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We	are	all	not	the	same!!!	
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Heatlhy	ageing	vs	health	deterioration	
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Eficient	patient	stratification	is	the	holy	
grail	of	modern	medicine	
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Genome	wide	association	studies	(GWAS)		
initiated	revolution	in	genetics	
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Lango	Allen	H,	et	al.	Hundreds	of	variants	influence	human	height	and	cluster	within	
genomic	loci	and	biological	pathways.	Nature	2010;467(7317):832-8.		

199	genes	

~10%	var	
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Gene-gene	interactions	are	very	complex	

Stadler&Stephens, Comm.Theor.Biol,	2003	
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Genetic	polymorphisms	are	very	far	away	
from	the	phenotype	

Dumas,	Mol Biosystems,	2012	
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Glycans	are	important	structural	
component	of	nearly	all	proteins	
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Glycans	are	one	of	four	principal	components	of	a	cell	

Marth,	Nature	Cell	Biology,	2008	
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At	least	2000	different	glycan	determinants	are	being	
attached	to	polypeptide	backbones	

Glycoproteome	is	expected	to	be	
orders	of	magnitude	more	complex	

than	the	proteome	

Cummings,	Mol	Biosystems,	5:1087,	2009	
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Small	local	effects	of	glycans	on	protein	structure	
can	have	dramatic	physiological	efects	

Subedi	and	Barb,		
Structure,	2015	
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Contrary	to	polypeptide	part	of	proteins	that	
is	fixed	for	our	lifetime,	glycans	are	dynamic	
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Glycans	have	four	principal	modes	of	action	

1.   Glycans	are	ligands	for	specific	glyco-receptors	
(lectins)	
–  Selectins,	pathogen	attachment	

2.   Alternative	glycosylation	alters	membrane	dynamics	
of	various	receptors	
–  Cytokine receptors, GLUTs 	

3.   Alternative	glycosylation	modulates	structure	of	a	
protein	and	modulates	its	interaction	with	specific	
receptors	
–  IgG, Notch	

4.   Glycosylation	as	a	regulatory	modification	
–  O-GlcNAc	
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Glycome	composition	differs	significantly	between	
individuals	

Lauc	et	al,	Front	Genet,	2014	
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Genome	does	not	contain	templates	for	synthesis	
of	glycan	parts	of	glycoproteins	

DNA RNA proteins 

glycoproteins 

??? 
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Glycans	are	encoded	in	a	complex	dynamic	network	
of	hundreds	of	genes	
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For	more	than	30	years	we	know	that	IgG	
glycans	change	in	disease	

Parekh	et	al,	Nature,	1985	



www.genos-glyco.com	GENOS	 UNI-ZG	

IgG	glycome	can	be	reliably	quantified	in	a	
high-throughput	manner	

Maja	Pučić	
Baković	

Huffman	et	al,	MCP,	2014	
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Advancing	from	low-	to	high-throughput	is	
not	a	simple	task	

F.	Vučković	

Ivo	Ugrina	

Normalizat
ion	

Batch-
correction	

Confounders	

Correction	for	age,	
gender,	

relatedness...	
Correction	for	
multiple	testing	

Randomization	

Structure	of	the	
experimental	

error	

L.	Klarić	
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Lesson	from	genetics:	Nearly	all	published	results	
from	small	studies	are	false	

Ionniadis,	PLOS	Medicine,	2(8):	e124,	2005	Button,	Nat	Rev	Neurosci,	14:365,	2013	
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Distribution	of	glycans	in	plasma	of	~	1,000	
examinees	

Knežević	et	al,	J.	Proteome	Res,	2009	
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Available	glycomic	data	Cohort	 Plasma glycome	 IgG Glycome	
10001 Dalmatian	 2,000	 4,000	
Orcades	 2,000*	 2,000	
TwinsUK	 4,000	 4,500	
KORA	 -	 2,000	
SABRE	 2,000	 -	
Global population study	 -	 2,700	
FINNRISK	 -	 1,200	

Estonian biobank	 -	 1,300	
China	 1,000	 1,000	
CRC	 2,000*	 2,000	
IBD	 3,000	 5,700	
SLE	 -	 1,200	
Type 1 Diabetes	 1,000	 1,000	
Type 2 Diabetes	 -	 3,000	
Down syndrome	 -	     800	
PTSD	      600	     600	

Total	 17,600	 33,000	
*	Analysed	
in	NIBRT	
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Mining	the	gold	from	big	glycomics	datasets	
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Composition	of	IgG	glycome	differs	significantly	
between	individuals	

Pučić	et	al,	Mol	Cell	Proteomics,	2011	
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Heritability	of	glycome	composition	is	up	to	80%	

Menni	et	al,	PLoS	ONE,	2013	

Craig	Gibson	
www.gibbers.co.uk	

Prof.	Tim	
Spector	
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Inter-individual	
differences	

dominate	over	
genetic	variation	in	
IgG	galactosylation	

27	populations,	100	
individuals	from	each	
–  As	wide	as	possible	age	

span	
–  Fully	randomised	

accross	32	96-well	plates	
–  IgG	Fc	glycosylation	

analyses	on	
glycopeptide	level	by	LC-
MS	
•  Separate	data	for	IgG1,	

IgG2+3	and	IgG4	
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Galactosylation	of	IgG	strongly	associates	with	the	
“Human	Development	Index”	
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27	populations,	100	individuals	from	each	
–  As	wide	as	possible	age	span	
–  Fully	randomised	accross	32	96-well	plates	
–  IgG	Fc	glycosylation	analyses	on	glycopeptide	level	by	LC-MS	
•  Separate	data	for	IgG1,	IgG2+3	and	IgG4	
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Collaborative	Cross	cohort	of	mice	strains	
2002). Once completed, it is estimated that the QTL

mapping resolution will be approximately 1 Mb, i.e., less
than 1 cM (Broman 2005; Valdar et al. 2006).

Eight founder strains can be mated to generate 56

unique F1 crosses, 1680 unique F2 crosses, and potentially
8 factorial unique G3 combinations. Although production

of the latter figure is beyond our current capacity, we have

started with a goal of establishing at least 1000 strains
derived from independent combinations at the G3 stage.

The G3 animals contain genetic material from each of the
founders and thus represent the stage of maximum genetic

potential. From this generation, sib-mating is initiated to

begin the inbreeding process. For convenience, we describe
each G3 combination and its progeny as a ‘‘funnel.’’ A

project of this scale requires a large facility capable of

maintaining a complex breeding program under specific
pathogen-free conditions. The Animal Resources Centre, a

self-funded statutory government authority, is Australia’s

largest supplier of inbred mice and since 2005 has hosted
the breeding program to produce The Gene Mine. In this

report, we describe establishment and preliminary charac-

terization of over 1200 funnels produced in this effort.
Other Collaborative Cross efforts are proceeding in the

USA and Israel and will be reported elsewhere.

Results and discussion

The strategy for the breeding program to generate The Gene

Mine is outlined in Fig. 1. The strategy for the breeding

program to generate the Collaborative Cross was outlined
previously (Churchill et al. 2004). We received a total of 40

unique female and 35 unique male F1 crosses generated from

the 56 possible combinations; these were kindly provided by
Dr. Gary Churchill (The Jackson Laboratory, Bar Harbor,

ME, USA). A few of the combinations were not available to

us as a result of their poor breeding performance. The mice
were housed in specific pathogen-free conditions within their

own dedicated facility at the Animal Resources Centre in

Western Australia. These F1 mice were mated in unique
combinations (Churchill et al. 2004). The breeding strategy

was also designed to result in balanced representation of X

and Y chromosomes as well as mitochondria from the eight
founders. Over 1200 different breeding funnels were estab-

lished at the Animal Resources Centre.

The G3 generation contains equal contributions of
genetic material from the eight founder strains. The

breeding program can be thought of as an extensive fun-

neling process in which eight genomes are combined and
moved through genetic mixing and winnowing events.

From the G3 stage, brother-sister mating was established.

This has two important functions: it incorporates random
recombination events across the population, and it results

in inbreeding within each funnel. Over 23 generations
(Broman 2005), each line will become inbred, fixing alleles

at each locus, and each line will have a different mosaic

pattern of inheritance of alleles from the eight founders.
Completion of the inbreeding process will generate over

1000 unique strains that we propose to name ‘‘octo-

recombinant congenic’’ (ORC).
At the time of this report, the most advanced funnel is at

the 12th generation of inbreeding (i.e., N12), with others

ranging from N1 to N11. The current status of the breeding
program is summarized in Fig. 2. At this stage, 300 funnels

have been discontinued because of poor breeding perfor-

mance. Examination of the ancestry of these defunct
funnels indicated that all founder strains were equally

represented (Table 1). Funnels are designated with unique

Fig. 1 Breeding strategy to generate a single breeding ‘‘funnel.’’ The
eight founder strains are designated as G0 and their genomes are
represented by different colors. The founders may be crossed in 56
different combinations; four are shown in this example. G1 mice are
selected from each of these unique crosses and mated to generate the
G2 mice. There are 1680 unique crosses of G1 mice and 8! G2
crosses. The G3 mice contain alleles from each of the original founder
strains. These are sib-mated to initiate the inbreeding process. (G0,
G1, and G2 may be thought of as great-grandparents, grandparents,
and parents, respectively, in a huge pedigree which will generate 1000
G3 ‘‘cousins.’’) Lower panel: After inbreeding, up to 1000 octo-
recombinant congenic strains will be produced; each strain is
generated from a single breeding funnel

G. Morahan et al.: ‘‘The Gene Mine’’

123

The	Collaborative	Cross	(CC)	
combines	the	genomes	of	eight	
genetically	diverse	founder	strains:		

1.  A/J	
2.  C57BL/6J	
3.  129S1/SvImJ	
4.  NOD/LtJ		
5.  NZO/HlLtJ		 		
6.  CAST/EiJ, 	 		
7.  PWK/PhJ		
8.  WSB/EiJ	
	

	

	 		Morahan	et	al.,	Mamm	Genome,2008	
	

Prof	Grant	
Morahan	
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Variation	in	
galactosylation	between	
mouse	strains	exceeds	

variation	between	human	
individuals	

111	mouse	strains	from	the	
GeneMine	Collaborative	
cross	cohort	
	

Human		
variation	

Krištić	et	al,	Nat	Chem	Biol,	in	press	
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Three	generations	of	inter-breeding	generated	stable	
and	heritable	differences	in	IgG	structure	and	function	

between	mouse	strains	

Krištić	et	al,	Nat	Chem	Biol,	in	press	

Rapid	evolution	through	
alternative	glycosylation	
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The	majority	of	genes	that	affect	IgG	
glycosylation	are	still	not	known	

GTs	

IC	

GO	/	TP	

TF	

GDs	
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Lauc	et	al,	Nature	Precedings,	2009	

Genome-wide	association	(GWA)	studies	can	
be	used	to	map	genes	involved	in	glycosylation	
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The	first	GWAS	study	of	human	glycome	
identified	HNF1A	as	a	master	regulator	of	

plasma	protein	fucosylation	

Lauc	et	al,	PLoS	Genetics,	2010	

Ana	Mužinić	
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Mutations	in	HNF1A	cause	Maturity	Onset	Diabetes	
of	the	Young	(HNF1A-MODY)	

Latent 
Autoimmune 
Diabetes in 

Adults

Mitochondrial 
mutation

Hepatocyte 
Nuclear Factor-
1a mutation

Other

Severe Insulin 
resistanceGlucokinase 

mutation

Type 1

Type 2
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Mutations	in	HNF1A	result	in	decreased	fucosylation	of	
plasma	proteins	
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Glycan	ratio	(DG9	-	index)	is	a	robust	
biomarker	for	HNF1A-MODY	

Thanabalasingham	et	al,	Diabetes,	2013	

Mislav	Novokmet	
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Epigenome	

Environment	

Proteome	

Change	in	chromatin	
	structure	

Genome	
(genotype)	

Gene	expression	

ON	

OFF	

with respect to the temporal order of events associated with gene
silencing. In the late 1990s studies on yeast [46], Xenopus [24] and
mice [25] suggested that CpG methylation is the first event that
triggers a cascade leading to transcriptional silencing and that this
is mediated by targeting methyl-CpG-binding proteins (MeCP1
and MeCP2) to methylated CpG sites in gene promoter [47].
MeCP2 is associated with catalytically active deacetylase complexes
(Sin3, HDAC1 and HDAC2) which in turn are recruited to the
promoter leading to histone deacetylation [24,25,44,46,48], as well
as its association with histone methyltransferases (SUV39H1) thus
methylating H3K9 [49].

4.2. Histones acetylation functions to protect against DNA
methylation

The idea that histone acetylation is able to prevent DNA
methylation is supported by studies showing that genes which
contain a region with boundary elements can remain active. A
comparison between two transgenes, which either lack or contain
these elements shows that the boundary element prevents DNA
methylation by inhibiting the access of DNA methylases and
facilitating the binding of transcription factors due to hyperace-
tylated histones H3 and H4 [27]. Furthermore, the administration

Fig. 3. Models of the hierarchical order of events during epigenetic gene silencing. (A) Environmental and intrinsic signals may trigger a partial methylation of the DNA at CpG
sites. Methylated cytosines are bound by methyl-binding proteins (MePC2) that recruit other histone deacetylases (HDAC) resulting in deacetylation of histones. The presence
of methyl-binding proteins and deacetylated histones may reinforce and amplify silencing signal by further recruitment of DNA methyltransferase (e.g. Dnmt1). The outcome
of this is induction of an inactive state. (B) Histone acetylation states may induce DNA methylation during gene silencing. In this model, induction of hypoacetylation state,
due to the loss of equilibrium between HAT and HDAC activities (likely caused by adverse environmental or endogenous effects), is the primary event in epigenetic gene
silencing. Hypoacetylated chromatin may be recognized by de novo DNMTs which methylate CpG sites to lock irrevocably gene promoter in a repressive state.

T. Vaissière et al. / Mutation Research 659 (2008) 40–4844
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SNP	

Epigenetic	memory	of	past	environmental	events	
can	affect	glycome	composition	
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Epigenetic	silencing	of	HNF1A	
associates	with	changes	in	plasma	

N-glycome	
Prof	V.	Zoldoš	
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“Epigenetic	HNF1A-MODY”	might	be	
a	new	subtype	of	diabetes	

Latent 
Autoimmune 
Diabetes in 

Adults

Mitochondrial 
mutation

Hepatocyte 
Nuclear Factor-
1a mutation

Other

Severe Insulin 
resistanceGlucokinase 

mutation

Type 1

Type 2

Epigenetic HNF1A MODY	
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Methylation	of	HNF1A	is	significantly	
increased	in	a	subgroup	of	T2D	patients	

T2D													control	
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Plasma	glycome	can	
predict	development	of	
type	2	diabetes	in	some	

individuals	
Finrisk	

Orkney	 SABRE	
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Plasma	glycome	is	a	very	good	predictor	for	
hyperglycemia	in	acute	disease	
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The	analysis	of	plasma	glycome	(glycomics)	blurs	
protein-specific	effects	
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IgG	glycosylation	is	functionally	important	
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Ublituximab,	glyco-engineered	anti	CD20	
mAb	is	much	more	effective	than		Rituximab	

Core	fucose	

de	Romeuf	et	al,	Br	J	Haematol		2008	
Sharman	et	al,	Blood	2014	
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Antibody	drugs	act	in	the	context	of	high	
concentrations	of	host	immunoglobulins	

Lauc	et	al,	Front	Genet,	2014	
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GWAS	of	IgG	glycome	performed	on	2247	individuals	
identified	16	genome	wide	significant	associations	
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Lauc	et	al,	PLoS	Genetics,	2013	
Wahl	et	al,	Front	Immunol,	2018	

	
Initial	results	of	the	IgG	glycome	GWAS	
on	over	12,000	individuals	indicate	that	
at	least		37	genetic	loci	participate	in	
the	regulation	of	IgG	glycosylation	
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Out	of	37	loci	that	associate	with	IgG	glycans,	only	4	
contain	known	glyco-genes	
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Lauc	et	al,	PLoS	Genetics,	2013	
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Many	factors	participate	in	the	“decision”	
about	optimal	IgG	glycosylation	
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Genes	that	govern	IgG	glycosylation	show	
pleiotropy	with	multiple	diseases	and	traits	

Shen	et	al,	Nature	Comm,	2017	
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Genes	that	
govern	IgG	
glycosylation	

show	
pleiotropy	

with	multiple	
diseases	and	

traits	

94	different	phenotypes	
have	at	least	one	SNP	in	
common	
	
Size	of	letters	depends	on		
number	of	SNPs	in	common	
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Changes	in	IgG	glycosylation	associate	with	numerous	diseases	
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Glycomics	should	be	integrated	in	the	“big	data”	science	
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Network	analysis	can	be	used	to	modify	prior	knowledge	

Jan	
Krumsiek	

Elisa	
Benedetti	

Benedetti	et	al	
	Nat	Comm,	

2018	
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Are	glycosylation	changes	in	a	disease	a	
cause	or	a	consequence?	
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IgG	glycosylation	changes	in	RA	are	
present	years	before	diagnosis	

Gudelj	et	al,	BBA	Mol	Bas	Dis,	2018	
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Sialylation,	
galactosylation,	and	
bisecting	GlcNAc	on	
IgG	associate	with	
loss	of	kidney	
function	in	SLE	

Vučković	et	al,	Arthr	Rheum,	2015	
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Sialylation,	galactosylation,	and	bisecting	
GlcNAc	on	IgG	associate	with	decreased	kidney	

function	in	general	population	

Barrios	et	al,	JASN,	2015	

Prof.	Tim	
Spector	
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IgG	glycome	associates	with	hypertension	

Prof.	Wei		
Wang	

Yu	et	al,	Medicine,	2016	
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Age	is	a	very	strong	confounder	for	IgG	glycome	

Jasminka	
Krištić	

Toma	Keser	

Frano	
Vučković	

Kristic	et	al,	J	Gerontol,	2014	



www.genos-glyco.com	GENOS	 UNI-ZG	

IgG	glycome	composition	is	an	excellent	
biomarker	of	chronological	and	biological	age		

Kristić	et	al,		
J	Gerontol,	2014	

Gudelj	et	al,		
Int	J	leg	Med,	2015	

Jasminka	
Krištić	

Ivan	Gudelj	
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After	correcting	for	chronological	age,	glycan	age	
index	associates	with	“unhealthy”	life	

Kristic	et	al,	J	Gerontol,	2014	
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Changes	of	IgG	glycome	in	many	diseases	resemble	ageing	

Lauc	G,	BBA,	2016	
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IgG	glycome	in	Down	syndrome	reflects	
accellerated	ageing	
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Changes	within	an	individual	generally	
follow	trends	observed	in	a	population		
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Available	glycomic	data	Cohort	 Plasma glycome	 IgG Glycome	
10001 Dalmatian	 2,000	 4,000	
Orcades	 2,000*	 2,000	
TwinsUK	 4,000	 4,500	
KORA	 -	 2,000	
SABRE	 2,000	 -	
Global population study	 -	 2,700	
FINNRISK	 -	 1,200	

Estonian biobank	 -	 1,300	
China	 1,000	 1,000	
CRC	 2,000*	 2,000	
IBD	 3,000	 5,700	
SLE	 -	 1,200	
Type 1 Diabetes	 1,000	 1,000	
Type 2 Diabetes	 -	 3,000	
Down syndrome	 -	     800	
PTSD	      600	     600	

Total	 17,600	 33,000	
*	Analysed	
in	NIBRT	
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Mining	the	gold	from	big	glycomics	datasets	
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Take-home	message	

1.   The	majority	of	proteins	are	glycoproteins	
–  Nearly	all	secreted	and	membrane	proteins	

2.   Glycans	are	integral	part	of	protein	structure	
–  Glycans	affect	both	structure	and	function	of	proteins	

3.   Inter-individual	variation	in	glycosylation	is	large	
–  Alterantive	glycosylation	can	have	same	functional	

consequences	as	coding	mutations	

4.   Glycomic	data	should	be	combined	with	other	omics	
data	
–  We	need	methods	for	multi-omic	data	analysis		
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Abstract	deadline	for	oral	presentations:	April	15th	


