Replication of fifteen loci involved in human plasma protein N-glycosylation in
4,802 samples from four cohorts
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Study cohort description
EPIC-Potsdam

The prospective EPIC-Potsdam cohort study includes 27,548 participants (16,644 women
and 10,904 men), who were recruited within an age-range of 35-65 years from the general
population between 1994 and 1998 (Boeing, Korfmann, et al. 1999). Baseline assessments
comprised anthropometric measures and blood sampling by qualified medical personnel. Blood
pressure was measured with the individual sitting with the arm elevated at heart level by using
oscillometric devices (BOSO- Oscillomat; Bosch & Sohn, Jungingen, Germany), and the mean of
the second and third reading was used. Lifestyle, sociodemographic characteristics, and current
health status were assessed with validated questionnaires and in face-to-face interviews (Boeing,
Wahrendorf, et al. 1999). Participants were then actively contacted by sending out questionnaires
and, if necessary, by telephone every 2-3 years with response rates between 90 and 96% per
follow-up round (Bergmann et al. 1999). From all participants who provided blood at baseline
(n=26,437), a random sample (subcohort, n=2,500) was drawn, which served as study population
for the present analysis. All participants gave written informed consent for biomedical research,
and the study was approved by the Ethics Committee of the State of Brandenburg, Germany
(Boeing, Korfmann, et al. 1999).

PainOmics

The PainOmics (Allegri et al. 2016) study of patients comprised a retrospective multicenter
study (ClinicalTrials.gov Identifier NCT02037789) part of the PainOMICS project funded by
European Community in the Seventh Framework Programme (Project 1D: 602736). The primary
objective is to recognize genetic variants associated with chronic low back pain (CLBP);
secondary objectives are to study glycomic and proteomic profiles associated with CLBP.
Glycomic and Activomic approaches aim to reveal alterations in proteome complexity that arise
from the post-translational modification that varies in response to changes in the physiological
environment, a particularly important avenue to explore in chronic inflammatory diseases. The
study was firstly approved by the Institutional Review Boards of IRCCS Foundation San Matteo
Hospital Pavia and then by the Institutional Review boards of all clinical centers (King’s College
London, ZOL Genk/Lanaken, St. Catherine Specialty Hospital) that enrolled patients. Copies of
approvals were provided to the European Commission before starting the study. Written informed
consent was obtained from all participants. In the period between September 2014 and February
2016, 3,400 patients were enrolled. Sample collection was performed in all patients enrolled,
according to the Standard Operating Procedures published in PlosOne in 2017 (Dagostino et al.
2017). Samples were processed in the PainOmics laboratory in a blinded manner in the University
of Parma. Blood collections for omics analyses were taken at the time of enroliment. All blood
samples were processed and stored according to SOP protocols until they were sent to analytical
laboratories for omics analysis.

SOCCS

SOCCS study (Theodoratou et al. 2016; Vuckovic et al. 2016) comprised 2,057 colorectal
cancer cases (CRC) (61% male; mean age at diagnosis (65.8 £+ 8.4) years) and 2,111 population
controls (60% males; mean age 67.9+9.0 years) as ascertained in Scotland. Cases were taken from
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an independent prospective incident CRC case series and were aged < 80 years at diagnosis.
Control subjects were population controls matched by age (x5 years), gender, and area of residence
within Scotland. All participants gave written informed consent and study approval was from the
MultiCentre Research Ethics Committee for Scotland and Local Research Ethics committee.
Sample collection is described in (Theodoratou et al. 2016; Vuckovic et al. 2016).

SABRE

SABRE is a population-based cohort initiated in 4,857 people of European, South Asian and
African Caribbean origin aged 40 to 69 living in West London, UK (Tillin et al. 2012). Peripheral
blood samples were collected from the Southall participants at baseline (1988-91) for DNA
extraction. We used data from the European-origin participants. Plasma N-glycome quantification
was performed using samples collected at the 20 year follow-up visit (2008-2011). All participants
gave written informed consent. Approval for the baseline study was obtained from Ealing,
Hounslow, and Spelthorne, Parkside and University College London research ethnics committees.

Genotyping

Genotyping was carried out using the SNP-array with genome-wide coverage, followed by
genomic imputation. The genotype data quality control was conducted using the protocol,
guidelines and software, described in (Anderson et al. 2010).

EPIC-Potsdam

Genotyping was carried out using three different genotyping arrays: Human660W-
Quad v1 A (N = 325), HumanCoreExome-12v1-0 B (N = 622) and Illumina
InfiniumOmniExpressExome-8v1-3_ ADNA Analysis BeadChip (N = 1,245).Genotyping and
quality control of the Human660W-Quad_v1 A and HumanCoreExome-12v1-0 B chips was
described elsewhere (Langenberg et al. 2014). Genotype calling and quality control of the samples
genotyped with InfiniumOmniExpressExome-8v1-3_ ADNA Analysis BeadChip were carried out
jointly using Illuminas GenomeStudio v2011.1 software suite and protocols suggested by the
CHARGE consortium (Grove et al. 2013), Anderson et al (Anderson et al. 2010) and Guo et al.
(Guo et al. 2014).To improve the genotype calling for rare variants zCall with a threshold of 7 was
applied (Goldstein et al. 2012). Individuals with low call rate, discordant sex information (F value
between 0.2 and 0.8), related or duplicated individuals (IBD >0.185) and individuals with
divergent ancestry were excluded from further analysis. Phasing and imputation were conducted
using the Michigan Imputation Service (Das et al. 2016). The Haplotype Reference Consortium
(release 1.1) was used as reference panel (McCarthy et al. 2016). Before imputation pre-phasing
was applied using Eagle2 (Loh et al. 2016). Imputation was carried out in four separated datasets
(one for each genotyping chip or two for the HumanCoreExome-12v1-0_B chip) using minimac3
(Das et al. 2016). Genotypes map to the GRCh37 human genome build.

PainOmics

Genotyping was carried out using Illumina HumanCore BeadChip and Illumina GSA.
Quality control (QC) of genotype was conducted separately for each SNP-array. Standard QC of
genotyped data was applied with SNPs filtered by a sample call rate > 98%, minor allele frequency
(MAF) > 0.625%, SNP call rate: > 97%, Hardy-Weinberg equilibrium (HWE) P < 1x10%.
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Imputation was done using the Eagle software tool with HRC r1.1 2016 reference and mapped to
the GRCh37 human genome build.

SOCCS

Details of the genotyping procedure can be found in (Tenesa et al. 2008) and in (Law et al.
2019). Genotyping was carried out using lllumina SNP arrays HumanHap300, HumanHap240S or
Infinium OmniExpressExome-8. Standard QC of genotype data was applied, with SNPs filtered
by sample call rate > 95%, MAF > 1%, SNP call rate in autosomal chromosomes > 99%, HWE P
< Bonferonni cut-off > 0.05/number of tested SNPs. In total, 514,177 SNPs passed these criteria.
Imputation was done using SHAPEIT and IMPUTE2 software with 1000 Genomes, phase 1
(Integrated haplotypes, released June 2014) and mapped to the GRCh37 human genome build.

SABRE

Genotyping was done using the Illumina Human Core Bead Chip. In total, 1429 samples of
European descent were genotyped. QC of genotype data was conducted separately for each ethnic
group. Standard QC of genotype data was applied, with SNPs filtered by sample call rate > 95%,
MAF > 1%, SNP call rate >95%, HWE P < 1x10™. In total, 332,849 SNPs passed these criteria.
Imputation was done with Michigan imputation server using Eagle and Minimac software. HRC
reference panel was used for imputation of samples with European descent. The GRCh37 human
genome build was used.

Phenotyping
Plasma N-glycome quantification

Plasma N-glycome quantification of samples from the EPIC-Potsdam, PainOmics, and
SABRE studies was performed at GENOS by applying the following protocol. Plasma N-glycans
were enzymatically released from proteins by PNGase F, fluorescently labeled with 2-
aminobenzamide and cleaned-up from the excess of reagents by hydrophilic interaction liquid
chromatography solid phase extraction (HILIC-SPE) as described previously (Trbojevi¢ Akmacic
et al. 2015). Fluorescently labeled and purified N-glycans were separated by HILIC on a Waters
BEH Glycan chromatography column, 150 x 2.1 mm, 1.7 um BEH particles, installed on an
Acquity ultra-high-performance liquid chromatography (UHPLC) instrument (Waters, Milford,
MA, USA) consisting of a quaternary solvent manager, sample manager and a fluorescence
detector set with excitation and emission wavelengths of 250 nm and 428 nm, respectively.
Following chromatography conditions previously described in detail (Trbojevi¢ Akmaci¢ et al.
2015), glycan peaks (GPs) — quantitative measurements of glycan levels — were defined by manual
integration of intensity peaks in the chromatograms for PainOmics retrospective study (ltalian
subcohort) and for SABRE cohort, while for other PainOmics subcohorts and EPIC-Potsdam GPs
were defined by automatic integration (Agakova et al. 2017). The number of defined GPs varied
among studies from 36 to 42. The abundance of N-glycans in each chromatographic peak was
expressed as percentage area of the corresponding peak.

Plasma N-glycome quantification for SOCCS samples was done at NIBRT by applying the
same protocol as for EPIC-Potsdam, PainOmics, and SABRE with the only difference in the
excitation wavelength (330 nm instead of 250 nm).
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Harmonization of glycan peaks

Depending on the cohort, some neighboring chromatographic peaks were not well separated
due to differences between used UHPLC column batches and were consequently quantified as one
chromatographic peak. To conduct association analysis in four cohorts followed by meta-analysis,
we harmonized the set of GPs by applying a recently published protocol (Sharapov et al. 2019). In
short, based on this table of correspondence between GPs across cohorts (see Table SIV), we
created a harmonization scheme. Applying this procedure resulted in a harmonized set of 36 GPs
for all samples.

Normalization and batch-correction of GPs

Normalization and batch-correction were performed on harmonized UHPLC glycan data
separately for four cohorts: EPIC-Potsdam, PainOmics, SOCCS, and SABRE. We used
probabilistic median quotient normalization (Dieterle et al. 2006; Benedetti et al. 2019 Oct 24).
This approach is based on the calculation of the dilution factor of each sample with respect to a
reference sample. The reference sample was calculated as the median value of the abundance of
each GP across all measured samples. For each sample, a vector of quotients was then obtained by
dividing each GP measurement by the corresponding value in the reference sample. The median
of these quotients was used as the sample’s dilution factor, and the original sample values divided
by that value. The underlying assumption is that the different intensities observed across
individuals relate to different amounts of the biological material in the collected samples.

Normalized glycan measurements were log10-transformed due to the right skewness of
distribution and multiplicative nature of batch effects. Before the batch correction, outlying
measurements were removed. An outlier was defined as a sample that had at least one GP that is
> 3 standard deviations from the mean. The batch correction was performed on log10-transformed
measurements using the ComBat method (Johnson et al. 2007), where the technical source of
variation (batch and plate number) was modeled as a batch covariate. Again, samples with outlying
measurements were removed.

From the 36 directly measured glycan traits, 81 derived traits were calculated (see Table SI).
These derived traits average glycosylation features such as branching, galactosylation, and
sialylation, etc across different individual glycan structures and, consequently, they may be more
closely related to individual enzymatic activity and underlying genetic polymorphism. As derived
traits represent sums of directly measured glycans, they were calculated using normalized and
batch-corrected glycan measurements after transformation to the proportions (exponential
transformation of batch-corrected measurements).

Before the association analysis, the total plasma N-glycome traits were adjusted for sex and
age. Residuals were quantile transformed to normal distribution (rntransform function in the
GenABEL v. 1.8-0 (Aulchenko et al. 2007; Karssen et al. 2016) R package).

Association analysis and meta-analysis

The protocols of association analysis and meta-analysis were created based on the published
protocol (Winkler et al. 2014), where protocols, pipelines, code usage, and ‘toy’ data are provided
and extensively described. We performed association analysis for tag SNPs, representing sixteen
loci, previously reported to be associated with total plasma N-glycome traits (Lauc et al. 2010;
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Huffman et al. 2011; Sharapov et al. 2019). Tag SNPs for the loci near the genes
FUT3/FUT5/FUT6, FUT8, HNF1a, B3GAT1, MGATS5, and SLC9A9, associations of which raised
in the series of GWAS conducted on HPLC-measured total plasma N-glycome loci, were selected
by choosing the SNP with the strongest association as reported by Sharapov et al. (Sharapov et al.
2019). Tag SNPs for other loci, associations of which raised in the first GWAS of UPLC-measured
total plasma N-glycome loci, were selected by choosing the SNP with the strongest association as
reported by Huffman et al. (Huffman et al. 2011). The rs59111563 SNP tagging ST6GAL1 locus
was not present in our replication set, and we, therefore, replaced it by rs17775791 (LD r? = 0.9898,
as calculated by LDLink, EUR subset of samples from 1000 Genomes phase 3 version 5, allele
rs59111563 delT is positively correlated with allele rs17775791 T). The association analysis for
tag SNPs was conducted assuming an additive model of genetic effects. For the association
analysis of the SABRE cohort, we selected samples of European descent (N = 277). We included
the first 10 principal components of the kinship matrix to correct the effects of population
stratification. Association analysis was performed using PLINK 2.0 (Chang et al. 2015).
Association analysis of PainOmics samples was conducted separately for samples of Italian,
Belgian, Croatian, and UK descent. Additionally, samples genotyped by GSA and HumanCore
SNP arrays were analyzed separately. The first 10 principal components of the kinship matrix were
included to correct the effects of population stratification. Association analysis was performed
using PLINK 2.0 (Chang et al. 2015). Association analysis of EPIC-Potsdam samples was
conducted separately for each batch genotyped in the 3 different platforms. Association analysis
of SOCCS samples was performed using SNPTEST v2.5.2 (Marchini et al. 2007). The first 10
principal components of the kinship matrix were included to correct the effects of population
stratification. We conducted an inverse-variance weighted fixed-effect meta-analysis of sixteen
tag SNPs among four cohorts. The meta-analysis was performed using GWAS-MAP tool (Gorev
et al. 2018).

Replication

For the replication we used the protocol, published by (NCI-NHGRI Working Group on
Replication in Association Studies et al. 2007). Since there is no direct trait-to-trait correspondence
between glycan traits measured by HPLC and UHPLC technologies, we tested the association of
tag SNPs with all 117 glycan traits. We considered locus as replicated if the tag SNP showed
association with at least one of 117 glycan traits with a replication threshold of P < 0.05/(16*117)
= 2.67x10°, where 16 is the number of tag SNPs and 117 is the number of N-glycosylation traits.
The summary of the association between 16 loci and glycome traits passed replication threshold
is provided in Supplementary Table 2. Statistical power calculation is given in Supplementary
Methods.

Statistical power calculation

For each SNP, statistical power (or probability) of replication was estimated using the fact
that under alternative hypothesis (HI1:B # 0) the test statistics T? from replication sample is
expected to follow the xﬁlel,\,cp distribution, where NCP is the expected non-centrality parameter
computed as (T% — 1) * Nyepp/Ngisc, Where T? = (Bgisc/Seaisc)? is test statistic for a particular
SNP in the discovery cohort, N,., is the sample size of the replication cohort and Ny, is the
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sample size of the discovery cohort. The power of replication is equal to the probability that
statistics following such a distribution would exceed the threshold value k = 17.6 that corresponds
to right-hand integral of X§f=1 equal to 0.05/(117 x 16) = 2.67 x 1075,
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