
Additional analyses were conducted in a sub-sample of the
cohort further adjusting model 2 and model 3 for maternal
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Table | Potential confounders included as covariates in main analyses and additional analysis

Categories and ICD codes

Continuous

1,2,23

Male, female

SGA (birth weight below the 10th percentile for gestational age)

Covariate Register
2 Maternal age at child’s birth Medical Birth Register
TE\ Birth order Medical Birth Register
g Child’s sex Medical Birth Register
s Birth weight by gestational age Medical Birth Register
Highest attained parental education level LISA/census in 1970*
Child’s diabetes diagnoses before cancer Swedish hospital inpatient
diagnosis or before age |5 years register
Birth defects
ﬁ Maternal smoking during pregnancy® Medical Birth Register
]
]
]
_g Pre-pregnancy BMI® Medical Birth Register
5
o
<

AGA

LGA (birth weight above the 90th percentile for gestational age)
Primary (less than 10 years of education)

Secondary (10-12 years of education)

Tertiary (more than 12 years of education)

ICD-8 and ICD-9, 250; ICD-10, E10, and El |

ICD-9: 740-759; ICD-10: Q00-Q99
None

1-9 cigarettes/day

210 cigarettes/day

Underweight, BMI <18.5 kg/m?
Healthy weight, BMI 18.5—<25 kg/m?
Overweight, BMI 25—<30 kg/m?
Obese, BMI 230 kg/m?

Notes: *Highest attained parental education was taken from LISA for all parents included in LISA at any time between 1990 and 2014. For parents who were not included in
LISA during this period we used information on education from the census in 1970. ®Data only available from 1983 onwards.

Abbreviations: ICD, International Statistical Classification of Disease and Related Health Problems; SGA, small for gestational age; AGA, appropriate for gestational age;
LGA, large for gestational age; LISA, The Longitudinal Integration Database for Health Insurance and Labor Market Studies; BMI, body mass index.

smoking during pregnancy and pre-pregnancy body mass
index (BMI; data only available from 1983 onwards)
(Table 1). Additional analyses were also conducted to assess
associations of maternal diabetes with childhood cancer
diagnoses up to age 6 years and age 20 years rather than
age 15 years.

Causal inference and functional

annotation

In order to identify mechanisms that may explain the asso-
ciations we observed, we performed an exploratory genetic
analysis using results from publically available genome-
wide association studies (GWAS) for diabetes traits'®"?
and cancer,”* as identified using the GWAS catalogue,?
SNiPA,* and GRASP.» We subsequently functionally anno-
tated loci that showed associations with diabetes as well as
cancer traits for roles in regulatory processes and tissue-spe-
cific gene expression using publicly available bioinformatics
tools.?*?’ The process for the exploratory analysis of GWAS
and functional annotation to examine causal inference and
molecular mechanisms is illustrated in Figure 1.2*" A formal
Mendelian randomization study would likely be underpow-
ered due the small number of cases for each of the cancer
subtypes, both in the observational and genetic association
studies. However, the exploratory analysis described here may
still provide useful insights regarding causal inference, and
provide a first step towards functional follow-up experiments.

Additional details about classification of maternal diabe-
tes type and assessment of proportional hazards assumptions
are available in Supplementary materials.

Results

Intotal, 61,212 (1.4%) children had a mother with a diabetes
diagnosis. Mothers with diabetes were slightly older and had
a higher pre-pregnancy BMI than mothers without diabetes
(Table 2). Children whose mother had diabetes were more
likely to have diabetes themselves, be the 3rd or later child, or
be born large for gestational age, while they were less likely
to be born after 40 weeks of gestation (Table 2).

In 51,864,010 person-years of follow-up time, 8,839
cases of childhood cancer were identified. Mean (SD) age at
diagnosis was 6.0 (4.4) years and 46.2% of cases were girls.

We found no association between mothers’ diabetes status
and cancer in their children when all cancer subtypes were
combined (Table 3). For specific cancer subtypes, however,
children of mothers with diabetes had a 41% lower risk of
CBT compared with children of mothers without diabetes
(IRR [95% CI]: 0.59 [0.36, 0.96]). The association remained
after adjusting for the child’s sex, decade of birth, maternal
age, highest attained parental education level, birth order,
birth weight by gestational age, gestational age, child’s diabe-
tes status, and child birth defects (IRR [95% CI]: 0.56 [0.35,
0.91]). By contrast, children of mothers with diabetes had
a 47% higher risk of all types of leukemia combined (IRR
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Step 1

GWAS catalogue?®

Extract lead SNPs from loci robustly (Pgage 142
<5x1078) associated with diabetes traits (insulin
resistance, type 2 diabetes, and/or type 1
diabetes autoantibodies)

255 SNPs representing 152
independent loci
(i.e., 1Mbp regions)

v

Step 2

SNiPA proxy search?*

Identify all SNPs in pilot 1 of the 1000G project
that are in full linkage disequilibrium with the 255
identified SNPs (r?=1.0)

1125 lead SNPs and proxies
identified

Step 3
GRASP% Identify SNPs that also showed associations with
risk of brain tumours, leukemia, and/or lymphoma
and their subtypes at P<0.05 in publicly available
results from GWAS
A4
Step 4

on the other hand can at most result from genetic pleiotropy.

Examine if the association of SNPs with diabetes traits and SNPs with cancer subtypes are directionally consistent
with the association of maternal diabetes and childhood cancer subtype at the trait level. Directional consistency
could reflect either a causal effect of maternal diabetes on cancer risk, or genetic pleiotropy. Directional inconsistency

Step 5

dbSNP Identify likely causal variants and genes in loci showing evidence of association with

RugulomeDB diabetes traits and cancer subtypes using genomic location (dbSNP), predicted

GTEx%6:27 - regulatory consequences, for example histone modification, chromatin structure, transcription
factor binding (RegulomeDB), and effects on gene expression in 44 tissues (GTEX).

Figure | Flow chart of exploratory analysis of GWAS and functional annotation to examine causal inference and molecular mechanisms.

Abbreviation: GWAS, genome-wide association studies.

[95% CI]: 1.47 [1.13, 1.92]), and a 64% higher risk of ALL
than children of mothers without diabetes (IRR [95% CI]:
1.64 [1.23, 2.18]), in adjusted models. The adjusted IRR for
lymphoma was 1.45 (0.90, 2.36), suggesting a higher inci-
dence rate in children of mothers with diabetes than children
of mothers without diabetes.

Results from analyses examining subtypes of mater-
nal diabetes indicate a lower risk of CBT among children
of mothers with type 1 diabetes and gestational diabetes
(Table 4). There was a higher risk of leukemia and ALL
among children of mothers with type 1 diabetes and ges-
tational diabetes (Table 4). This association was stronger

636 submit your manuscript
Dove

Clinical Epidemiology 2017:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Maternal diabetes and incidence of childhood cancer

Table 2 Accumulated person-years at risk, demographic characteristics, and birth characteristics of children born in 1973-2014 and

followed from birth for up to 15 years or to December 2015, according to maternal diabetes status

Characteristics Children of mothers without
diabetes® (n=4,178,753)

Children of mothers with
diabetes® (n=61,212)

Person-years at risk 51,188,995 675,015
Mothers age at child’s birth (years), mean (SD) 287 (5.2) 30.9 (5.5)

Mother’s diabetes type
Type | diabetes

Type 2 diabetes

GDM

Child’s diabetes status
No

Yes

Child’s sex

Boys

Girls

Birth order

[

2

3+

Birth weight by gestational age
SGL

AGA

LGA

Gestational age

<37 weeks

3740 weeks

>40 weeks

Birth defects

No

Yes

Highest attained parental education level
Primary (<10 years)
Secondary (10-12 years)
Tertiary (>12 years)
Birth decade
1973-1980

1980-1990

1990-2000

2000-2010

2000-2014

Maternal pre-pregnancy BMI (kg/m?), mean (SD)°

Maternal smoking during pregnancy*
0 cigarettes/day

1-9 cigarettes/day

10+ cigarettes/day

50,944,404 (99.5)
244,591 (0.5)

26,289,766 (51.4)
24,899,229 (48.6)

21,445,817 (41.9)
18,746,963 (36.6)
10,996,215 (21.5)

5,158,361 (10.1)
40,927,017 (80.0)
5,103,616 (10.0)

2,802,759 (5.5)
34,720,592 (67.8)
13,665,644 (26.7)

49,155,526 (96.0)
2,033,469 (4.0)

2,977,053 (5.8)
23,006,602 (44.9)
25,205,339 (49.2)

10,041,403 (19.6)
14,149,956 (27.6)
14,891,162 (29.1)
10,804,766 (21.1)
1,301,709 (2.5)
238 (42)

29,053,180 (81.1)
4,367,741 (12.2)
2,400,719 (6.7)

248,709 (36.8)
132,961 (19.7)
293,345 (43.5)

642,315 (95.2)
32,700 (4.8)

348,774 (51.7)
326,241 (48.3)

237,496 (35.2)
232,066 (34.4)
205,453 (30.4)

46,553 (6.9)
434,737 (64.4)
193,725 (28.7)

93,337 (13.8)
501,756 (74.3)
79,922 (11.8)

643,277 (95.3)
31,738 (4.7)

45,769 (6.8)
323,052 (47.9)
306,194 (45.4)

44,947 (6.7)
154,272 (22.9)
234,946 (34.8)
211,238 31.3)
29,612 (4.4)
27.3 (5.9)

463,682 (81.9)
63,212 (112)
39,212 (6.9)

Notes: *Data shown as n (%) unless otherwise specified. "Among mothers included in the main analysis with this information available (n=2,596,189). “Among mothers

included in the main analysis with this information available (n=3,154,313).

Abbreviations: GDM, gestational diabetes mellitus; SGA, small for gestational age; AGA, appropriate for gestational age; LGA, large for gestational age; BMI, body mass

index.

among children of mothers with type 1 diabetes. There was
no evidence of an association of maternal type 2 diabetes
with CBT, leukemia, or ALL. However, relatively few moth-
ers had a type 2 diabetes diagnosis and hence few cases of
cancer were identified in children of this subgroup of women
(Table 4). For lymphoma point estimates indicate a positive

association with type 2 diabetes and gestational diabetes.
However, there were few exposed cases, which led to wide
ClIs for these estimates (Table 4).

Analyses with additional adjustment for pre-pregnancy
BMI and maternal smoking during pregnancy (available
for a subset of mothers) yielded largely similar results as
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Table 3 IRRs and 95% Cls of different types of childhood cancer by maternal diabetes status in 4,239,965 children born in 1973-2014
and followed from birth for up to age 15 years or to December 2015

Outcome and exposure Number of Model I° IRR Model 2* IRR Model 3< IRR
categories cases (95% CI) (95% ClI) (95% ClI)

All cancer subtypes combined

No maternal diabetes 8,709 Reference Reference Reference
Maternal diabetes 130 .11 (0.94, 1.32) 1.10 (0.92, 1.30) 1.06 (0.89, 1.26)
CBT

No maternal diabetes 2,063 Reference Reference Reference
Maternal diabetes 16 0.59 (0.36, 0.96) 0.59 (0.36, 0.97) 0.56 (0.35, 0.91)
Leukemia’

No maternal diabetes 2,631 Reference Reference Reference
Maternal diabetes 56 1.57 (1.20, 2.04) 1.52 (1.16, 1.98) 1.47 (1.13, 1.92)
ALL

No maternal diabetes 2,043 Reference Reference Reference
Maternal diabetes 48 1.73 (1.30, 2.30) 1.67 (1.25, 2.22) 1.64 (1.23,2.18)
Lymphoma

No maternal diabetes 884 Reference Reference Reference
Maternal diabetes 17 1.48 (0.92, 2.39) 1.43 (0.88, 2.31) 1.45 (0.90, 2.36)

Notes: Estimated using Cox proportional hazards models. *Unadjusted estimates. ®Adjusted for child’s sex, decade of birth, maternal age, highest attained parental education
level, and birth order. ‘Adjusted for child’s sex, decade of birth, maternal age, highest attained parental education level, birth order, birth weight by gestational age, gestational

age, child’s diabetes status, and child birth defects. All types of leukemia combined.

Abbreviations: IRRs, incidence rate ratios; Cls, confidence intervals; CBT, childhood brain tumor; ALL, acute lymphoblastic leukemia.

compared with the main analysis (Table S2). However, in this
subset of children there was no evidence of an association
between maternal diabetes and lymphoma either before or
after additionally adjusting for maternal smoking and BMI.
The second additional analysis assessed associations with
cancer diagnosed before age 6 years. The results were con-
sistent with the main findings and suggest stronger associa-
tions in early childhood (Table S3). In one further additional
analysis, extending follow-up to 20 years of age attenuated
the associations of maternal diabetes with CBT, while the
association with lymphoma was strengthened compared with
results from the main analysis (Table S4).

Examining the association of loci identified by large-scale
GWAS for diabetes traits (P<5x107),'1 with risk of cancer
subtypes (P<0.05) identified 13 independent loci that showed
suggestive evidence of association with risk of neuroblastoma
(ten loci),” common Hodgkin lymphoma (one locus),?! or
childhood ALL (two loci) (Table S5).22 No evidence of associa-
tions with other cancer subtypes were observed at P<0.05. Of
the ten neuroblastoma-associated loci, an interaction with BMI
for fasting insulin obscured the direction of effect for one locus.
Of the remaining nine loci, four showed directionally contrast-
ing associations with the risk of insulin resistance and diabetes
on one hand and neuroblastoma on the other hand, in line with
the inverse association between maternal diabetes and risk of
CBT (Table S5). The effect of these four loci is thus compatible

with a causal (protective) effect of maternal insulin resistance
and type 2 diabetes on the risk of neuroblastoma. Two of the
four loci stand out in terms of biological relevance. Firstly, the T
allele of rs5215 —a missense variant in KCNJ1 [ —is associated
with a lower risk of type 2 diabetes (P=3x1071),!8 a higher risk
of neuroblastoma (P=0.014) (Table S5),% a lower expression
of KCNJ11 in skeletal muscle (P=3.2x107%), and a trend for
a lower expression of KCNJ11 in cortex, hypothalamus, and
cerebellum (P=0.016-0.032) (Table S6).?” Secondly, the A
allele of rs308971 —an intronic variant in SYN2 —is associated
with lower fasting insulin levels (P=2x107),'¢ a higher risk of
neuroblastoma (P=0.031) (Table S5),%° and a lower expression
of SYN2 in pancreas (P=2.3x107®), tibial artery (P=8.4x107),
and thyroid (P=1.3x107) (Table S6).” Among the five loci
for which the diabetes-increasing allele is associated with an
increased risk of neuroblastoma, which can by definition at
most represent genetic heterogeneity, is an intronic variant in
insulin-like growth factor 2 (/GF2) (rs1004446) for which the
G allele is associated with the presence of type 1 diabetes auto-
antibodies (P=3.0x107%),'” an increased risk of neuroblastoma
(P=8.8x107%),% and a lower expression of /GF?2 in esophagus
mucosa (P=3.2x107).%7

The A allele 0of rs2476601 — an intronic variant in AP4B1-
ASI — has been associated with the presence of type 1 dia-
betes autoantibodies (P=2.0x107'"")'7 and increased risk of
common Hodgkin’s lymphoma (P=3.7x1073).2! rs2476601 is
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Table 4 IRRs and 95% Cls of different types of childhood cancer by type of maternal diabetes in 4,239,965 children born in 19732014

and followed from birth for up to age |5 years or to December 2015

Outcome and exposure Number of Model I° IRR Model 2° IRR Model 3¢ IRR
categories cases (95% CI) (95% CI) (95% ClI)

All cancer subtypes combined

No maternal diabetes 8,709 Reference Reference Reference

Type | diabetes 53 1.24 (0.95, 1.63) 1.24 (0.94, 1.62) 1.18 (0.90, 1.55)
Type 2 diabetes 26 1.15 (0.78, 1.69) 1.13(0.77, 1.67) 1.09 (0.74, 1.60)
GDM 51 0.99 (0.75, 1.30) 0.96 (0.73, 1.27) 0.94 (0.72, 1.24)
CBT

No maternal diabetes 2,063 Reference Reference Reference

Type | diabetes 5 0.50 (0.21, 1.20) 0.50 (0.21, 1.20) 0.45 (0.19, 1.08)
Type 2 diabetes 7 1.31 (0.62, 2.74) 1.29 (0.61, 2.72) 1.24 (0.59, 2.60)
GDM 4 0.34 (0.13, 0.90) 0.34 (0.13,0.91) 0.34 (0.13, 0.90)
Leukemia®

No maternal diabetes 2,631 Reference Reference Reference

Type | diabetes 24 1.85 (1.24, 2.77) 1.83 (1.23,2.73) 1.75 (1.18, 2.61)
Type 2 diabetes 8 1.17 (0.58, 2.34) 1.14 (0.57, 2.28) 1.10 (0.55, 2.20)
GDM 24 1.50 (1.01, 2.25) 1.43 (0.96, 2.14) 1.41 (0.94, 2.11)
ALL

No maternal diabetes 2,043 Reference Reference Reference

Type | diabetes 21 2.09 (1.36, 3.21) 2.06 (1.34, 3.17) 2.02 (1.33, 3.08)
Type 2 diabetes 7 1.32 (0.63, 2.76) 1.26 (0.60, 2.66) 1.24 (0.59, 2.60)
GDM 20 1.62 (1.04, 2.51) 1.53 (0.98, 2.38) 1.51 (0.97, 2.35)
Lymphoma

No maternal diabetes 884 Reference Reference Reference

Type | diabetes 5 1.17 (0.49, 2.82) 1.16 (0.48, 2.79) 1.21 (0.50, 2.92)
Type 2 diabetes 4 1.74 (0.65, 4.65) 1.64 (0.61, 4.39) 1.64 (0.61, 4.40)
GDM 8 1.63 (0.81, 3.27) 1.56 (0.77, 3.13) 1.56 (0.78, 3.15)

Notes: Estimated using Cox proportional hazards models. *Unadjusted estimates. "Adjusted for child’s sex, decade of birth, maternal age, highest attained parental education
level, and birth order. “Adjusted for child’s sex, decade of birth, maternal age, highest attained parental education level, birth order, birth weight by gestational age, gestational

age, child’s diabetes status, and child birth defects. ‘All types of leukemia combined.

Abbreviations: IRRs, incidence rate ratios; Cls, confidence intervals; GDM, gestational diabetes mellitus; CBT, childhood brain tumor; ALL, acute lymphoblastic leukemia.

located in a binding site for the STAT3 transcription activa-
tor,?® which plays a key role in many cellular processes like
cell growth and apoptosis. Mutations in STAT3 have been
associated with infantile-onset multisystem autoimmune
disease and hyper-immunoglobulin E (IgE) syndrome.?%
Referrals for elevated IgE levels have previously resulted in
a Hodgkin’s lymphoma diagnosis.*

The G allele of rs7756992 — an intronic variant in
CDKALI —has been associated with an increased risk of type
2 diabetes (P=2x107%%)'® and an increased risk of childhood
ALL (P=0.012).22 rs7756992 is located in a binding site for
regulatory factor X 3 (encoded by RFX3),% which influences
HLA class I expression. HLA class II disparity is important
for efficient induction of graft vs. leukemia immunity against
poorly immunogenic ALL.3!

Discussion
In this large nationwide study, children of mothers with diabe-
tes had a lower risk of CBT and a higher risk of all leukemia

subtypes combined, ALL, and lymphoma than children of
mothers without diabetes. This study is the first to examine
different types of maternal diabetes and specific subtypes
of offspring cancer in detail. The association with CBT was
found for both maternal type 1 diabetes and gestational dia-
betes. The associations with leukemia and ALL were most
pronounced for maternal type 1 diabetes, with indication of
the same direction of effect for gestational diabetes.

In contrast to previous studies,”!® we found no association
between maternal diabetes and offspring cancer risk when all
cancer subtypes were combined. Compared with our study,
previous studies were small,’ or followed children into adult-
hood,'* which limits the comparability. The etiology of differ-
ent types of childhood cancer is likely to vary substantially
and hence pooling all cancer subtypes may have spuriously
hidden associations of cancer subtypes.

The results of our study are in line with those of a pre-
vious study that showed inverse associations of maternal
pre-pregnancy diabetes with offspring risk of several types
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of CBT.” In our study, this association was independent of
the potential confounding/mediating factors, maternal and
paternal age, highest attained parental education level, birth
order, birth weight by gestational age, gestational age, child’s
sex, and child’s diabetes status. Moreover, the association
remained after additionally adjusting for maternal pre-preg-
nancy BMI and maternal smoking during pregnancy. Previous
studies have hypothesized that exposure to gestational diabe-
tes may be a distal element driving the positive association of
high birth weight and high fetal growth with CBT.* However,
the results from our study do not support this suggestion,
since we found an inverse association that was independent
of birth weight by gestational age. In further support of our
findings, studies in adults have shown an inverse association
between diabetes and risk of glioma.!>*? The similarity of
our results and findings in adults is consistent with a shared
etiology.*® An inverse association between diabetes and risk
of glioma in adults may reflect a protective effect of increased
immune surveillance in patients with autoimmune (type 1)
diabetes.>** It is possible that such protection could be con-
ferred to offspring in utero. However, a lower risk of CBT
was seen among children of mothers with type 1 diabetes
and children of mothers with gestational diabetes. Since
gestational diabetes does not have a known autoimmunity
component, our results suggest that a protective effect may be
a consequence of hyperglycemia and/or hyperinsulinemia.
In line with this, four of the nine genetic variants that pre-
dispose to insulin resistance or type 2 diabetes were also
associated with a lower risk of neuroblastoma. Within these
loci, LINC00824, PDX1-4S1, and especially KCNJ11 and
SYN2 warrant further research to confirm or refute a causal
effect on risk of neuroblastoma through glycaemia-related
traits. IGF2 is another obvious candidate gene, since in mice
the autocrine action of this gene is required for beta-cell
mass expansion during preganacy.’” However, the directions
of effect observed for intronic variants in this gene imply its
associations with neuroblastoma risk and type 1 diabetes
antibodies represent at most genetic pleiotropy.

In support of previous studies,”® we found a 50%—60%
higher incidence of leukemia and ALL among children
whose mother had diabetes as compared with children of
non-diabetic mothers. Birth weight and fetal growth, which
are associated with maternal diabetes, have been identified
as risk factors for childhood leukemia, potentially via IGF-1
pathways.>* However, we adjusted for birth weight by ges-
tational age, and mechanisms independent of birth weight
and fetal growth are thus more likely to explain our results.
In analyses examining specific types of maternal diabetes,
the largest effect sizes were observed for the associations

of type 1 diabetes with leukemia and ALL. However, the
association of type 1 diabetes and gestational diabetes with
leukemia and ALL was directionally consistent, suggesting
that hyperglycemia and/or hyperinsulinemia themselves are
likely important. Of note, inference from results of analyses
of diabetes subtype should be interpreted with caution, since
the number of exposed cases was low.

This is the first study that has examined if subtypes of
maternal diabetes are associated with risk of lymphoma.
There were indications of an excess risk of lymphoma in
children of mothers with type 2 diabetes and gestational
diabetes, but not type 1 diabetes. There was no evidence of
this association in additional analyses that included only the
subset of the population with data on maternal pre-pregnancy
BMI and maternal smoking during pregnancy. However, this
subgroup contained few exposed cases.

The associations of maternal diabetes with CBT, leu-
kemia, and ALL in offspring were stronger when children
were followed until age 6 years, rather than age 15 years, and
were attenuated by including follow-up to age 20 years. This
indicates that maternal diabetes has the strongest effect on
risk of childhood cancer in the earliest stages of life.

Strengths of this study are the national population-based
cohort design and large sample size. Detailed information
from national registers with high quality and validity enabled
adjustment for potential confounding factors and reduced
the chance of exposure misclassification and selection bias.
However, since both the exposure and the outcomes addressed
in this study are rare, the number of exposed cases is rela-
tively low. In addition, some non-differential misclassifica-
tion of diabetes status — where women with diabetes are not
captured in the earlier periods of the study — is likely, since
the inpatient register has only had national coverage since
1987, while data from the outpatient register are available
only from 2001. As a result, the reported effects are conser-
vative estimates, since some children who developed cancer
may have had mothers with diabetes that was not captured.
Some women classified as having type 2 diabetes may have
an autoimmune form of diabetes, for which no separate ICD
codes are available, for example latent autoimmune diabetes
in adults; this may introduce further misclassification into
the exposure. One further limitation is that only codes from
ICD-7 were available throughout the follow-up period; so,
it was not possible to classify childhood cancer according
to the Birch and Marsden classification scheme.*® While this
may limit comparability with studies that used different clas-
sification systems, it is unlikely to have a substantial impact
on the results due to the broad disease subgroups included
in this analysis. Although some children were excluded from
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analyses, <1% of the whole cohort had missing data and so
these exclusions are unlikely to influence our results.

Overall, the results of this study are compatible with a role
of the prenatal and perinatal glycemic environments in the
etiology of childhood cancer. Future studies with specific infor-
mation on biomarkers and maternal glycemic control could
provide additional insight into mechanisms that may underlie
the association between diabetes and childhood cancer.
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