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Background. Type 1 diabetes (T1D) is an autoimmune
disease affecting individuals in the early years of life.
Although previous studies have identified genetic
loci influencing T1D diagnosis age, these studies did
not investigate the genome with high resolution.

Objective and methods. We performed a genome-wide
meta-analysis for age at diagnosis with cohorts
from Finland (Finnish Diabetic Nephropathy
Study), the United Kingdom (UK Genetic Resource
Investigating Diabetes) and Sardinia. Through SNP
associations, transcriptome-wide association anal-
ysis linked T1D diagnosis age and gene expression.

Results. We identified two chromosomal regions
associated with T1D diagnosis age: multiple

independent variants in the HLA region on chro-
mosome 6 and a locus on chromosome 17q12. We
performed gene-level association tests with tran-
scriptome prediction models from two whole blood
datasets, lymphocyte cell line, spleen, pancreas
and small intestine tissues. Of the non-HLA
genes, lower PNMT expression in whole blood,
and higher IKZF3 and ZPBP2, and lower ORMDL3
and GSDMB transcription levels in multiple tis-
sues were associated with lower T1D diagnosis
age (FDR = 0.05). These genes lie on chrl17ql2
which is associated with T1D, other autoimmune
diseases, and childhood asthma. Additionally,
higher expression of PHF20L1, a gene not previ-
ously implicated in T1D, was associated with
lower diagnosis age in lymphocytes, pancreas,
and spleen. Altogether, the non-HLA associations
were enriched in open chromatin in various blood
cells, blood vessel tissues and foetal thymus
tissue.

Conclusion. Multiple genes on chrl7ql2 and
PHF20L1 on chr8 were associated with T1D diag-
nosis age and only further studies may elucidate
the role of these genes for immunity and T1D onset.

Keywords: age of onset, genome-wide association
study, transcriptome-wide association analysis,
type 1 diabetes.

Introduction

Over 60 loci in the genome contribute to genetic
predisposition to type 1 diabetes (T1D) [1-5] in
which insulin deficiency results from an autoim-
mune attack against insulin-producing beta cells
of the pancreatic islets. Heterogeneity in the dis-
ease aetiology is recently acknowledged and
immunological processes leading to T1D in

individuals diagnosed later in life appear different
from the processes in individuals having disease
onset in early childhood, in which B cells are
involved in the pathological process in the pan-
creas [5]. Different genes and genetic variants may
thus affect disease course at varying ages, also
suggested by the high diagnosis age correlation
(¥ = 0.95) in Finnish monozygotic twins concor-
dant for T1D [6]. Of the known T1D risk loci,
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however, only the HLA locus and a few non-HLA
loci, have been associated with age at diagnosis [7-
10]. Genetic risk score combines risk-increasing
alleles into a single score and the genetic risk score
for T1D has already been suggested for clinical use
for screening of infants at highest T1D risk [11]. All
disease-susceptibility variants are included in the
score, but only a few known T1D variants have
stronger effects in individuals with early-onset
disease [10].

Whilst many T1D-associated SNPs show enrich-
ment in lymphoid cell enhancers [4] or regulate
tissue-specific gene expression [12], the true bio-
logical effect of many T1D susceptibility loci
remains unknown. Nevertheless, enrichment anal-
yses examining whether risk variants preferentially
lie in regulatory regions can highlight tissues or cell
types that are likely implicated in disease aetiology.
Transcriptome-wide association analysis is
another method to transfer information from
genetic variation to biological effects and gene
expression in multiple tissues.

The latest and largest meta-analyses for T1D [4]
and T1D diagnosis age [9] have been performed
with variants from the ImmunoChip, a large scale
but targeted genotyping platform which covers only
loci previously associated with immunological dis-
eases. We now took a genome-wide approach by
performing a large genome-wide association study
(GWAS) meta-analysis in 12,539 individuals with
T1D from the Finnish Diabetic Nephropathy (Finn-
Diane) Study, the UK Genetic Resource Investigat-
ing Diabetes (UK GRID), and Sardinia cohorts. Our
aim was to identify variants affecting T1D diagno-
sis age and thereafter, utilizing the genome-wide
coverage of our analysis, we aimed to link the
variants to open chromatin indicating active gene
expression in different cell types and finally, we
performed transcriptome-wide association analy-
ses in disease-relevant tissues.

Methods
Genotyping and imputation

Local Ethics committees approved studies in
cohorts from Finland, U.K. and Italy participating
in this study. In the FinnDiane, we included 5162
individuals with diabetes onset < 40 years and
insulin treatment started within one year from
diagnosis but also accepted individuals with T1D
diagnosis < 18 but missing data on insulin treat-
ment. These individuals had earlier passed quality

control after genotyping and imputation performed
as previously described [13] and the details pro-
vided in Table S1. The UK GRID collection was
divided into two strata according to the genotyping
platform: 1925 individuals were genotyped using
the Affymetrix GeneChip Mapping 500 K and for
3976 using the [llumina 550 K Infinium microar-
ray platform ([llumina, San Diego, CA). Genotyping
had been performed as part of earlier genetic
studies [1, 3]. Sardinian individuals were recruited
from a larger autoimmunity cohort studying mul-
tiple sclerosis and T1D, involving 8546 individuals
genotyped at 883 557 SNPs with either Affymetrix
500 K (5673 individuals) and Illumina Omni
Express (3068 individuals). Amongst these, 1558
individuals had T1D of which 1476 were eligible for
this study. Imputation method was Minimac3 with
a custom reference panel of Sardinian individuals
as in Sidore et al. [14].

GWAS meta-analysis

GWAS was performed in each cohort using natural
logarithm of age at diagnosis (0.5-40 years,
Fig. S1) as the phenotype. Sex and cohort specific
covariates (genotyping batch and population strat-
ification variables) were included in a linear regres-
sion frequentist-test with SNPTEST v.2 [15], (UK
GRID and Sardinia) or score-test with RVTESTS
software [16], (FinnDiane). We selected variants
with imputation quality score info >0.6 and minor
allele frequency (MAF) >1% for meta-analysis. We
combined effect sizes (Beta) and standard errors
(SEs) with fixed effect meta-analysis using METAL
software [17]. Final results comprised 7 374 092
variants with association results in >2 cohorts.

Secondary analyses of the top variants

HLA imputation

We analysed the meta-analysis top variants in
HLA-risk groups in the FinnDiane cohort. We
successfully imputed the HLA haplotypes for
5152 out of 5162 individuals in our GWAS cohort
with the SNP2HLA software [18] with default
parameters and Type 1 Diabetes Genetic Consor-
tium reference panel consisting of 3924 SNPs and
4-digit HLA-genotypes. We used previously geno-
typed HLA-alleles (4- or 2-digit accuracy) for 4279
FinnDiane study participants [19] for imputation
quality validation. The imputed alleles for HLA-
DQA1, HLA-DQBI, and HLA-DRBI matched the
genotyped alleles with >97.2% accuracy. Table S2
lists all HLA II-locus haplotypes we used to define
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HLA-risk groups, but they were in brief (i) T1D
high-risk: DR4-DQ8/DR3-DQ2 heterozygotes
(n=1300), (ii) medium-risk: one or two copies of
DR4-DQ8 or DR3-DQ2 (n=3167), and (iii) low-
risk: protective HLA II haplotypes or other DR4 and
DR3 haplotypes (n = 681).

Stratifying according to age at diagnosis

Wide T1D diagnosis age distribution in the Finn-
Diane (0.5-39.9) enabled us to divide the cohort
into individuals diagnosed before (n=3157) or
after (n=2005) the age of 16. We tested the
association between meta-analysis top variants
and age at diagnosis separately in these two
groups.

Enrichment analysis

GWAS Analysis of Regulatory or Functional Infor-
mation Enrichment with LD correction (GAR-
FIELD) v.2 software package provided
annotations, linkage disequilibrium data, location
of SNPs relative to transcription start sites (TSS),
and scripts for enrichment analysis [20]. Annota-
tion data originated from Encyclopedia of DNA
elements (ENCODE, [21]) and NIH Roadmap Epige-
nomics Consortium [22] and consisted of 424
DNase I hypersensitive-site (DHS) annotations
and 41 footprint-annotations from the same tis-
sues, both indicating open and active DNA in
multiple tissues, cells and cell lines.

On average, each tissue or cell data included
31 505 genomic DHS loci and 6117 footprint-
annotations. Calculated number of effective anno-
tations (223) set the significance threshold to
P=2.25 x 10*. We performed enrichment analy-
sis of GWAS meta-analysis loci with P< 10~ and
P < 10™* with similar settings used in the original
paper by lotchkova et al. [20]: number of bins was
15 for LD and 5 for TSS. Variants were pruned to
independent variants (r* < 0.1) based on UK10K
collection with 3621 samples from TwinsUK and
ALSPAC population cohorts. The second step was
annotation of all independent variants, as well as
all variants having 7 > 0.8 with the pruned SNPs.
Finally, for all different annotations, enrichment of
age at diagnosis-associated variants was calcu-
lated.

Transcriptome-wide association analysis

We implemented transcriptome-wide association
analysis with MetaXcan that uses S-PrediXcan,

extension of PrediXcan, and it only requires GWAS
SNP-level summary statistics [23, 24]. We down-
loaded pre-calculated transcriptome prediction
models (MASHR-based) and SNP covariance tables
from PredictDB (http://predictdb.org/). We
selected five relevant tissues and cells (GTEx v.8)
for the primary analysis: whole blood, Epstein-Barr
virus (EBV)-transformed lymphocytes, and spleen
for their relevance in immunity, pancreas as a
target organ and small intestine due to the poten-
tial role of gut immune system in the pathogenesis
of T1D. We harmonized and imputed our SNPs to
GTEx variants as described in ref [25]. Significant
results had P< 1.3 x 107° and false discovery rate
(FDR) of 0.05 calculated with Benjamini-Hochberg
procedure with combined results of the five tissues
(a total of 63 947 genes analysed).

We also checked gene-level association results for
selected age at diagnosis GWAS meta-analysis loci
genes from sigmoid colon, adrenal gland, thyroid,
liver and lung tissues. In addition, we selected
another whole blood transcriptome prediction
model from 922 individuals from Depression Genes
and Networks (DGN) study [26] to compare the
whole blood transcriptome prediction models. Pivi-
dori and colleagues [27] ran MetaXcan (S-PrediX-
can) for 4091 traits of which 4049 were from
UKBB, with transcription prediction models gen-
erated with GTEx v.8 data. We searched transcrip-
tome-wide association results of two diabetes-
related UKBB phenotypes: ‘Age diabetes diag-
nosed’ and ‘E10:Insulin-dependent diabetes melli-
tus’ from http://apps.hakyimlab.org/phenomexca
n/. We queried all our significantly associated
genes (at FDR = 0.05) from the results generated
with UKBB data. In addition, we compared three
top genes per tissue found in UKBB Age diabetes
diagnosed —phenotype with our results from T1D
diagnosis age.

eQTLs and trait-associations

We queried from GTEx v.8 (www.gtexportal.org)
and Database of Immune Cell EQTL/Expression/
Epigenomics (www.dice-database.org) whether the
index SNPs associated with T1D diagnosis age were
estimated quantitative trait loci (eQTLs) i.e. asso-
ciated with gene transcription. We also examined
phenotypic associations of chromosome 17 locus
index SNP from the UKBB round 2 GWAS summary
statistics (released August 2018) from Open Tar-
gets (https://genetics.opentargets.org/, accessed
October 2019) that also presents publicly available
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GWAS results including T1D ImmunoChip meta-
analysis [4].

Chromosome-conformation capture

We used Capture HiC Plotter [28] at https://www.c
hicp.org/chicp/ to look for chr17ql2 region geno-
mic interactions. We uploaded our meta-analysis
results with P< 1 x 107* to be integrated in the
plots.

Data resource and availability

The datasets analysed during the current study are
not publicly available because we do not have the
permission to release patient genotypic data. The
scripts used to perform meta-analysis and subse-
quent analyses are available from corresponding
author upon reasonable request.

Results
GWAS meta-analysis

A total of 275 variants were associated with age at
diagnosis with genome-wide significance
(P<5 x 1078, Fig. 1). Most associations were
within the HLA region where altogether 21 inde-
pendent (¥ <0.1 in 1000G EUR) significant or
suggestive (P < 1x107°) age at diagnosis-associa-
tions emerged in HLA I, HLA II and HLA III regions,
of which eleven were significant at FDR = 0.01 and
seven at genome-wide level (Table S3). The stron-
gest association was observed for rs116763857
(G >T, GRCh37:chr6:31,141,482) with major G-
allele associated with lower diagnosis age
(Beta = —0.295, SE =0.006, P=1.2x 107"
Fig. S2). Due to the MAF < 0.01 in the Sardinian
cohort, the meta-analysis for this SNP included
only results from UK GRID (Illumina: MAF = 0.032,
Affymetrix: MAF = 0.034) and FinnDiane
(MAF = 0.020).

Outside the HLA region, altogether 18 independent
variants (r* < 0.1 in 1000G EUR) showed sugges-
tive association (P < 5x107%) with T1D diagnosis
age, of which 12 were significant at FDR = 0.05
(Table 1). Whilst 17 of the suggestive associations
were at genomic loci not previously associated with
T1D, the only genome-wide significant association
outside HLA was at known T1D susceptibility locus
chr17ql2, where the major C-allele of the locus
index SNP rs2941522 (C > T) was associated with
lower T1D diagnosis age (Beta= —0.069,
SE = 0.012, P= 7.3 x 10 %; Fig. 2a). Direction of

effects was consistent in FinnDiane and UK GRID
(Fig. 2b) whilst in the Sardinia cohort data,
rs2941522 was filtered out from the imputation
reference panel. SNP rs9747973 in complete LD
with rs2941522 (* = 1.0 in 1000G EUR) was not
associated with diagnosis age in the Sardinian
cohort (Beta = 0.012, SE = 0.026, P= 0.641), and
neither was the chr17q12 locus meta-analysis 2nd
top SNP rs11078921 that is in moderate LD
(7 = 0.44 in 1000G EUR) with rs2941522 (Fig. S3).

In FinnDiane, T1D was diagnosed 1.3 years earlier
in individuals with the homozygous major allele CC
genotype at rs2941522 (T1D diagnosis age median
[IQR] = 13.1 [7.7-20.4]), when compared to indi-
viduals homozygous for the minor T allele (14.4
[9.5-22.8]). Interestingly, the secondary analysis of
the stratified FinnDiane cohort showed that SNP
rs2941522 as well as nearly all other top variants
in the meta-analysis were associated with diagno-
sis age (P < 0.05) only in individuals with T1D
diagnosis age < 16, but not in the late-onset group
(Fig. S4).

Another secondary analysis in FinnDiane showed
that rs2941522 association was independent of
HLA II haplotypes: Effect sizes for the major C-
allele were similar in individuals with high-risk
DR4-DQ8/DR3-DQ2 heterozygous diplotype
(Beta = —0.095, P = 0.0023), in those having med-
ium HLA risk (Beta = -0.053, P=0.0044), and
amongst individuals with other/protective HLA II
haplotypes (Beta = —0.098, P= 0.017, heterogene-
ity test in METAL, P = 0.378).

Focus on chr17q12 locus

Index variant

Our index variant rs2941522 at chr17q12 lie in an
established T1D susceptibility region: in the T1D
ImmunoChip meta-analysis [4], the rs2941522
risk allele was major C (T1D P= 1.4 x 107) and
the same allele was associated with lower age at
diagnosis in our study. In addition, rs2941522 is
strongly correlated with the reported T1D locus
index SNPs rs2290400 [3] and rs12453507 [4]
(¥ > 0.8; 1000G EUR). The age at diagnosis-low-
ering C-allele of rs2941522 is also correlated with
known functional polymorphisms; splice-site-af-
fecting C-allele of rs11078928 (* = 0.73) resulting
in lower GSDMB (Gasdermin B) expression and
rs4065275 A-allele disrupting a CTCF-binding
motif (* = 0.74) causing lower ORMDL3 (ORMDL
Sphingolipid Biosynthesis Regulator 3) expression
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Fig. 1 Type 1 diabetes diagnosis age GWAS meta-analysis results. Two horizontal lines indicate P value thresholds for
genome-wide significant (log;o(P) > 7.30; P < 5 x 10~%) and suggestive [(log;o(P) > 5; P < 10~°] associations. Two peaks

emerge in HLA region on chromosome 6 and on chrl7ql2.

in whole blood. These correlations are only appar-
ent in 1000G Europeans, whilst in Africans the
SNPs are not in LD (Fig. S5).

UKBB

In the UKBB GWAS data, the age at diagnosis-
lowering C-allele of rs2941522 was strongly associ-
ated with lower white blood cell and neutrophil
counts, and lower neutrophil but higher lymphocyte
and monocyte percentages (9.5 x 107101
<P<26 x 107'°, Table S4). In addition, C-allele
was associated with higher age at asthma diagnosis
(P=3.9 x 107%9).

eQTL evidence

Our chrl17ql2 index variant rs2941522 correlates
most strongly with IKZF3 (IKAROS Family Zinc
Finger 3) top eQTL in whole blood (GTEx v.8,
7 = 0.972 with rs907091). SNP rs2941522 is also
correlated (> 0.80) with top eQTL variants for
GSDMB and ORMDL3 in whole blood, EBV-trans-
formed lymphocytes, spleen and small intestine
tissues. The rs2941522 itself is associated with
expression of a total of 16 genes in eQTLgen whole
blood data [29] (P< 7.6 x 107°) with the strongest
association with IKZF3, GSDMB and ORMDL3
expression (P= 3.3 x 10°!9. In immune cell sub-
types, the C-allele was associated with lower
GSDMB expression most strongly in naive B cells
(adjusted P= 7.9 x 107'%, but also in many T-cell
subtypes, but not in monocytes. eQTL evidence for
rs2941522 on ORMDL3 expression was similar, but

less evident in the same cell types (e.g. adjusted
P=6.3 x 10® in naive B cells). Unfortunately,
eQTL data for IKZF3 was modest in the DICE-
database (top eQTL had adjusted P = 0.004).

Chromatin conformation

Only the B-lymphocyte-derived GM 12878 cell line
and CD34 haematopoietic stem cells in the Hi-C
dataset by Mifsud et al. [30] had detectable chro-
matin conformation interactions for the genomic
region containing rs2941522. This region had 3D-
interactions (ChiGAGO score > 5) with transcrip-
tion start sites of multiple genes including ORMDL3
and GSDMB in the GM12878 cell line (Fig. S6) but
only one interaction in the haematopoietic stem
cells (CD34) with GSDMA gene.

Age at diagnosis and TI1D susceptibility loci

We specifically examined 62 T1D-associated vari-
ants outside the HLA for association with diagnosis
age. None of the T1D loci index variants was
associated with age at diagnosis at genome-wide
significance (Table S5). Nineteen variants (31%),
however, had nominal age at diagnosis association
(P < 0.05), and in all instances, previously reported
T1D risk alleles were associated with lower diag-
nosis age (Binomial test P=5.5 x 107 !6). We
replicated (P < 0.05) previously shown age at diag-
nosis-associations at five loci with consistent effect
directions with the earlier findings (Table S6), and
the strongest association being at chr17q12 locus
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diagnosis in FinnDiane and UK GRID Illumina and Affymetrix cohorts and the corresponding meta-analysis result. In the

Sardinian cohort, this variant was absent.

lead SNP rs2290400 (P=3.9 x 10°°). The most
recent IL2 locus lead SNP rs75793288 [4] is
triallelic and was missing from all our cohorts
likely due to filtering out in quality control steps.
Therefore, we searched for association results of
the previous index variant rs2069763 [31]. T1D
risk alleles for rs2069763 (IL2), rs12416116
(RNLS), rs6476839 (GLIS3) and 1rs34593439
(CTSH) were nominally associated with lower diag-
nosis age in our study (IL2; P=9.1 x 10~°, RNLS;
P=0.014, GLIS3; P=0.005, CTSH; P=0.001).
SNPs rs72975913 and rs802719 in PTPRK/THE-
MIS locus on chromosome 6q22.33 that showed
association with lower disease onset and higher
T1D risk in early childhood (disease
onset < 5 years) [9], were similarly associated with
lower diagnosis age in our study (rs72975913;
P=4.1 x 107* and rs802719; P= 0.037).

Open chromatin - enrichment analysis

To study genomic location of age at diagnosis-
associated SNPs, we performed enrichment analy-
sis with GARFIELD. The number of independent
loci from our GWAS meta-analysis with
P< 1x107° were 40 or 17 when excluding HLA-
region variants, and 171 or 138 with P< 1x10~*
threshold. We chose the P < 1x10~* threshold with
higher number of loci as the more relevant for
enrichment analysis. These genomic loci were
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enriched in open chromatin (DHSs) in many tis-
sues, although they were most often located in
blood cells (Fig. 3). Performing the same analysis
without HLA-region SNPs showed their drastic
impact on the results and dropped the number of
enriched annotations from 193 to 43, out of which
16 (37%) were different blood cells, 7 (16%) were
blood vessel tissues, and 4 (9%) were foetal thy-
mus-tissue-annotations (Binomial test P < 0.05
showing enrichment in these three tissues/cells,
Table S7). Analysis of another open chromatin
signature, genomic footprints, showed four
enriched tissues (P < 2.25 x 107%), of which only
skin AG10803-tissue appeared also amongst the
significant DHS-annotations (Table S8).

Transcriptome-wide association analysis

To utilize SNPs affecting gene expression (eQTL
SNPs) in a genome-wide setting, we studied the
association of age at diagnosis and gene expression
with transcriptome-wide association analysis. Pri-
mary analysis with five GTEx tissues showed 17
significant associations between gene expression
and TI1D diagnosis age at FDR=0.05
(P<1.2 x 1075, Table 2). In whole blood, only
higher IKZF3 (chrl7ql2) expression was associ-
ated earlier T1D diagnosis (P= 1.8 x 10~°). Higher
IKZF3 expression was associated with lower age at
diagnosis also in EBV-transformed lymphocytes,

© 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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whilst several other genes at the same chrl17ql2
locus were associated with lower diagnosis age also
in other tissues: lower expression of GSDMB and
ORMDL3 in EBV-transformed lymphocytes, small
intestine and spleen, and higher ZPBP2 expression
in EBV-transformed lymphocytes and small intes-
tine. Of the HLA-region genes, higher HLA-G
expression in EBV-transformed lymphocytes,
higher LSTI in spleen, and lower MICA expression
in EBV-transformed lymphocytes and pancreas
were associated with lower age at diagnosis.

The other significant (P< 1.3 x 107°) gene in pan-
creas was PHF20L1 (PHD Finger Protein 20 Like 1)
on chromosome 8, with increased expression asso-
ciated with lower diagnosis age. Other tissues with
higher PHF20L1 expression associating with lower
diagnosis age were EBV-transformed lymphocytes
and spleen. Of note, this gene is located under the
suggestive age at diagnosis meta-GWAS peak on

© 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.

chromosome 8 (P< 1x107°) and the locus index
SNP rs35766765 is in the first intron of the gene
and 368 bp from the TSS (Fig. S7).

We analysed five additional tissues (GTEx) and
retrieved chrl17ql2 region and PHF20L1 (chr8)
gene association results. In most of the analysed
tissues, GSDMB, ORMDL3, PNMT, and PGAP3
expression were associated with diagnosis age,
whereas ZPBP2 expression results were missing
from other tissues, and additional IKZF3 associa-
tion with diagnosis age was seen only in lung tissue
(P=1.8 x 10°®, Table S9). Predicted PHF20LI
expression was associated with diagnosis age also
in thyroid gland, liver, and lung (P< 1.5 x 107%).

We used another whole blood transcriptome predic-
tion model (DGN data) in MetaXcan, and this anal-
ysis showed significant associations (P < 3.4 x 107°,
FDR = 0.05) for two genes on chrl7ql2 (IKZF3,
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Table 2. Transcriptome-wide association analysis results
Genome Significant associations with age at diagnosis of T1D, FDR 5%?
Tissue region Ensemble id Gene z-score P
GTEx v.8 tissues
Whole blood: 12136 genes
chrl17ql2 ENSG00000161405.16 IKZF3 —-4.77 1.8 x 10°°
EBV-transformed lymphocytes: 11 798 genes
chr6; MHC I ENSG00000204632.11 HLA-G —4.60 4.2 x 10°°
chr6; MHC I ENSG00000204520.12 MICA 4.50 6.9 x 10°°
chr8q24.22 ENSG00000129292.20 PHF20L1 —4.68 2.9 x 10°°
chrl17ql2 ENSG00000186075.12 ZPBP2 —-4.74 2.2 x 107°
chrl17ql2 ENSGO00000073605.18 GSDMB 4.74 2.2 x 107°
chrl17ql2 ENSG00000172057.9 ORMDLS3 4.62 3.8 x 107°
chrl17ql2 ENSG00000161405.16 IKZF3 —4.56 5.2 x 107°
Spleen: 13 486 genes
chr6: MHC III ENSG00000204482.10 LST1 —-4.49 7.2 x 107°
chr8q24.22 ENSG00000129292.20 PHF20L1 —4.66 3.1 x 10°°
chrl7ql2 ENSGO00000073605.18 GSDMB 5.02 5.0 x 1077
chr17q12 ENSG00000172057.9 ORMDL3 4.62 3.80 x 107
Pancreas: 13 132 genes
chr6; MHC I ENSG00000204520.12 MICA 4.38 1.2 x 10°°
chr8q24.22 ENSG00000129292.20 PHF20L1 —-4.79 1.7 x 107°
Small intestine, terminal ileum: 13 395 genes
chr17ql2 ENSG00000186075.12 ZPBP2 —-4.74 2.2 x 107°
chr17ql2 ENSG00000073605.18 GSDMB 4.62 3.8 x 10°°
chr17ql2 ENSG00000172057.9 ORMDL3 4.39 1.1 x 107°
Whole blood from Depression Genes and Networks (DGN) study: 11 530 genes
chr6; MHC 1 ENSG00000204520.8 MICA 5.89 4.0 x 107°
chr6; MHC III ENSG00000204304.6 PBX2 5.44 5.4 x 1078
chr6; MCH III ENSG00000204438.6 GPANK1 5.01 5.5 x 1077
chr17ql2 ENSG00000141744.3 PNMT 4.24 2.3 x 107°
chr17ql2 ENSG00000161405.12 IKZF3 —-4.19 2.8 x 107°
chr20q13.12 ENSG00000158296.9 SLC13A3 4.23 2.3 x 107°

8Benjamin-Hochberg FDR-calculation separately for combined GTEx tissues (whole blood, EBV-transformed lympho-
cytes, spleen, pancreas, small intestine) and DGN whole blood.

PNMT), three genes in the HLA-region (MICA, lymphocytes, spleen, pancreas and small intestine

GPANK1, PBX2) and SLC13A3 on chr20 (Table 2).
Furthermore, lower GSDMB and ORMDL3 and higher
PHF20L1 expression were also associated with lower
diagnosis age although non-significantly at
FDR = 0.05 (6.5 x 107*<P< 1.3 x 1079).

We sought for replication of our transcriptome-
wide associations in whole blood, EBV-

significant at FDR = 0.05 in the UKBB Age diabetes
diagnosed transcriptome-wide association study.
In addition, we queried top three genes found in the
UKBB in the same tissues, from our results. The
gene associations at chrl7ql2 or PHF20L1 on
chromosome 8 did not replicate in the UKBB
diabetes diagnosis age transcriptome-wide analy-
sis, which is probably explained by the lack of

670  © 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine.
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association of the region SNPs with the UKBB T1D
phenotype (Table S10). Of our age at diagnosis-
associated genes within HLA, the MICA association
was to the other direction: higher MICA expression
in EBV-transformed lymphocytes and pancreas
were associated with lower diabetes diagnosis age
in the UKBB data. Although diagnosis age distri-
butions were very different in the UKBB Age
diabetes diagnosis- phenotype (1-80) and our
study (0.5-40), UKBB top association results
CYP21A2 and HLA-DQB2 in whole blood, HLA-
DQA2 in EBV-transformed lymphocytes, CLICI in
the spleen, POM and MSHS in the pancreas, and
HLA-DQBI in the small intestine tissue were nom-
inally associated (P < 0.05) with age at diagnosis in
our data (Table S11).

Discussion

In our GWAS meta-analysis, as expected, variants
in the HLA region were strongly associated with T1D
diagnosis age. We identified 21 independent signif-
icant or suggestive associations within the HLA, a
genomic region, which has extremely high allelic
diversity and differences in LD structures between
populations. Therefore, our many independent top
loci are not necessarily the most important in other
cohorts/populations. Our results showed again,
however, the importance of the HLA region on T1D
onset, and suggested that not only classical HLA
genes, but also other genes in class III region too,
might affect diagnosis age. Nevertheless, our main
interest was the genome beyond HLA, where SNPs
on chromosome 17q12 showed an association with
age at diagnosis and transcriptome-wide associa-
tion analyses in multiple tissues pointed out many
genes in the same region.

Chromosome 17ql2 locus is associated with
autoimmune diseases e.g. Crohn disease, ulcerative
colitis and rheumatoid arthritis [32]. This locus
seems to co-ordinate lymphocyte development, and
the locus is also associated with childhood acute
lymphoblastic leukaemia [33], in which cancerous
cell type is lymphocyte precursor cell, lymphoblast.
Interestingly, our chrl7ql2 locus index SNP
rs2941522 was the locus lead SNP also in a recent
asthma GWAS [34], and chr17ql2 association is
strongest with childhood-onset asthma [35]. In a
transcriptome-wide analysis similar to ours, multiple
genes in the chr17ql2 were associated with child-
hood-onset asthma only [36]. The effects of the risk
alleles at this locus are opposite for the asthma and
T1D: rs2941522 C-allele associated with protection

from asthma [34], in our study, was associated with
earlier T1D diagnosis. Asthma-associated variants at
the locus were in open chromatin and regulated
GSDMB and ORMDL3 expression in multiple
immune cells types excluding monocytes and den-
dritic cells [37]. Our study showed the same: lead
variants at chrl7ql2 locus were present at all
enriched DHS-annotations of different blood cells
and predicted expression levels of GSDMB and
ORMDL3 were associated with T1D diagnosis age.

Earlier studies on chr17ql2 locus mostly concern
asthma and they are thoroughly reviewed by Stein
and colleagues [32]. In the diabetes context,
ORMDL3 might play a role in pancreatic beta cell
endoplasmic reticulum stress response during
newly-onset diabetes [38]. The study found low
ORMDL3 mRNA levels in leucocytes in children
with T1D, and the expression decreased during
their disease progression. To our knowledge, no
studies for GSDMB in diabetes have been reported,
but eQTL SNPs for GSDMB and ORMDL3 co-regu-
late the expression of these genes in Europeans
[32]. Our results showed the same; both genes
associated with age at diagnosis in transcriptome-
wide association analyses in multiple tissues. In
addition, within the same chr17q12 locus, expres-
sion of IKZF3, ZPBP2, PNMT were associated with
T1D diagnosis age in our study. Of these proteins,
transcription factor IKZF3 involved in T-cell and B-
cell differentiation and proliferation has probably
the highest relevance for immunity.

Whilst GSDMB and ORMDL3 expression is ubiqui-
tous, IKZF3 expression level is highest in EBV-
transformed lymphocytes, spleen and small intes-
tine tissue (GTEx v.8). Interestingly, Ram and
colleagues showed that T1D risk SNP at chr17q12
regulated IKZF3 expression (amongst other genes
in the locus) most strongly in EBV-transformed B
cells [39]. It is intriguing that amongst the T1D
susceptibility loci there are genomic regions near
three lkaros-family zing finger proteins: IKZF1
(7pl12.2), IKZF3 (17q12.2), and IKZF4 (12q.13.2)
that form homo- and heterodimers and have func-
tion in lymphocyte differentiation and development
[40] as well as in haematological cancers. Given the
recent evidence on B-cell involvement in the patho-
genesis of T1D only in individuals with early
disease onset, our findings suggests that IKZF3
could play a role in T1D onset in childhood.

Ubiquitously expressed PHF20L1 was associated
with T1D diagnosis age in transcriptome-wide

© 2020 The Authors. Journal of Internal Medicine published by John Wiley & Sons Ltd on behalf of Association for Publication of The Journal of Internal Medicine. 671
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analysis of multiple tissues and locus index SNP is
close to TSS. This gene encodes a transcriptional
regulator protein that also recognizes methylated
lysine and stabilizes DNA methyltransferase 1
(DNMT1) and prevents its degradation [41]. We
found no clear link between diabetes and
PHF20L]1 in the literature but in early differenti-
ation of T-cell subtypes, PHF20L1 expression
differ in Th1l and Th2 [42]. Another gene with no
previous T1D indications was SLCI3A3 (chr20)
that was associated with T1D diagnosis in DGN
whole blood in our study. We could not, however,
confirm this association in GTEx whole blood
(SLC13A3 missing), or in other studied tissues
(P> 0.05, data not shown).

Known T1D risk loci show substantial pleiotropy
with other autoimmune diseases [4, 43]. The
ImmunoChip is useful for detailed investigation of
these autoimmune disease-associated loci. Even
though our study targeted the whole genome, the
top association results located at previously con-
firmed T1D susceptibility regions at chr6 and
chrl7, and the genome beyond the confirmed
T1D loci carried only suggestive associations with
disease onset. Of note, only two of our eighteen
suggestive/significant independent non-HLA index
variants, however, are in the ImmunoChip geno-
typing SNP panel. Our study was well powered with
12,539 individuals, but included only three
cohorts all of European origin. Our study approach
lacked non-diabetic controls, and therefore we can
only speculate whether our top variants were
associated with T1D per se. Search from UKBB
PheWAS results showed, however, that most of
them were nominally associated (P < 0.05) with at
least some diabetes-related traits (e.g. T1D, insulin
use, age diabetes diagnosed; search from Open
Targets, data not shown). In addition, PHF20LI,
gene not previously implicated in diabetes, was
associated with T1D diagnosis age in our tran-
scriptome-wide association study of multiple tis-
sues. This all implies that the genome beyond the
ImmunoChip may still carry T1D-risk-increasing
variants, urging for further genome-wide search for
novel T1D susceptibility loci.

The FinnDiane cohort spans a whole spectrum of
T1D diagnosis ages, here defined as 0.5-40 years,
whereas the T1D diagnosis in the UK GRID and
Sardinian cohorts was made mostly in childhood
(<16 years). Because we treated disease-onset age
as a continuous variable, the UK GRID and
Sardinian cohort had less phenotypic variation.

Stratifying the FinnDiane cohort according to the
T1D diagnosis age we noticed that even though the
effect sizes of the meta-analysis top variants were
often the largest in the whole FinnDiane, most of
the variants showed significant effects only in the
early-onset group, i.e. the genetic differences were
evident already amongst the < 16 year-diagnosis
group (Fig. S7). This is in line with the previous
knowledge how a pathogenic process leading to
T1D starts in early childhood and therefore also
disease-susceptibility variants might play the lar-
gest role in early years of life.

On the other hand, many T1D risk variants seem to
confer disease risk similarly in paediatric and adult
T1D cases [44]. Still, some variants do show age-
effects and we nominally replicated most of the
earlier findings. We are not the first to report age-
related effects at chr17ql2. One study showed
rs11078927 to have varying effect sizes according
to age at onset [45], and in a Japanese cohort, the
T1D susceptibility SNP rs2290400 was associated
with T1D risk in those with early disease onset [46].
In the recent study of 8,586 Caucasian individuals
with T1D and 18,485 controls and with the UK
GRID cohort included, T1D SNP in the locus was
associated with higher T1D risk in those diag-
nosed < 7 years [10]. Our study proved the same;
our locus index SNP allele correlated with T1D risk
allele, was associated with lower T1D diagnosis
age.

Conclusion

To conclude, our GWAS meta-analysis for T1D
diagnosis age highlighted multiple independent
SNPs in the HLA region, gave suggestive evidence
for a variant near PHF20L1 and confirmed the
known T1D susceptibility region on chromosome
17. This region contains many co-regulated candi-
date causal genes of which our transcriptome-wide
association analyses pointed out IKZF3, GSDMB,
ORMDL3, PNMT, and ZPBP2. Nevertheless, gene
expression is both cell type and developmental
time-dependent and to find the most important
gene(s) we need to catch right tissues and cells at
relevant developmental stages. In T1D, this would
mean cells and tissues of children aged < 5 years,
when the first signs of autoimmunity might already
appear. Only more detailed studies may show,
what are biological roles of the genes in the
chr17ql2 locus, which seem to carry many
immune disease-associated variants with effects
for age at disease onset.
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