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Post-translational modifications (PTMs) diversify protein functions and dynamically
coordinate ther signalling networks, influencing most aspects of cell physiology.
Nevertheless, their genetic regulation or influence on complex traits is not fully
understood. Here, we compare for the first time the genetic regulation of the same PTM
of two proteins — glycosylation of transferrin and immunoglobulin G (1gG). By
performing genome-wide association analysis of transferrin glycosylation, we identified
10 significantly associated loci, all novel. Comparing these with 1gG glycosylation-
associated genes, we note protein-specific associations with genes encoding glycosylation
enzymes (transferrin - MGAT5, ST3GAL4, B3GATL,; 1gG - MGATS3, ST6GAL1) as well
as shared associations (FUT6, FUTS8). Colocalisation analyses of the latter suggest that
different causal variantsin the FUT genes regulate fucosylation of the two proteins. We
propose that they affect the binding of different transcription factors in different
tissues, with fucosylation of 1gG being regulated by IKZF1 in B-cells and of transferrin
by HNF1A in liver.
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I ntroduction

Post-translational modifications (PTMs) are ess¢émtiechanisms used by cells to diversify
and extend their protein functions beyond whatasated by protein-coding sequences in the
genome. These chemical reactions range from thé&i@ddf small moieties, such as
phosphate (phosphorylation), complex biomolecules,in glycosylation, to proteolytic
cleavagé PTMs alter the structure and properties of pnsteind are thus involved in the
dynamic regulation of most cellular events. It snmenon for a PTM enzyme to target
multiple substrates or interact with multiple sitEBsr example, only 18 histone deacetylases
target more than 3600 acetylation sites on 175@ejm®. Environmental or pathological
conditions can lead to dysregulation of PTM adtsit which has been related to adingd
several diseases, including cancer, diabetes, autodegeneratidn®. Despite their
importance, little is known about genetic regulatad post-translational modifications.

N-glycosylation is one of the most common proteifiVB, where carbohydrate structures
called glycans are covalently attached to an agpwa(Asn) residue of a polypeptide
backbone. N-glycans are characterised by vasttataicdiversity and high complexity.
While polypeptides are encoded by a single gengjlyban structures result from a
sophisticated interplay of glycosyltransferasesycagidases, transporters, transcription
factors, and other proteills Protein N-glycosylation is involved in a multiei@f biological
processed. Accordingly, changes in N-glycosylation pattefmsve been associated with
aging™ and a wide range of diseases, including Parkirssdiseast, lower back pait?,
rheumatoid arthriti®, ulcerative coliti&’, Crohn’s diseasé type 2 diabeté&and cancé? 2

In addition, N-glycans are considered as poterttigrapeutic targets and prognostic
biological markerg#*-2

As with other PTMs, genetic regulation of N-glyctaion is not yet fully understood.
Previous genome-wide association studies (GWASE s far focused either on the N-
glycome of total blood plasma proteins as a wholenoglycosylation of one specific protein
- immunoglobulin G (IgG¥ > 1gG antibodies are one of the most abundant pti®
human serum, and their alternative N-glycosylat®ruggested to trigger different immune
response and thus impacts the action of the immayséeni®. N-glycan structures are
predominantly of the biantennary complex type aadyvdue to additions of core fucose,
galactose, sialic acid, and bisecting N-acetylgharoine (GIcNAc), with disialylated
digalactosylated biantennary glycan with core fecaad bisecting GIcNAc being the most
complex N-glycan structure on 1% While a clear overlap in genetic control betwéeal
plasma proteins and IgG N-glycosylation was hidttégl by previous studi&s it was not
possible, until now, to identify protein-specificdlycosylation pathways for glycoproteins
other than IgG due to technical challenges hamgeésiblation of other glycoproteins in large
cohorts.

Here we report genes associated with the regulatfotransferrin N-glycosylation and
compare these with the genetic regulation of glylat®n of a different protein (IgG).
Transferrins are blood plasma glycoproteins reqdathe level of iron in an organism. Iron
plays a central role in many essential biochenpeatesses of human physiology: the cells’
need for iron in the face of potential danger asxdant has given rise to a complex system
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that tightly regulates iron levels, tissue disttibn, and bioavailabilitf. Human transferrin
has two N-glycosylation sites — at the N432 and N&3idues, with biantennary disialylated
digalactosylated glycan structure without fucoseindpethe most abundant glycan
attached*® We performed, for the first time, genome-wide casation meta-analysis
(GWAMA,) of 35 transferrin N-glycan traits (N=189@pd compared it with GWAMA of 24
IgG N-glycan traits (N=2020) in European-desceiitarts, discovering both protein-specific
and shared associations. For loci associated hgtiNtglycosylation PTM of both transferrin
and 1gG, we used colocalisation analysis to assbsther the underlying causal variants are
protein-specific or rather shared between thes¢eimo We then suggested a molecular
mechanism by which these independent causal variemild regulate the expression of
glycosylation related genes in different tissuestfie best of our knowledge, this is the first
study investigating whether the same PTM of twdeqirns is regulated by the same genes and
whether they are driven by the same causal gevetiants.

Results

Loci associated with transferrin N-glycosylation

To investigate the genetic control of transferriglcosylation and assess whether the same
genes and underlying causal variants are associtedN-glycosylation of both transferrin
and 1gG, we first performed GWAS of glycosylatioor each protein (i.e. transferrin and
IgG). A more extensive GWAS on the genetic regatatof IgG glycosylation has already
been publishel, so we focus here on glycosylation of transfetvife performed GWAS of
35 ultra-high-performance liquid chromatography @U€)-measured transferrin N-glycan
traits and Haplotype Reference Consortium (HRC)-nhputed genetic data in two cohorts
of European descent (N=1890). To identify second@desociation signals at each genomic
region, we performed approximate conditional asialpn transferrin N-glycan traits using
GCTA-COJO softwarg. Overall, we identified 26 independently contribgt variants,
located in 10 genomic loci significantly associatperalue< 1.43x10°, Bonferroni adjusted
for the number of glycan traitajith at least one of the 35 transferrin N-glycaaitsr (Table 1,
Figure 1, complete list of all associations in Sapgentary Table 1). Multiple SNPs
independently contributed to transferrin N-glycamsiation in 6 out of 10 loci, all mapping
to glycosyltransferase genes, plus the transfeffiR) gene. The highest number of
independently associated SNPs (7) was observethéosialyltransferase locuST3GAL4,
followed by 4 SNPs in the acetylglucosaminyltrars$ée locus,MGAT5, and in the
glucuronyltransferase locusB3GAT1. Lastly, 2 SNPs independently contributed to
transferrin glycosylation in the fucosyltransferdeei, FUT8 and FUT6, and also the
transferrin TF) locus itself (Supplementary Table 2).
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Table 1. Loci genome-wide significantly associated with at least one of the 35 transferrin
N-glycan traitsin GWAMA. Glycosyltransferase loci are reported at the tojhetable,

while other loci are listed at the bottom of thieléa Each locus is represented by the SNP
with the strongest association in the region.

L ocus Gene SNP EA | OA | EAF | No.of Lead Phe. No. of Beta SE P
SNPs | glycan | var. | glycans

2:134839539- MGAT5 rs2442046 C G 0.747 4 TfGP23  0.071 4 -0.44  0.03738x10*

135024803

11:12605298| ST3GAL4 | rs4055121 T C 0.12 7 TfGP17 0.131 9 0.782 0.046 7a6*

8-126312874

11:13390630| B3GAT1 | rs74622686] A G 0.905 4 TfGP21  0.144 3 0.981 0.05353@0"°

2-134613230

14:65751627- FUTS8 rs2411815 A T 0.306 2 TfGP20  0.092 3 -0.469  0.035.69210%

66281192

19:5813766-| FUT6 rs12019136| A G 0.039 2 TfGP32  0.079 5 -1.016  0.083.00x10*

5841356

3:133433470- TF rs6785596 A T 0.047 2 TfGP3  0.06b 3 0787 0075 74162 |

133499063

5:169535155-] FOXI1 rs11539930| T C 0.018 1 TfGP23  0.031 1 0941 0.15%2 5.18%10

169535155 7

8:15831868-| MSR1 rs41341748| A G 0.027 1 TfGP35  0.031 1 0.778  0.109.16x10%

16623073

11:11438144| NXPEL/ rs1671819 A G 0.454 1 TfGP14  0.02 1 -0 0.032 6%

8-114384985| NXPE4

12:12142026| HNF1A rs2393775 A G 0.638 1 TfGP28  0.019 1 -0.203  0.433.9780%

3-121424861

Locus - coded as “chromosome: locus start—locus @RCh37 human genome build); Gene - suggestedidate gene; SNP - variawith the
strongest association in the locus; EA - SNP afi@levhich the effect estimate is reported; OARestallele; EAF - frequay of the effect allele;
No. of SNPs - number of SNPs in the locus indepethgleontributing to trait variation according taO0FA-COJO; Lead glycan -lgcan trait with
the strongest association to the reported SNP; ®ite- proportion of variance in phenotype expdirby the strongest assated SNP; No. of
glycans - number of glycan traits significantly @siated with variants at the given locus; Betafeafestimate for the SN&nd glycan with the

strongest association in the locus; SE - standaod ef the effect estimate, P - p-value of theeffestimate.
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Prioritising candidate genes associated with transferrin N-glycosylation

For the 10 loci associated with the transferrin )egme, we identified plausible candidate
genes following multiple lines of evidence, sucheasluating the biological role of the

candidate gene in the context of protein N-glycatygh, assessing SNP pleiotropy with
eQTLs, and investigating variant effects on theimggequence or on putative transcription
factor binding sites.

Positional mapping and biological role. The majority of genes that were closest to
transferrin N-glycosylation-associated variants ladlear biological link to protein N-
glycosylation. In particular, for 5 out of 10 lottie closest genes (i.8I1GAT5, ST3GAL4,
B3GAT1, FUT8, and FUT6) encode glycosyltransferases, key enzymes in iprote
glycosylation, that have been previously associatétl IgG and/or total plasma protein
glycosylation (Supplementary Table 3). Another gelosest to transferrin N-glycosylation-
associated variants and with a validated functiookd in plasma proteins glycosylation is
HNF1A, a transcription factor previously associated witbrotein fucosylation
(Supplementary Table 3). On the other hand, we @lentified 3 loci that had not been
associated with N-glycosylation. A locus on chroomse 3 contains the transferriiiF)
gene, which encodes the transferrin glycoproteitocis on chromosome 5 contaif®XI1,
encoding a member of tlierkhead family of transcription factors (Forkhdaak 11). Finally,

a locus on chromosome 8 contains M&R1 gene, encoding the class A macrophage
scavenger receptor, a trimeric integral membraryeogkotein. Another gene of potential
biological relevance at the chromosome 8 locushis tumour suppressor candidate 3
(TUSC3), which encodes a protein localised to the endmpia reticulum and acting as a
component of the oligosaccharyltransferase comptegponsible for N-linked protein
glycosylation.

Overlap and colocalisation with eQTL. Using eQTL analysis in PhenoScanner, transferrin
N-glycan-associated genetic variants (and theixipsp LD ¢ > 0.8) were identified to be
significantly associated with the expression of tiplé genes in several human tissues
involved in transferrin metabolism (Supplementargbl® 4a). For example, transferrin
glycosylation variants were associated WHFBGAL4 expression in liver and whole blood,
with B3GAT1 expression in visceral adipose omentum, liver, amble blood, withTF
expression in several adipose tissues and WNiF1A, FUT8, and MGAT5 expression in
whole blood. The majority of these genes were tileaclosest to the strongest association in
the locus. We next used Summary data-based MendB@ndomization (SMR) analysis
followed by the Heterogeneity in Dependent InstrntagHEIDI) test' to assess whether
expression of these genes colocalises with tramsfgtycosylation (TfGP) traits. SMR-
HEIDI provided evidence of pleiotropy, suggestihgttthe same underlying causal SNPs are
likely to regulate both transferrin glycosylatioraits and gene expression, 88GAT1 in
liver and peripheral blood ar8T3GAL4 in liver (Supplementary Table 4b).
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Analysis of possible effects on amino acid sequence. We next explored whether any of the
SNPs independently contributing to transferrin glpdation (or their proxies) result in a
change of amino acid sequence using the EnsemidntaEffect Predictor (VEP3. While
the majority of associated variants (> 60%) wegessified as intronic, several SNPs were
identified as missense variants: rs115399307 (5%53%B55 T/C) causes the substitution of
the non-polar, aliphatic amino acid isoleucine t@) the polar, hydrophilic amino acid
threonine (T) in the FOXI1 transcription factor.nfflarly, NXPE4 variant rs550897
(11_114442103_A/G,*r0.94 with rs1671819) causes an amino acid subetitufrom
tyrosine (Y) to histidine (H), whiléUT6 variant rs17855739 (19 5831840 T/G;(.95
with rs12019136) encodes a change from negativedyged glutamic acid (E) to positively
charged lysine (K), which leads to a full-lengthut bnactive, enzynf& Genetic variant
rs41341748 (8_16012594 A/G) disrupts a stop codequence inMSR1, causing an
elongated transcript with the amino acid arginiergj added to the protein chain
(Supplementary Table 5).

Analysis of possible effects on transcription factor binding sites. Finally, we used the
regulatory sequence analysis tools (RSATjo assess if transferrin N-glycosylation-
associated genetic variants overlap transcriptmtof-binding sites (TFBSs) and are likely
to affect transcription factor (TF) binding. Frohetlist of prioritised genes, we selected the
two encoding transcription factors, FOXI1 and HNFlahd checked whether associated
variants in the remaining 8 loci were likely toeadt their binding. Overall, binding of both
FOXI1 and HNF1Atranscription factors is likely to be affected e tsentinel variant (the
SNP with lowest p-value in the region for the givglgcan trait) in theFUT8 gene. In
addition, binding of HNF1As likely to be affected also by the sentinel vaisain theTF and
ST3GAL4 loci (Supplementary Table 6)

Shar ed genetic associations with complex traits and diseases

To assess whether transferrin glycosylation vasiardre also associated with complex traits
and diseases we used PhenoScédnnieilowed by SMR-HEIDI to determine whether the
shared associations are caused by the same undedgusal variant (pleiotropy). We
observed an overlap of transferrin N-glycan-assedi&NPs and their proxies with variants
associated with complex trait- and disease-assatiriants for 5 out of 10 glycosylation
loci (Supplementary Table 7a). Glycosylation SNPRstree NXPE1/NXPE4 locus were
pleiotropic with ulcerative colitis, and those frahe HNF1A locus with C-reactive protein
levels, LDL and total cholesterol (Supplementarybl@a7b). For the remaining shared
associations, we had no power to assess pleiot(Bppplementary Results for further
details). Interestingly, variants at tA€& locus have been previously associated with serum
concentration of carbohydrate-deficient transfar{f@DT) (Supplementary Table 7a), less
glycosylated transferrin isoforms traditionally dsas a biomarker of excessive alcohol
consumptiof®, thus corroborating our finding for a relatedttrai
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Comparison of genetic regulation of glycosylation of transferrin and immunoglobulin G

One of the main aims of this study is to understiftigde N-glycosylation of two proteins is
regulated by the same enzymes and if so, whetbesaime underlying genetic variant or a set
of variants are driving the process. To address tjiestion, in addition to the already
described GWAMA of transferrin glycosylation, werjoemed a GWAMA of 24 UHPLC
IgG N-glycan traits in the same individuals (N=2p2@llowing the same protocol. 13 loci
were significantly associated with at least onetre 24 1gG N-glycan traits (Figure 1,
Supplementary Table 8). The IgG N-glycome GWAS waasotated using genes or sets of
genes prioritised by Klatiet al*® By comparing the two GWAS we discovered mainly
protein-specific associations, but also two genomdgions that were associated with
glycosylation of both proteins (Figure 1). The pintspecific associations were with genes
encoding known glycosylation enzymes (transferrilGATS, ST3GAL4, B3GAT1; IgG -
ST6GAL1, MGAT3), but also with transcription factors (transfersiRlNF1A, FOXI1; IgG -
IKZF1, RUNX3), the protein itself (transferrin FF; 1gG - TMEM121, gene in proximity of
IGH genes encoding immunoglobulin heavy chains) as albther genes (transferrin -
MSR1; IgG - TXLNB, ABCF2, SVARCBL region, HLA-region). Interestingly, the regions
containingFUT8 and FUT6, genes encoding fucosyltransferases, enzymes addnegand
antennary fucose, respectively, to the synthetgtgchn, were associated with glycosylation
of both proteins (Figure 1). We then proceededstess whether the same underlying causal
variants in these regions are controlling the psecir both proteins using colocalisation
analysis.
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Figure 1. Transferrin and 1gG N-glycome GWAMA summary Miami plot. Miami plot
pooling together meta-analysis results obtainedsscall 35 transferrin glycan traits at the
top in orange, and across all 24 1gG glycan traitshe bottom in blue. For transferrin N-
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glycome associations, * marks loci previously repdrin total blood plasma N-glycome
GWAS?*?% while ~ marks loci previously reported in 1gG Nagpme GWAS®324? For
simplicity, SNPs with p-value > 1xIdare not plotted. The Bonferroni-corrected genome-
wide significance threshold for the transferrin Mepme meta-analysi¢orizontal red line

in the top part of the plot) corresponds to 1.43%Athile the Bonferroni-corrected genome-
wide significance threshold for the 1IgG N-glycometaranalysis (horizontal red line in the
bottom part of the plot) corresponds to 2.08%1Gene or sets of genes annotated for
transferrin N-glycome loci have been prioritisedhis study; gene or sets of genes annotated
for IgG N-glycome loci are those prioritised by Ktaet al*

Given that multiple glycan traits of the same pirotgan be associated with the same locus,
we first asked whether all glycan traits of the sgmnotein associated with a certain locus,
colocalise (Supplementary Figure 1). Indeed, wendostrong support for colocalisation
(PP.H4 > 80 %, where PP.H4 represents the posteradrability for the same underlying
causal variant contributing to trait variation)ggesting that for a given protein, all glycan
traits associated with these loci are regulatedtiy same underlying causal variant
(Supplementary Table 9, Supplementary Figure 2@)e example of within-protein
colocalisation can be seen in Figure 2. We nexedewhether at the same genomic region,
glycosylation of two different proteins is regulhtby the same underlying causal variants.
For this, we selected as the protein-representgtixean trait the one with the lowest p-value
in the given region (one pair for each locus -d¢farin TFGP20 and IgG GP7 for th&JT8
locusand transferrinffGP32 and IgG GP20 for tHeUT6 locus) and proceeded to test for
colocalisation between glycosylation of the twotpnos. We found strong support against
colocalisation in both genomic regions (PP.H3 =%0& FUT8 locus, PP.H3 = 99.71% at
FUT®6 locus, where PP.H3 represents the posterior pilitlgefbr different underlying causal
variants contributing to trait variation) (Figurea®d Figure 4, Supplementary Table 10).
Since colocalisation methods are sensitive to pleltindependent variants in the region
contributing to the trait variation, which was ttese here, we validated our findings with the
PwCoCo approaéh(Methods) and again, obtained robust evidencenagtie colocalisation
hypothesis for all tested traits in both loci (Slgppentary Table 10 and Supplementary
Results for further details).
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Figure 2. Local association patterns for transferrin (A) TfGP32 and (B) TfGP34
glycans, and (C) their colocalisation pattern at the FUT6 locus. TFGP32 and TfGP34
association patterns colocalise, with PP.H4 (pusteprobability for hypothesis 4, of
colocalisation) of 99.87%. c) The logarithm of Appimate Bayes Factor (ABF) of each
SNP for transferrin TFGP32 and transferrin TIGPB4heFUT6 region shows that TIGP32
and TfGP34 associations are concordant (the pattdrim(ABF) calculated for each SNP of

both traits overlap), suggesting that the same nlyidg causal variant is associated with both
traits.
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Figure 3. Local association patterns for (A) transferrin TfGP20 and (B) 1gG GP7
glycans at the FUT8 locus. TIGP20 and IgG GP7 association patterns do notcabite
(PP.H3 = 100% - posterior probability for hypotlsed, of different causal variants).
Colocalisation patterns are not reported sincewtoth of theFUT8 region makes the plot
non-informative.
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Figure 4. Local association patterns for (A) transferrin TfGP32 and (B) 1gG GP20
glycans, and (C) their colocalisation pattern at the FUT6 locus. TTGP32 and IgG GP20
association patterns do not colocalise (PP.H3,epiost probability for hypothesis 3, of
different causal variants = 99.7%). The logarithimrApproximate Bayes Factor (ABF) of
each SNP for transferrin TFGP32 and IgG GP20 inRb&6 region shows that TTGP32 and
GP20 associations are not concordant (the pattgrifl ABF) calculated for each SNP of
both traits do not overlap), suggesting that twiletent underlying causal variants in this
region regulate glycosylation of these two proteins

Having established that different underlying causgaiiants regulate glycosylation at the
FUT6 and FUTS loci, we next explored the potential mechanismsrethese associations.
The sentinel transferrin glycosylation SNP in #dT8 region is likely to affect binding of
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the HNF1A transcription factor (Supplementary Tab)eand it was previously shown that
sentinel IgG glycosylation SNP in the same regioteptially affects binding of the IKZF1
transcription factof. In addition, we observed protein-specific asstmis with two
transcription factors: transferrin glycosylation svassociated with variants in thNF1A
locus and IgG glycosylation was associated withavds in thelKZF1 locus (Figure 1). We
therefore checked expression of these genes imeissvhere the two proteins are
predominantly expressed. It is known that plasraadierrin, encoded biF gene, is mostly
secreted by hepatocyf&swhile IgG, the heavy chain constant region ofahtis encoded by
IGHG gene, is predominantly synthesised by the antilsatyeting plasma cells, the fully
differentiated form of B-lymphocyté$ Indeed, we see thaGHG1 (encoding the most
prevalent 1IgG1 subclass) is highly expressed ismé& cells and has low expression in
hepatocytes, while the converse is trueTbr(Figure 5). Similarly, the transcription factor
encoded byHNF1A is predominantly expressed in the hepatocytes,eWwKiZF1 is mainly
expressed in plasma cells (Figure 5). Altogethesélsuggest that two distinct causal variants
regulating glycosylation of transferrin and IgGtire FUT8 locus are likely to have tissue-
specific effects, where the transferrin-associatedant affects the binding of HNF1A in
liver and the IgG-associated variant affects thwlinig of IKZF1 in plasma cells, with both
influencing expression of thEUT8 gene and therefore affecting fucosylation of the tw

proteins.
Median expression (IQR) Tissue
Hepatocytes
Plasma cells
151
=5
& 10
+
g) d
o
1
s
5 _J_ T
i
y === [ [
HNFIA TF IKZF1 IGHG1

Gene

Figure 5. Expression of HNF1A and IKZF1 in main tissues for transferrin and 1gG
proteins synthesis. Log, of median transcripts per million (TPM) and intgagtile ranges are
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reported forTF (encoding transferrin proteinffiNF1A, IGHG1 (encoding the constant region
of immunoglobulin heavy chains) andZF1 genes in plasma cells and hepatocytes. Gene
expression data was obtained from the ARCHS4 pértal
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Discussion

The post-translational modifications (PTMs) areeasial mechanisms that dynamically
regulate a large portion of cellular events byraltgthe structure and properties of protéins
Similarly to other PTMs, genetic regulation of mot N-glycosylation has not been
extensively investigated. Here, we performed genwide association meta-analysis of
glycosylation of two proteins - transferrin and lg@nd compared how glycosylation of the
two different proteins is genetically regulated. the first GWAS of the transferrin N-
glycome, (N=1890), we identified 10 significantlgsaciated loci, three of which (n€dF,
FOXI1 andMSR1) were never previously associated with the glycarhany protein. The
other seven have been previously associated wijtbogylation of total plasma proteins
and/or IgG (Supplementary Table 2). The total pgtycome quantifies the glycome of all
proteins in plasma, but without information on whiglycan was bound to which protein.
Given that IgG and transferrin are among the masmneant plasma glycoprotefisan
overlap in genetic control of transferrin and IgGgicomes with that of total plasma
proteins is to be expected. Sharapov &t akeviously indicated that some of the genomic
loci associated with the plasma glycome overlaphwitci associated with IgG N-
glycosylation. The present work suggests thatMBATS5, ST3GAL4, andB3GAT1 loci, that
were also observed in the total plasma protein GWAIght be capturing a signal within
plasma protein glycosylation that comes mainly fitoamsferrin N-glycosylation.

We then compared the genetic architecture underlgigcosylation of transferrin and IgG
proteins. Using the GWAS from this study we showet there are both protein-specific and
shared genetic loci. Looking specifically at glygiinsferase enzymes, the main “drivers”
of this post-translational modification, that cgta the transfer of saccharide moieties from a
donor to an acceptor molecudGAT5, ST3GAL4, and B3GAT1 were only associated with
transferrin whileST6GAL1 and MGAT3 were only associated with glycosylation of IgG. On
the other hand, two fucosyltransferase geR&s[8 and FUT6, were associated with both
proteins. Even though the genes encoding theserewwere associated with glycosylation
of both proteins, using Approximate Bayes Factdoaaisation analysis, we showed that
associations with transferrin and 1IgG N-glycosylatat these genomic regions is driven by
independent underlying causal variants, where omdam regulates fucosylation of
transferrin and the other of IgG. Our results ssgdgleat while the same fucosyltransferase
enzymes are involved in N-glycosylation of botmsferrin and 1gG proteins, the process is
independently regulated by protein-specific cavaahnts.

There are at least two mechanisms that could explaw different variants in an enzyme-
coding gene could have distinct effects on twoedéht substrates. If the two variants were in
the coding region of the gene and affected the aragid sequence of the enzyme, they could
affect the enzyme’s specificity for binding eaclotpin. However, none of the sentinel
variants in thecUT8 andFUT6 loci were in strong linkage disequilibrium (LD) Wwitoding
variants from the enzymes’ active sites, suggedtiag this is likely not the mechanism of
regulation of fucosylation of the two proteins. dddition, overall, SNPs associated with
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transferrin glycosylation predominantly mapped egulatory rather than coding regions of
the genome (Supplementary Table 5).

The other hypothesis is that these two variantscathe expression of enzymes in different
tissues. In common with all other antibodies, naddgG found in blood plasma is produced
by bone marrow plasma cells, the fully differergthform of B-cell§’. The transferrin found
in blood plasma is mostly produced by liver hepsieé®. In addition, the glycomes of the
two proteins were also associated with differeangcription factor genes, namely, variants
in IKZF1 regionwere associated with IgG glycosylation, and vasanHNF1A regionwith
transferrin glycosylation. IKZF1, a transcriptioactor predominantly expressed in immune
cells and tissues, has been functionally validateda regulator of IgG core fucosylation:
IKZF1 binds to regulatory regions &fUT8 and, in turn, knockdown dfKZF1 results in
increased expression BUT8 and increased core fucosylation of f§G0n the other hand,
we showed that transferrin glycosylation-associasthnts in thd=UT8 region might affect
the binding of HNF1A, a transcription factor predoamtly expressed in the liveHNF1A
has already been shown to regulate the expressioRU38 and FUT6 and affects
fucosylation of total plasma protefisOverall, we hypothesise that the two differeniszd
variants affect the binding of different transdopt factors in different tissues and therefore
regulate the glycosylation of the two plasma preen a tissue-specific manner.

In addition to HNF1A FUT8 glycosylation-associated variants might also beddiig the
binding of the FOXI1 transcription factor. Howevanlike HNF1A, possible involvement of
FOXI1 in the regulation of the transferrin fucogida is to date unknown and would require
functional validation. We also found that HNF1A dimg could also be affected by
associated variants in thié= and ST3GAL4 genes. While these relationships were hitherto
undocumented and need further supporting evidetheg, may suggest that HNF1A might
regulate multiple genes associated with transfédrgilycosylation.

Finally, our findings are not only relevant for amelling the genetic mechanisms behind N-
glycosylation PTM but also contribute to understagdchanges in N-glycan patterns
involved in disease. The most strongly N-glycosglatassociated variant for thé= gene,
rs6785596, was suggested by McClain ef ab regulateTF expression in adipose tissue
(also evident in GTEx v7) and consequently modugatnsulin sensitivity. Excessive body
iron stores represent a risk factor for decreasedlin sensitivity and diabetésMcClain et
al®® argue that genetic downregulation ®F expression in adipocytes has functional
consequences for these cells' iron homeostasissandficient to cause insulin resistance in
humans and in a cell culture model. However, tihN$ $ias so far not been associated with
diabetes or diabetes-related traits, suggesting ttlia relationship needs to be explored
further. Moreoever, whilelF variant rs6785596 is not associated with transfepriotein
levels (pQTL), we can consider it as an exampla 6€is-glyQTL”: a genomic locus that
explains variation in glycosylation levels andasdl to the gene encoding the protein being
glycosylated. Similar was observed for IgG glycasigih, where associated variants were
mapping to théGH locus®?, a genetic region encoding the heavy chain of imsglobulin G.

In addition, glycosylation SNPs iINXPEL/NXPE4 locus were pleiotropic with ulcerative
colitis, a disease with abberant glycosylationgrat.
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In conclusion, by performing the first GWAS of tipbasma transferrin N-glycome and
comparing it with that of the IgG N-glycome, we wefor the first time able to describe
similarities and differences in the genetic regatabf post-translational modification of two
different proteins. When focusing on glycosyltramates, main enzymes of this PTM, we
showed that there are both associations specitatb protein, but also those that are shared
in glycosylation of the two proteins. For the slihassociations, we showed that fucosylation
of transferrin and IgG are regulated by independaotein-specific variants in tHeJT8 and
FUT6 genes. In theFUT8 region these variants are likely to regulate futaigyn of
transferrin and 1gG in a tissue-specific mannetingcthrough tissue-specific transcription
factors. Additional studies, with larger sampleesiand focusing on other non-IgG proteins,
will be necessary to further unravel the genetihigecture of the N-glycosylation and other
PTMs and to understand their relationship with haimiseases and complex traits.
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Materials and M ethods

Population cohorts

The CROATIA-Korcula isolated population cohort mdes samples of blood DNA, plasma
and serum, anthropometric and physical measurepiefaanation related to general health,
medical history, lifestyle, and diet for ~3000 desits of the Croatian island of Kota®™.
Written informed consent was given and the study a@proved by the Ethics Committee of
the Medical School, University of Split (approval: i2181-198-03-04/10-11-0008). The
Viking Health Study - Shetland (VIKING) is a famibased, cross-sectional study that seeks
to identify genetic factors influencing cardiovaseuand other disease risk in the population
isolate of the Shetland Isles in northern Scotlan@enetic diversity in this population is
decreased compared to mainland Scotland, consisitmthe high levels of endogamy. 2105
participants were recruited between 2013 and 201dst having at least three grandparents
from Shetland. Fasting blood samples were colleateimany health-related phenotypes and
environmental exposures were measured in eachiddiv All participants gave written
informed consent and the study was approved byStheh East Scotland Research Ethics
Committee, NHS Lothian (reference: 12/SS/0151).alef cohort-specific demographics,
genotyping, quality control, and imputation perfeanbefore GWAS can be found in
Supplementary Table 11.

Phenotypic data

Transferrin and 1gG N-glycome quantification. Transferrin and 1gG N-glycome
quantification for CROATIA-Korcula and VIKING samgd was performed at Genos
Glycobiology Laboratory. Isolation of the proteifioterest and N-glycan quantification is
described in more detail in Supplementary Mateaald Methods for transferrin and by
Trbojevic-Akmai¢ et al>® for 1gG. Briefly, proteins were first isolated froblood plasma
(IgG depleted blood plasma in the case of transfeuasing affinity chromatography binding
respectively to anti-transferrin antibodies pldtastransferrin and protein G plates for IgG.
The proteins isolation step was followed by enzymetlease and labelling of N-glycans
with 2-AB (2-aminobenzamide) fluorescent dye. Neglys were then separated and
quantified by hydrophilic interaction ultra-highf#f@mance liquid chromatography (HILIC-
UHPLC). As a result, transferrin and IgG samplesewseparated into 35 (transferrin:
TfGP1- TfGP35) and 24 (IgG: GP1-GP24) chromatogm@apkaks. It is worth noting that
there is no correspondence structure-wise betwemmsferrin TfGP and IgG GP traits
labelled with the same number.

Normalisation and batch correction of glycan traits. Prior to genetic analysis, raw N-
glycan UHPLC data was normalised and batch comleicteeduce the experimental variation
in measurements. Total area normalisation was meeid by dividing the area of each
chromatographic peak (35 for transferrin, 24 fdg)dy the total area of the corresponding
chromatogram. Due to the multiplicative nature aasurement error and right-skewness of
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glycan data, normalised glycan measurements wgt@ltoansformed. Batch correction was
then performed using the empirical Bayes approagilemented in the “ComBat” function
of the “sva” R package modelling the technical source of variation (96Hvplate number)
as batch covariate. Batch corrected measuremengsevthen exponentiated back to the
original scale.

Genome-wide association analysis

Genome-wide association analyses (GWAS) were peddrin the two cohorts of European
descent, CROATIA-Korcula and VIKING. Associationsttw35 transferrin N-glycan traits
were performed in 948 samples from CROATIA-Korcaled 959 samples from VIKING.
Associations with 24 IgG N-glycan traits were peried in 951 samples from CROATIA-
Korcula and 1086 samples from VIKING. The sampleesof the same cohort differs
between transferrin and IgG due to the differennber of samples successfully measured
for each protein. Prior to GWAS, each glycan traés rank transformed to normal
distribution using the “rntransform” function frothe “GenABEL” R packag® and then
adjusted for age and sex, as fixed effects, aratedhess (estimated as the kinship matrix
calculated from genotyped data) as random effeet linear mixed model, calculated using
the “polygenic” function from the “GenABEL” R pace®. Residuals of covariate and
relatedness correction were tested for associatihh HRC (Haplotype Reference
Consortium) imputed SNP dosages using the RegSdas goftwar?, applying an additive
genetic model of association.

Meta-analysis

Meta-analysis. Prior to meta-analysis the following quality camtwvas performed on cohort-
level GWAS summary statistics. We removed all SMRk a difference in allele frequency
between the two cohorts higher than +/- 0.3, a$ agevVariants showing a minor allele count
(MAC) lower or equal to 6. Cohort-level GWAS werieeh meta-analysed (N=1890 for
transferrin and N=2020 for IgG N-glycans, for ~18lion SNPs) using METAL softwaré,
applying the fixed effect inverse-variance methimilpwed by genomic control correction.
Mean genomic control inflation factdkdc) was 0.997 (range 0.982-1.011) for transferrin N-
glycans and 0.995 (range 0.981-1.008) for IgG Neghgs meta-analysis, showing that the
confounding effects of family structure were cotieaccounted for.

Multiple test correction. The standard genome-wide significance threshold Beagerroni
corrected for the number of N-glycan traits anallyseariants were considered statistically
significant if their p-value was lower than 5x%85 = 1.43x10 for transferrin and
5x10°%24= 2.08x10 for IgG N-glycan traits.

Locus definition. We used a positional approach to define genomimmsgsignificantly
associated with transferrin N-glycan traits, foliog the procedure adopted by Sharapov et
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al?® For each glycan trait, we grouped all geneticarsts located within a 500 kb window
(+/- 250 kb) from the sentinel SNP in the same $odlo obtain a unique list of loci that are
independent of the specific glycan trait, we thesrged this list of sentinel SNP-glycan trait
pairs for all 35 glycan traits and applied a simiaocedure - all SNP-glycan trait pairs
within a 1000 kb window (+/-500 kb from sentinel BNwere grouped in the same locus,
resulting in a unique list of sentinel SNP-top @lyctrait pairs, summarising the genomic
regions most strongly associated with N-glycan®sgrall traits. For all sentinel SNP-top
glycan trait pairs, regional association plots wereated with LocusZoot and visually
checked - in case of overlapping patterns of aatoni, only the sentinel SNP-top glycan
trait pair showing the lowest p-value was seleeted locus representative.

Transferrin N-glycan traits post-meta-analysisdaHup

The meta-analysis follow-up analyses were performely for the transferrin N-glycans
meta-analysis, since genetic regulation of IgG Ygsylation has already been explored in a
larger, IgG-specific stud§and is beyond the scope of the present work.

Conditional analysis and phenotypic variance explained. To capture the overall
contribution to phenotypic variation at each germmégion and identify secondary
association signals at a locus, we performed ajpaie conditional analysis using the
GCTA-COJG? stepwise model selection, “cojo-slct”, with tharsferrin N-glycan meta-
analysis summary statistics and genotypes of 10u@®8lated individuals of white British
ancestry from UK BiobarfR as independent LD reference panel. Collinearitg vestricted
to 0.9 and the p-value threshold was set to 1.43xReported joint p-values were then
adjusted by the genomic control metflodThe list of samples for the independent LD
reference panel was created with R 3.6.0, whilepdueel itself was generated using Plink
2.0°% After samples extraction from the UK Biobank fdtitaset, SNP deduplication was
performed both by position (removing all SNPs natrging a unique position on the
chromosome) and marker name (--rm-dup excludeasalttion). The proportion of variance
in phenotype Y) explained by sentinel SNPs at each transferrglydans associated locus
was calculated with the following formula

2freq x (1 — freq) = B2
var(Y covariates adjustment residuals)

Var(Y) =

Gene prioritisation. For all genome-wide significant loci we suggest&lipible candidate
genes combining different evidence, namely evalgatiological role in the context of
protein N-glycosylation of genes nearest to sehtiagants (positional mapping), assessing
pleiotropy of sentinel variants with gene expresgexpression quantitative trait loci, eQTL)
or investigating associated variant’'s predicteectff on the protein sequence or on putative
transcription factor binding sites (TFBSs). Posiibgene mapping was performed using
FUMA v1.3.5e SNP2GENE functi6h Genes having a clear biological link to protein N
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glycosylation (e.g. genes coding for enzymes ingdhn biochemical pathway of protein
glycosylation) and genes previously associated gt and/or total blood plasma proteins
N-glycome were given a priority. The overlapindependent significant SNPs identified by
COJO with eQTL was investigated using PhenoScavihdrdatabasé taking into account
significant genetic association (p-value < 5¥1@t the same or strongly (LB * 0.8) linked
SNPs in populations of European ancestry. The Ebk®ariant Effect Predictor (VEP v 97)
tool*? was used to determine putative functional effect iapact on a transcript or protein of
independent significant SNPs and their strongly (EB 0.8) linked SNPs in populations of
European ancestry. Among genes prioritised so tfao, were transcription factors (i.e.
HNF1A andFOXI1), while the remaining were non transcription fagimtein-coding genes
(i.e. MGATS5, TF, MSR1, NXPEL/NXPE4, ST3GAL4, B3GAT1, FUT8 andFUT6). Using the
Regulatory sequence analysis tools (RSAT) prograatrix-scan™, we applied a pattern-
matching procedure to search for sequences re@ra@g binding sites fadNF1A and
FOXI1 transcription factors in associated regions ofdtieer 8 prioritised genes. Position-
specific scoring matrices (PSSMs), representingftequency of each nucleotide at each
position of the transcription factor motif, werewdtdoaded forHNF1A andFOXI1 from the
JASPAR* database. For each of the 8 genomic regions explfor possible transcription
factor binding sites, we included the most stroraggociated SNP and a 60 bp surrounding
sequence (30 bp either side of the sentinel SNi®).sIgnificance threshold was set to the p-
value < 0.003, Bonferroni corrected for 16 tests perforni@dutative transcription factor
binding sites tested for 2 transcription factors).

Overlap and colocalization analysis with gene expression levels and complex traits. The
PhenoScanner v1.1 databBseas used to investigate the overtafpsignificant transferrin
glycosylation SNPs with gene expression levels emmiplex human traits. As previously
described, we considered traits with genome-widaificant association (p-value < 5x¥p

at the same or strongly (LB » 0.8) linked SNPs in populations of European aigeWe
then used Summary data-based Mendelian Randommzg&idR) analysis followed by the
Heterogeneity in Dependent Instruments (HEIDI) e assess whether overlapping
expression and complex traits, identified by PheaoSer, were also colocalising with
transferrin glycosylation (TfGP) traits. The SMRstteindicates whether two traits are
associated with the same locus, and HEIDI testisggaevhether both traits are affected by
the same underlying functional SNP. Each of 10isehSNPs — TfGP pair (Table 1) was
used for SMR/HEIDI analysis with gene expressiovele and several complex traits.
Summary statistics for gene expression levelsssutis/cell types were obtained from the
Blood eQTL study (http://cnsgenomics.com/software/smr/#eQTLsumnets)] the
CEDAR project® (http://cedar-web.giga.ulg.ac.be/), and the GTHwjgut version 7
(https://gtexportal.ofg Summary statistics for complex traits were aidi from various
resources. In total, we used data for 3 tissuddiges: CD19+ B lymphocytes (CEDAR),
GTEXx liver (GTEx) and peripheral blood (the BlooQ B study) and 8 complex traits. Full
list of GWAS collections, tissues and complex frasee in Supplementary Table 12.
SMR/HEIDI analysis was performed according to thetgrol described by Zhu et #we
used sets of SNPs having the following propertigsbeing located within £ 250 kb from the
sentinel SNPs identified in the present study;b@ng present in both the primary GWAS
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and eQTL data/GWAS for the complex trait; (3) havMAF > 0.03 in both datasets; (4)
having squared Z-test valzelO in the primary GWAS. Those SNPs that met gatér), (2),
(3), (4), had the lowest P-value in the primary G8/&nd were in high LD (f2>710.8) with

the sentinel SNPs were used as instrumental vagabl elucidate the relationship between
gene expression/disease and TfGP (we define thetto@sSNPs”). It should be noted that
SMR/HEIDI analysis does not identify a causativePShfecting both traits. It can be either
the top SNP or any other SNP in strong LD. Afteiirdeg the set of eligible SNPs for each
locus, we made the “target” and “rejected” SNP seid added the top SNP to the “target”
set. Then we performed the following iterative gaere of SNP filtration: if the SNP from
the eligible SNP set with the lowest PSMR had 2. with any SNP in the “target” SNP
set, it was added to the “rejected” set; otherwiseyas added to the “target” set. The
procedure was repeated until eligible SNP set whatested, or the “target” set had 20 SNPs.
If we were unable to select three or more SNPsHEDI test was not conducted. HEIDI
statistics was calculated &g, = XI" 25y, where m is the number of SNPs selected for

analysis,

_ d
Za@) = /SE(di)

d; = ﬁSMRi — Bsur (top SNP)
The results of the SMR test were considered stlbt significant if PSMR < 1.7 x Ib
(0.05/302, where 302 is a total number of testsesponding to analyzed loci and gene
expression/disease traits). Inference of whethieinational variant may be shared between
the TfGP and gene expression/disease were madd basthe HEIDI test: fxip; > 0.001
(possibly shared), andiBp < 0.001 (sharing is unlikely).

Colocalisation analysis for transferrin and IgG IMean traits

The FUT8 andFUT6 genomic regions were significantly associated Wwith transferrin and
IgG N-glycans. To investigate a possible overlagenetic control of glycosylation between
the two proteins, we used the approximate Baydsifaolocalisation analysis, developed by
Giambartolomei et & and implemented in “coloc” R package, followed pgirwise
conditional and colocalization analysis (PwCoCi) case of multiple independent variants
contributing to the trait variation. A posterioropability (PP) > 80% was considered as
robust evidence supporting the tested hypothesis.

Overview of the overall procedure can be seen pp#mentary Figure 1. First, we assessed
whether for one protein all glycans that are asgediwith the same genomic region (p-value
< 5x10%) are regulated by the same underlying variantseBoh protein (i.e. transferrin and
IgG) and each genomic region (iEUT8 and FUT6), we tested separately the group of
glycans carrying only one independent associatignas at locus and the group of glycan
traits showing multiple independent signals of aggmn (Supplementary figure 1). Pairs of
glycan traits obtaining a PP.H4 > 80% (suggestiveotocalisation) were pooled in the same
colocalisation group, following the principle thftrait A colocalises with trait B and trait B
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colocalises with trait C, thus also trait A andittr@ colocalise. For each within-protein
colocalisation group identified, the glycan traitwthe lowest p-value was selected as group
representative and carried on to the next step,rewtiaits with single and multiple
independent associations for each protein weredest colocalisation. Similar to previous
steps, glycan traits were grouped together on #isestof their colocalisation analysis results
and the lowest p-value representative was chosenthfe next step, where finally
representative transferrin and 1gG glycans wereds®r between-protein colocalisation.

For glycan traits with multiple independent asstiorasignals and lacking strong evidence
for colocalisation, we applied PwCo€oapproach. Briefly, the PwCoCo approach tests not
only the traits’ full, complete GWAS associatiomatstics for colocalisation, but also
summary statistics conditioned for the top primasgociation, testing whether any of the
underlying causal variants between traits coloealk®r example, assuming that each trait is
carrying two conditionally independent associasanals in the tested region, colocalisation
analysis will be conducted between both full andhditoned association statistics
(conditioned for each independent variable), fototal of nine pairwise combinations.
Secondary association signald=atT8 andFUT®6 loci for both transferrin and IgG N-glycans
were assessed using GCTA-COJO approximate conditi@amalysis stepwise model
selectiori’ and an LD reference panel of 10,000 unrelatedtenBiitish ancestry individuals
from UK BiobanK®. We then performed the association analysis ciomeit on identified
secondary association signals=atT8 andFUT6 loci using GCTA-COJ& “cojo-cond” and
the same 10,000 UK Biobank samples LD referencelpaith 5x10° p-value threshold and
used those for pairwise colocalisation analyses.

Expression of N-glycome associated genes in tramsf@nd 1gG relevant tissues

Gene expression data foF, IGHG1, HNF1A and IKZF1, expressed in gene counts, for
hepatocytes (529 samples) and plasma cells (64®les)mwas obtained from ARCHS4

portaf®. Samples with total number of gene counts less $@00,000 were filtered out. 513

hepatocyte and 53 plasma cell samples were undergother analysis. Gene counts were
scaled to transcripts per million (TPM) andJdg-TPM) transformed.

21


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.04.442584; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-ND 4.0 International license.

References

1. Deribe, Y. L., Pawson, T. & Dikic, |. Post-trdatsonal modifications in signal
integration.Nature Sructural and Molecular Biology 17, 666—672 (2010).

2. Choudhary, Cet al. Lysine acetylation targets protein complexes amdegulates
major cellular functionsScience (80-. ). 325, 834-840 (2009).

3. Santos, A. L. & Lindner, A. B. Protein Posttriti®nal Modifications: Roles in Aging
and Age-Related Diseadexidative Medicine and Cellular Longevity 2017, (2017).

4. Berdasco, M. & Esteller, M. Aberrant Epigenéamdscape in Cancer: How Cellular
Identity Goes AwryDevelopmental Cell 19, 698—-711 (2010).

5. Leroy, G.et al. A quantitative atlas of histone modification sigmas from human
cancer cellsEpigenetics and Chromatin 6, (2013).

6. Mastrangelo, Aet al. The Role of Posttranslational Protein Modification
Rheumatological Diseases: Focus on Rheumatoidifisthlournal of Immunology
Research 2015, (2015).

7. Mellor, K. M., Brimble, M. A. & Delbridge, L. MD. Glucose as an agent of post-
translational modification in diabetes - New cacdepigenetic insightd.ife Sciences
129, 48-53 (2015).

8. Miao, F.et al. Evaluating the role of epigenetic histone modifmas in the metabolic
memory of type 1 diabeteBiabetes 63, 1748—-1762 (2014).

9. Pena-Altamira, L., Polazzi, E. & Monti, B. His® post-translational modifications in
Huntington’s and Parkinson’s diseas@arr. Pharm. Des. 19, 5085-5092 (2013).

10. Santer, F. Rt al. Inhibition of the acetyltransferases p300 and C8Rals a
targetable function for p300 in the survival andasion pathways of prostate cancer
cell lines.Mol. Cancer Ther. 10, 1644—-1655 (2011).

11. Lauc, G., Rudan, I., Campbell, H. & Rudd, P.®3®mplex genetic regulation of
protein glycosylationMolecular BioSystems 6, 329—335 (2010).

12.  Clerc, Fet al. Human plasma protein N-glycosylatidalycoconj. J. 33, 309-343
(20186).

13. Kiristi, J.et al. Glycans are a novel biomarker of chronological bimibgical ages.
Journals Gerontol. - Ser. ABiol. Sci. Med. <ci. 69, 779-789 (2014).

14. Russell, A. Cet al. The N-glycosylation of immunoglobulin G as a nob&marker
of Parkinson'’s diseas&lycobiology 27, 501-510 (2017).

15. Trbojevé-Akmagi¢, I. et al. Plasma N-glycome composition associates with gbron
low back painBiochim. Biophys. Acta - Gen. Subj. 1862, 2124-2133 (2018).

16. Gudelj, l.et al. Low galactosylation of IgG associates with highgk for future

diagnosis of rheumatoid arthritis duringrlykears of follow-upBiochim. Biophys.

22


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.04.442584; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

available under aCC-BY-ND 4.0 International license.

Acta - Mol. Basis Dis. 1864, 2034—-2039 (2018).

Trbojevé-Akmai¢, |. et al. Inflammatory bowel disease associates with
proinflammatory potential of the immunoglobulin G@pme.Inflamm. Bowel Dis. 21,
1237-1247 (2015).

Rudman, N., Gornik, O. & Lauc, G. Altered N-gbgylation profiles as potential
biomarkers and drug targets in diabekEBS Letters 593, 1598-1615 (2019).

Munkley, J. & Elliott, D. J. Hallmarks of glysglation in cancetOncotarget 7,
35478-89 (2016).

Taniguchi, N. & Kizuka, Y. Glycans and Candeole of N-Glycans in Cancer
Biomarker, Progression and Metastasis, and Thetiapeddv. Cancer Res. 126, 11—
51 (2015).

Vajaria, B. N. & Patel, P. S. Glycosylatiorhalmark of cancer@lycoconjugate
Journal 34, 147-156 (2017).

Rodriguez, E., Schetters, S. T. T. & van KoogkThe tumour glyco-code as a novel
immune checkpoint for immunotheragyat. Rev. Immunol. 18, 204—211 (2018).

Adamczyk, B., Tharmalingam, T. & Rudd, P. My€ins as cancer biomarkers.
Biochim. Biophys. Acta - Gen. Subj. 1820, 1347-1353 (2012).

Peng, Wet al. Clinical application of quantitative glycomidsxpert Rev. Proteomics
15, 1007-1031 (2018).

Thanabalasingham, &.al. Mutations in HNF1A result in marked alterations of
plasma glycan profileDiabetes 62, 1329-1337 (2013).

Huffman, J. Eet al. Polymorphisms in B3GAT1, SLC9A9 and MGATS are a&ssted
with variation within the human plasma N-glycome3683 European adultslum.
Mol. Genet. 20, 5000-5011 (2011).

Lauc, Get al. Genomics Meets Glycomics—The First GWAS Study ofrtdn N-
Glycome Identifies HNFd as a Master Regulator of Plasma Protein Fucoewlati
PLoS Genet. 6, €1001256 (2010).

Sharapov, S. £t al. Defining the genetic control of human blood pladwglycome
using genome-wide association studym. Mol. Genet. 28, 2062—-2077 (2019).

Sharapov, S. 2t al. Replication of 15 loci involved in human plasmatpgm N-
glycosylation in 4802 samples from four coho@ycobiology 31, 82—88 (2021).

Klari, L. et al. Glycosylation of immunoglobulin G is regulated dJarge network of
genes pleiotropic with inflammatory diseasgs. Adv. 6, eaax0301 (2020).

Lauc, Get al. Loci Associated with N-Glycosylation of Human Immaglobulin G

Show Pleiotropy with Autoimmune Diseases and Haelogical Cancerd?LoS
Genet. 9, €1003225 (2013).

23


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.04.442584; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

available under aCC-BY-ND 4.0 International license.

Shen, Xet al. Multivariate discovery and replication of five redoci associated with
Immunoglobulin G N-glycosylatioNat. Commun. 8, 447 (2017).

Wabhl, A.et al. Genome-wide association study on immunoglobuligly@osylation
patternsFront. Immunal. 9, 277 (2018).

Li, T.et al. Modulating 1gG effector function by Fc glycan emegring.Proc. Natl.
Acad. i U. S A. 114, 34853490 (2017).

Mimura, Y .et al. Glycosylation engineering of therapeutic IgG aodiies: challenges
for the safety, functionality and efficadyrotein and Cell 9, 47-62 (2018).

McClain, D. Aet al. Adipose tissue transferrin and insulin resistadc€lin.
Endocrinol. Metab. 103, 4197-4208 (2018).

Karlsson, I., Ndreu, L., Quaranta, A. & Thorsén Glycosylation patterns of selected
proteins in individual serum and cerebrospinabfisamples]. Pharm. Biomed. Anal.
145, 431-439 (2017).

Spik, Get al. Studies on glycoconjugates. LXIV. Complete stroetof two
carbohydrate units of human serotransfeffiaBS Lett. 50, 296—-299 (1975).

Yang, Jet al. Conditional and joint multiple-SNP analysis of GWAummary
statistics identifies additional variants influemgicomplex traitsNat. Genet. 44, 369—
375 (2012).

Wabhl, A.et al. IgG glycosylation and DNA methylation are interoeoted with
smoking.Biochim. Biophys. Acta - Gen. Subj. 1862, 637—648 (2018).

Zhu, Zet al. Integration of summary data from GWAS and eQTId&ts predicts
complex trait gene target§at. Genet. 48, 481-487 (2016).

McLaren, Wet al. The Ensembl Variant Effect Predict@enome Biol. 17, 122
(2016).

Mollicone, Ret al. Molecular basis for plasmg1,3)-fucosyltransferase gene
deficiency (FUT6)J. Biol. Chem. 269, 12662—-12671 (1994).

Turatsinze, J. V., Thomas-Chollier, M., Defranil. & van Helden, J. Using RSAT to
scan genome sequences for transcription factoirigrgites and cis-regulatory
modulesNat. Protoc. 3, 1578-1588 (2008).

Staley, J. Rt al. PhenoScanner: A database of human genotype-pipenoty
associationsBioinformatics 32, 3207-3209 (2016).

Martensson, O., Harlin, A., Brandt, R., Sepfia& Sillanaukee, P. Transferrin
Isoform Distribution: Gender and Alcohol Consumptiélcohol. Clin. Exp. Res. 21,
1710-1715 (1997).

Zheng, Jet al. Phenome-wide Mendelian randomization mappingrifieeénce of the
plasma proteome on complex diseadis. Genet. 52, 1122-1131 (2020).

24


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.04.442584; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

48.
49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

available under aCC-BY-ND 4.0 International license.

Ogun, A. S. & Adeyinka, Aiochemistry, Transferrin. SatPearls (2021).
Allen, H. C. & Sharma, P. Histology, Plasmal€eh SatPearls (2021).

Lachmann, Aet al. Massive mining of publicly available RNA-seq d&tam human
and mouseNat. Commun. 9, 1-10 (2018).

Jiang, Ret al. Body Iron Stores in Relation to Risk of Type 2 liBtes in Apparently
Healthy WomenJ. Am. Med. Assoc. 291, 711-717 (2004).

Zemunik, Tet al. Genome-wide association study of biochemicaldrait<orcula
Island, CroatiaCroat. Med. J. 50, 23—33 (2009).

Kerr, S. Met al. An actionable KCNH2 Long QT Syndrome variant deddy
sequence and haplotype analysis in a populati@arels cohortSci. Rep. 9, (2019).

Trbojeve Akm&ti¢, 1. et al. High-throughput glycomics: Optimization of sample
preparationBiochem. 80, 934-942 (2015).

Johnson, W. E., Li, C. & Rabinovic, A. Adjugjibatch effects in microarray
expression data using empirical Bayes methBuistatistics 8, 118-127 (2007).

Karssen, L. C., van Duijn, C. M. & Aulchenko, §. The GenABEL Project for
statistical genomic$-1000Research 5, (2016).

Haller, T., Kals, M., Esko, T., Magi, R. & Fier, K. RegScan: A GWAS tool for
quick estimation of allele effects on continuowsts and their combinationBrief.
Bioinform. 16, 39-44 (2013).

Willer, C. J., Li, Y. & Abecasis, G. R. METAIEast and efficient meta-analysis of
genomewide association scaBminformatics 26, 2190-2191 (2010).

Pruim, R. Jet al. LocusZoom: Regional visualization of genome-widsaziation
scan results. iBioinformatics 27, 2336—-2337 (2011).

Bycroft, Cet al. The UK Biobank resource with deep phenotyping genbmic data.
Nature 562, 203—-209 (2018).

Devlin, B. & Roeder, K. Genomic control for asgtion studiesBiometrics 55, 997—
1004 (1999).

Chang, C. Gat al. Second-generation PLINK: Rising to the challenbuger and
richer datasetsGigascience 4, 7 (2015).

Watanabe, K., Taskesen, E., Van Bochoven, Ro&huma, D. Functional mapping
and annotation of genetic associations with FUMAL. Commun. 8, 1-11 (2017).

Vlieghe, Det al. A new generation of JASPAR, the open-access repggor
transcription factor binding site profileNucleic Acids Res. 34, D95-D97 (2006).

Westra, H. Xt al. Systematic identification of trans eQTLs as putatrivers of
known disease associatioiat. Genet. 45, 12381243 (2013).

25


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.04.442584; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

66. Momozawa, Yet al. IBD risk loci are enriched in multigenic regulatanodules
encompassing putative causative gehes.Commun. 9, 1-18 (2018).

67. Lonsdale, Xt al. The Genotype-Tissue Expression (GTEX) projseture Genetics
45, 580-585 (2013).

68. Giambartolomei, Gt al. Bayesian Test for Colocalisation between PailGefetic
Association Studies Using Summary StatistiRisoS Genet. 10, (2014).

26


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.04.442584; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Acknowledgements

The CROATIA Korcula study was funded by grants frime MRC (United Kingdom),
European Commission Framework 6 project EUROSPAMt(ect number LSHG-CT-2006-
018947), Croatian Science Foundation (grant 88%),the Republic of Croatia Ministry of
Science, Education and Sports (216-1080315-0302nofyping was performed in the
Genetics Core of the Clinical Research Facilityjvérsity of Edinburgh.We would like to
acknowledge all the staff of several institutionsGroatia that supported the CROATIA_
Korcula fieldwork, including, but not limited tohe University of Split and Zagreb Medical
Schools, Institute for Anthropological ResearchZiagreb, and the Croatian Institute for
Public Health in Split. The Viking Health Study hedland (VIKING) was supported by the
MRC Human Genetics Unit quinquennial programme gtfQTL in Health and Disease”.
DNA extractions and genotyping were performed a tdinburgh Clinical Research
Facility, University of Edinburgh. We would like tacknowledge the invaluable
contributions of the research nurses in Shetldreatiministrative team in Edinburgh and the
people of Shetland. We acknowledge support from MRC Human Genetics Unit
programme grant, “Quantitative traits in health digtase” (U. MC_UU_00007/10).

A.L. was funded by the European Union’s Horizon @0&search and innovation program
IMforFUTURE, under H2020-MSCA-ITN grant agreementmber 721815. The work of
L.K. was supported by an RCUK Innovation Fellowsiipm the National Productivity
Investment Fund (MR/R026408/1). The work of Y.Swfas supported by a grant from the
Russian Science Foundation (RSF) No. 19-15-001t® wWork of J.F.W. and C.H. was
supported by an MRC University Unit Programme Gia _UU_00007/10 “QTL in Health
and Disease”.

Author contributions

A.L.: Data analysis and interpretation, Visualieati Writing—Original draft preparation,
Writing—Review and editing. I.T.-A.: Quantificatiasf transferrin and IgG N-glycans, Data
interpretation, Writing—Original draft preparationyriting—Review and editing. P.N.:
Supervision, Data interpretation, Writing—Reviewdaaditing. Y.T.. Data analysis and
interpretation, Writing—Original draft preparatio8.Z.S.: Visualization, Writing—Original
draft preparation. F.V.: Glycan data quality coht®.P.. Genomic and demographic data
provider for CROATIA-Korcula cohort. C.H.: Genomamd demographic data provider for
CROATIA-Korcula cohort. T.P.: Quantification of trsferrin and 1gG N-glycans. M.V.:
Quantification of transferrin and IgG N-glycansSYA.: Writing—Review and editing. G.L.:
Glycan data provider for CROATIA-Korcula and VIKINGohorts, Writing—Review and
editing. J.F.W.: Conceptualization, Genomic and ogmaphic data provider for VIKING
cohort, Supervision, Data interpretation, Writingfigihal draft preparation, Writing—
Review and editing. L.K.: Conceptualization, Supgon, Data interpretation, Writing—
Original draft preparation, Writing—Review and éutit

27


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.04.442584; this version posted May 4, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

Competing inter ests

G.L. is the founder and owner of Genos Ltd, a pewvasearch organization that specializes
in high-throughput glycomic analysis and has sdveatents in this field. I.T.-A., F.V., T.P.,
and M.V. are employees of Genos Ltd. Y.S.A. isunfter and a co-owner of PolyOmica and
PolyKnomics, private organizations providing seegicresearch and development in the field
of computational and statistical genomics.

28


https://doi.org/10.1101/2021.05.04.442584
http://creativecommons.org/licenses/by-nd/4.0/

