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In 1993, APOE was reported for the first time as a major 
genetic risk factor for AD



Life time risk of AD at the age of 85:

‐ without reference to APOE genotype, was 11% in males and 14% in  females.

‐ from 23% for APOE34male carriers to 30% for APOE34 female carriers
‐ from 51% for APOE44male carriers to 60% for APOE44 female

 These risks are similar to those of major genes such as BRCA1 in breast cancer



Since the discovery of the APOE gene
as a major genetic risk factor, 

no consensus was obtained in the genetics 
of the late‐onset forms of AD from 1993 to 2009

Common forms of AD
It has been estimated that genetics account for 60‐80% of 

Alzheimer attributable risk 

However



The advent of the genome wide association studies
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The two first consortia with enough statistical power 
to detect genuine signals

‐ EADI ; discovery sample : 2,032 cases and 5,328 controls
‐ GERAD ; discovery sample : 3,941 cases and 7,848 controls



October 2009

CLU : rs11136000
OR = 0.86 [0.81‐0.90], p=7.5x10‐9

CR1 : rs665401
OR = 1.21 [1.14‐1.29], p=3.5x10‐9

PICALM : rs3851179
OR = 0.86 [0.82‐0.90], p=1.3x10‐9



A third player in the GWAS AD field 

‐ CHARGE ; discovery sample : 3,006 cases and 14,642 controls
‐ EADI and GERAD used as replication samples 



May 2010

JAMA, 2010, 303, 1832-1840.

BIN1 : rs744373
OR= 1.13 [1.06‐1.21], p=1.6x10‐10



A fourth player in the GWAS AD field 

‐ ADGC; discovery sample : 8,309 cases and 7,366 controls



Naj AC*, Gyungah J*, et al.
* Equally contributed to this work

EPHA1 : rs11767557
OR= 0.90 [0.85‐0.95], p=6.0x10‐10

CD2AP : rs9349407
OR= 1.11 [1.04‐1.18], p=8.6x10‐9

CD33 : rs386544
OR= 0.89 [0.84‐0.95], p=1.6x10‐9

May 2011

Hollingworth P,* Harold D*, Sims R*, Gerrish A,* Lambert JC,* Carrasquillo MM,* et
al., in press
* Equally contributed to this work

ABCA7 : rs3764650
OR= 1.23 [1.17‐1.28], p=5.0x10‐21

MS4A6A/MS4A4E : rs610932
OR= 0.91 [0.88‐0.93], p=1.2x10‐16



 No other common variant presented an association with AD risk 
as strong as APOE.

 As observed in most of the GWAS developed in other 
multifactorial diseases, the new characterised genes in AD have 
“modest” magnitude of association.

 The functional genetic variants are mainly unknown.

Lessons from the 5 initial AD GWAS



high-throughput approaches involve finding a balance between:
- the risk of observing significant results by chance
- the risk of rejecting biologically valid hypotheses.

Application of a conventional, highly conservative Bonferroni correction
led to select only the most statistically significant associations
(p<5x10-8).

To overcome this limitation, it is possible
(i) to develop more complex statistical approaches
(ii) to increase the statistical power of GWASs by performing larger

meta-analyses.



imputation from the 1000 genome project : 7,035,000millions of SNPs

Step 1 :  EADI 1  2,243 cases 6,017 Controls
GERAD  1 3,177 cases  7,277 Controls
CHARGE 1 1,315 cases 10,496 Controls
ADGC 1 10,507 cases 10,892 Controls
TOTAL 1 17,008 cases 34,682 Controls

Replication (11,692 SNPs)

Step 2 : EADI 2 6,967 cases 8,678 Controls
GERAD  2 1,568 cases 2,520 Controls
CHARGE 2 500 cases 500 Controls
TOTAL 2 8,035 cases 11,698 Controls



Lambert et al, Nat Genet, 2013



PPI network highlights a specific pathway 
in microglia potentially deregulated in AD 

Four genetic risk factors of AD:
- ABI3
- TREM2 (two rare variants associated)
- PLCG2
- PU.1

Almost only expressed in microglia

Exome chip analysis (IGAP)
The main content of the chip comprises protein altering
variants (nonsynonymous coding, splice site and stop gain
or loss codons).

GWAS analysis using age at onset (IGAP) 

Sims et al., Nat Genet, 2017



5 new signals reaching genome wide-significance after replication

- ADAM10
- ADAMTS1 
- ACE
- IQCK
- WWOX

A new IGAP meta-analysis

IGAP 2013 17,008 cases 34,682 controls

IGAP 2019 21,982 cases 41,944 controls

+24% in terms of population size for the discovery step

B. Kunkle*, B. Grenier-Boley* et al., Nat Genet, 2019



Witte et al, Nat Rev Genet, 2014

The missing heritability is still high in AD : How to characterise it ?  



Increasing the population size analyzed by GWAS 
should allow to characterize new genetic risk factors 
Improving imputations should allow to optimize 
GWAS 

Witte et al, Nat Rev Genet, 2014

The missing heritability is still high in AD : How to characterise it ?  



EADB

European Alzheimer DNA Biobank



Four axes :

- Genetics of Alzheimer disease

- Genetics of MCI - evolution and conversion -

- Genetics of vascular dementia

- Genetics of normal pressure hydrocephalus 



16 European countries and more than 60 
laboratories/hospital departments:

- Austria (Helena Schmidt)
- Belgium (Kristel Sleegers)
- Czech Republic (Jakub Hort)
- Denmark (Ruth Frikke-Schmidt)
- Finland (Mikko Hiltunen)
- France (Jean-Charles Lambert, PI)
- Germany (Alfredo Ramirez)
- Greece (Magda Tsolaki)
- Italy (Giacomina Rossi)
- Norway (Ole Andreassen)
- Portugal (Alexandre Mendoca)
- The Netherlands (Wiesje van der Flier)
- The UK (Rebecca Sims)
- Spain (Jordi Clarimon)
- Sweden (Martin Ingelson)

- Australia (Karen Mather)



EADB dataset genotyped using the ILLUMINA
Global screening array (GSA)

63,049 samples

And available for analyses after QCs

‐ 19,478 AD cases
‐ 6,690 MCI cases
‐ 1,519 VCI cases
‐ 1,543 other dementia
‐ 843 NPH cases
‐ 24,039 controls

‐ 2,351 missing status



EADB discovery phase

Cases Controls
EADB core :  19,478  24,039
Gra@ce/Degesco 6,331 6,055
EADI 2,328 6,661
GERAD 3,332 7,355
Rotterdam Study 1,306 6,700
NORWAY 2,066 7,637
Denmark 403 7,907
Germany 514 416
AddNeuroMed 450 187
NxC 324 754
Total  :  36,532 67,711

EADB dataset genotyped using the ILLUMINA
Global screening array (GSA)

63,049 samples

And available for analyses after QCs

‐ 19,478 AD cases
‐ 6,690 MCI cases
‐ 1,519 VCI cases
‐ 1,543 other dementia
‐ 843 NPH cases
‐ 24,039 controls

‐ 2,351 missing status



EADB discovery phase

Cases Controls
EADB core :  19,478  24,039
Gra@ce/Degesco 6,331 6,055
EADI 2,328 6,661
GERAD 3,332 7,355
Rotterdam Study 1,306 6,700
NORWAY 2,066 7,637
Denmark 403 7,907
Germany 514 416
AddNeuroMed 450 187
NxC 324 754
Total  :  36,532 67,711

EADB dataset genotyped using the ILLUMINA
Global screening array (GSA)

63,049 samples

And available for analyses after QCs

‐ 19,478 AD cases
‐ 6,690 MCI cases
‐ 1,519 VCI cases
‐ 1,543 other dementia
‐ 843 NPH cases
‐ 24,039 controls

‐ 2,351 missing status

Imputations using the TopMed panel are in progress



Manhattan plot based on more than 65 millions of SNPs
excluding APOE locus and including known GWAS loci 



Manhattan plot based on more than 65 millions of SNPs
excluding APOE locus and including known GWAS loci 

Manhattan plot based excluding APOE locus
and excluding known GWAS loci



Final results expected first quarter of 2020

Replication in ADGC and CHARGE



Increasing the population size analyzed by GWAS 
should allow to characterize new genetic risk factors 
Improving imputations should allow to optimize 
GWAS 

To capture the genetic information carried by the 
rare or structural variants
Ex: SORL1

The missing heritability is still high in AD : How to characterise it ?  

Witte et al, Nat Rev Genet, 2014



‐ France (Lille and Rouen)
‐ Germany (Bonn)
‐ Spain (Barcelona)
‐ The Netherlands (Rotterdam and Amsterdam)
‐ The UK (Cardiff and London)

14,756 samples available

ADES
Alzheimer Disease exome sequencing consortium



‐ France (Lille and Rouen)
‐ Germany (Bonn)
‐ Spain (Barcelona)
‐ The Netherlands (Rotterdam and Amsterdam)
‐ The UK (Cardiff and London)

14,756 samples available

ADES
Alzheimer Disease exome sequencing consortium

ADSP
11,365 samples

Is it meaningful to analyze ADES and ADSP 
separately ? 



• High number of batches
• High number of different capture kits
• Different coverage

→ Need for a common pipeline (alignment, calling and QC samples/variants) 
to combine together all these data in the most efficient way 







TREM2

SORL1

ABCA7



Final results expected in the next few weeks

Replication at least in ADSP



GWASs/ highthroughput approaches have the key advantage
of selecting candidate-genes/locus without predetermined
ideas about their respective functions.

However, this means that it can be a challenging task
to determine the genetic and molecular mechanisms
by which the GWAS-defined genes affect AD risk



Dourlen et al, Acta Neuropathologica, 2019

‐ Loci can contain numerous 
genes

‐ Most of the Functional variants 
are still not known 
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‐ Loci can contain numerous 
genes

‐ Most of the Functional variants 
are still not known 

‐ Genes can be expressed in 
different cell types

‐ Genes may have several 
functions in several pathways

→ difficult to prioriƟze a specific 
physiological and thus 
pathophysiological process

In addition, genome‐wide pathway 
analyses intrinsically favor 
canonical pathways based on 
known information.

What about the functions of a 
gene in the brain if never studied 
in such a context yet ?



THe Fly‐IGAP project
to assess how GWAS‐defined genes may modulate Tau toxicity in Drosophila

Dourlen et al., Mol Psychiatry, 2017
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High‐Content Screening for the APP metabolism

18,107 siRNA tested
832 genes strongly modify the APP metabolism

Robotic HCS platform



What have we learned from these systematic screening ?



Focal adhesions are central for synaptic functions. 
Evidences indicate that several GWAS‐defined 
genes involved in this core may modulate 
synaptic functions:

GWAS‐defined genes and synapses
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Kilinc et al, in preparation

A new co‐culture microfluidic device to assess Ao synaptotoxicity



Pyk2 over‐expression  in the post‐synaptic compartment
protects against Ao‐dependent synaptotoxicity

Kilinc et al, in preparation
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Focal adhesions are central for synaptic functions. 
Evidences indicate that several GWAS‐defined 
genes involved in this core may modulate 
synaptic functions:

‐ CD2AP (linked to Tau toxicity  and APP metabolism)
‐ PTK2B (linked to Tau toxicity  and Ao toxicity)
‐ FERMT2 ?

GWAS‐defined genes and synapses ?



Travaux préliminairesRésultats du Master 2Localisation de FERMT2 à la synapse

PNC 21 DIV ‐ Immunofluorescence PNC 21 DIV – synaptosome Purification

2 µm

Eysert et al, BioRvix



Under‐expression of FERMT2 in pre‐ and/or post synpatic compartments

Travaux préliminairesRésultats du Master 2

shFERMT2shNT

Eysert et al, BioRvix



Travaux préliminairesRésultats du Master 2 Impact de FERMT2 sur la LTP

Hippocampus slides ‐ C57bl6 mice 
(10 weeks old) ‐ Electrophysiology

Collaboration E‐PHY‐SCIENCE, Sophia Antipolis

Eysert et al, BioRvix

Lentivirus shNT, 
shAPP, shFERMT2 

and 
shFERMT2+shAPP
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GWAS‐defined genes and synapses



Focal adhesions are central for synaptic functions. 
Evidences indicate that several GWAS‐defined 
genes involved in this core may modulate synaptic 
functions:

‐ CD2AP (linked to Tau toxicity  and APP metabolism)
‐ PTK2B (linked to Tau toxicity  and Ao toxicity)
‐ FERMT2 (linked to Tau toxicity, APP metabolism/function)
‐ BIN1 ?

GWAS‐defined genes and synapses



Bin1 and Pyk2 interact as shown by 
co‐immunoprecipitation and NMR experiments
(unpublished data)

Focal adhesions are central for synaptic functions. 
Evidences indicate that several GWAS‐defined 
genes involved in this core may modulate synaptic 
functions:

‐ CD2AP (linked to Tau toxicity  and APP metabolism)
‐ PTK2B (linked to Tau toxicity  and Ao toxicity)
‐ FERMT2 (linked to Tau toxicity, APP metabolism/function)
‐ BIN1 ?

GWAS‐defined genes and synapses
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BIN1 and Tau

Over‐expression of BIN1 in a model of Tauopathy
‐ Rescue of long‐term memory deficits
‐ Decrease in AT8 inclusion in cells
‐ Increase in Tau‐Bin1 interaction 



Focal adhesions are central for synaptic functions. 
Evidences indicate that several GWAS‐defined 
genes involved in this core may modulate synaptic 
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Focal adhesions are central for synaptic functions. 
Evidences indicate that several GWAS‐defined 
genes involved in this core may modulate synaptic 
functions:

‐ CD2AP (linked to Tau toxicity  and APP metabolism)
‐ PTK2B (linked to Tau toxicity  and Ao toxicity)
‐ FERMT2 (linked to Tau toxicity, APP metabolism/function)
‐ BIN1 (linked to Tau toxicity and APP metabolism)

‐ APP and Tau are also known to be involved in 
the synaptic functions and plasticity

Is the synapse the place making the link between 
APP, Tau and some of the AD genetic risk factors ?

GWAS‐defined genes and synapses







With the new genetic landscape of AD which will be described in the next years,

Will the hypothesis of the amyloid cascade be strengthened or not?
will our hypothesis be confirmed or rejected?
will new hypotheses emerge?

No matter how, it is likely that from these genetic and biological data, a poly‐
therapeutic approach will be necessary depending on the point of entry into the
disease and its genetic background.
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