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Alzheimer’s Disease
• Most common form of age-related 

dementia 
• Most common neurodegenerative 

disease 
• Sixth-leading cause of death in U.S. 
• By 2050, 1 out of 85 people 

worldwide will have AD 
• Mostly sporadic disease 
• Mendelian forms of AD account for 

~5% of cases 
• Can these rare genetic forms 

provide insight to sporadic cases?
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Mendelian Genes for 
Alzheimer’s Disease

Gene Protein Location Inheritance

APP
Beta-amyloid precursor 

protein 21q21.3 dominant

PSEN1 presenilin 1 14q24.2 dominant

PSEN2 presenilin 2 1q42.13 dominant
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(A clue: APP on chr21)
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Susceptibility Loci for 
Alzheimer’s Disease

Gene Protein Polymorphism OR (95% CI)

ABCA7 ATP-binding cassette, A7 rs3764650 1.23 (1.18-1.28)

APOE Apolipoprotein E rs429358 (E4) 3.81 (3.37-4.30)

BIN1 Bridging integrator 1 rs744373 1.17 (1.13-1.2)

CD2AP CD2-associated protein rs9349407 1.12 (1.08-1.16

CD33 CD33 molecule (siglec 3) rs3865444 1.12 (1.08-1.16

CLU Clusterin rs11136000 1.14 (1.11-1.17)

CR1 Complement component receptor rs3818361 1.17 (1.14-1.21)

MS4A4E Membrane-spanning 4-domain A4E rs670139 1.08 (1.05-1.11)

MS4A6A Membrane-spanning 4-domain A6A rs610932 1.11 (1.07-1.14)

PICALM Phosphatidylinositol binding clathrin assembly protein rs3851179 1.14 (1.11-1.17)



Two SNPs determine APOE variants

Variant rs429358 rs7412

ε2	

 T T

ε3	

 T C

ε4	

 C C

1 copy of ε4 allele = ~2 times increased risk for AD	


2 copies of ε4 allele = ~11 times increased risk for AD	







odds for carriers of 
rs63750847-A of reaching age 
85 are 1.47-fold the odds of 
non-carriers.

Effects of rs63750847-A on 
cognitive ability extend beyond 
Alzheimer’s disease.



odds ratio, 2.92; 95% confidence interval 
[CI], 2.09 to 4.09; P=3.42×10−10

A rare missense mutation (rs75932628-T) 
in the gene encoding the triggering 
receptor expressed on myeloid cells 2 
(TREM2), which was predicted to result in 
an R47H substitution, was found to confer 
a significant risk of Alzheimer's disease
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Frontotemporal lobar dementias 
(FTLDs)

• Degeneration in frontal and 
temporal lobes of the 
brain 

• >12% of people treated at 
dementia clinics 

• Onset in 50’s and 60’s 
• Language difficulties and 

inappropriate behavior 
• Shoplift, overeat, excessive 

interest in sex
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Mendelian Genes for FTD

Gene Protein Location Inheritance

CHMP2B Chromatin modifying 
protein 2B

3p11.2 dominant

GRN Granulin 17q21.31 dominant

MAPT Microtubule-associated 
protein tau

17q21.31 dominant

VCP Valosin-containing 
protein

9p13.3 dominant
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Tau$+$ Tau$&$

Ubi+$Ubi&$

• FTLD&U$

• FTLD&TDP$?

Frontotemporal lobar dementias 
(FTLDs)



Science, October 6, 2006 



TDP-43

Neumann et al., 
Science 2006



TDP-43 pathology in FTLD-U

Neumann et al., 
Science 2006



TDP-43 
“biochemical 

signature”

Neumann et al., 
Science 2006



Pathological subtypes of FTLD and ALS



GWAS for frontotemporal dementia susceptibility loci

Van Deerlin et al 
Nature Genetics 2010

rs1990622	


TMEM106B	



OR 1.64 (1.41-1.89)
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Amyotrophic Lateral Sclerosis (ALS)

• Affects adults in mid-to-late life 
• progressive muscle weakness 
• muscle atrophy 
• Selective degeneration of 

motor neurons in brain-stem 
and spinal cord 

• Sporadic and Familial Forms 
• SOD1 mutations linked to 

FALS 
• SOD1 mutations only account 

for ~2% of ALS. What are 
other causes?
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Stephen Hawking



New Orleans Saints 
safety Steve Gleason 

blocks punt vs. Falcons	


Sept. 2006



TDP-43 pathology in sporadic ALS





TDP-43 Mutations Linked to ALS



How do TDP-43 mutations 
cause disease?



Pathological subtypes of FTLD and ALS



Mendelian Genes for ALS
Gene Protein Location Inheritance
ANG Angiogenin 14q11.2 dominant
ALS2 alsin 2q33.1 recessive
FIG4 SAC1 lipid phosphatase domain containing 6q21 recessive
FUS Fused in sarcoma 16p11.2 both

OPTN Optineurin 10p13 both
SETX Senataxin 9q34.13 dominant
SOD1 Superoxide dismutase 1 21q22.11 both
SPG11 Spastic paraplegia 11 15q21.1 recessive

TARDBP TDP-43 1p36.22 dominant
UBQLN2 Ubiquilin 2 Xp11.21 x-linked dominant

VAPB VAMP 20q13.32 dominant
VCP Valosin-containing protein 9p13.3 dominant

PFN1 profilin 1 17p13.3 dominant
C9ORF72 C9Orf72 9p21 dominant

~70% of FALS causative genes are now known	


but only 5-10% of SALS causative genes are known



Susceptibility Loci for ALS

Gene Protein Location Polymorphism OR (95% CI)

UNC13A unc-13 homolog A 19p13.11 rs12608932
1.18 

(1.13-1.24)

GWA_9p21.2 Unknown 9p21.2 rs2814707
1.25 

(1.19-1.32)

ATXN2 ataxin 2 12q24.12 PolyQ n.a.



Susceptibility Loci for ALS 
(Han Chinese)

Gene Protein Location Polymorphism Odds Ratio

CAMK1G CAMK1G 1q32 rs6703183 1.31

CABIN1 and 
SUSD2

Unknown 22p11 rs8141797 1.52

Deng et al., Nat Genet 2013



Genome Wide Association Studies (GWAS) links 9p21 to ALS



How would you identify the 
mutated gene(s) on 9p21?	





CTCTTTTGGGGGCGGGGTCTAGCAAGAGCAGGTGTGGGTT
TAGGAGGTGTGTGTTTTTGTTTTTCCCACCCTCTCTCCCCA
CTACTTGCTCTCACAGTACTCGCTGAGGGTGAACAAGAAAA
GACCTGATAAAGATTAACCAGAAGAAAACAAGGAGGGAAAC
AACCGCAGCCTGTAGCAAGCTCTGGAACTCAGGAGTCGCG
CGCTAGGGGCCGGGGCCGGGGCCGGGGCGTGGTCGGGG
CGGGCCCGGGGGCGGGCCCGGGGCGGGGCTGCGGTTGC
GGTGCCTGCGCCCGCGGCGGCGGAGGCGCAGGCGGTGG
CGAGTGGGTGAGTG
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CGCTAGGGGCCGGGGCCGGGGCCGGGGCGTGGTCGGGG
CGGGCCCGGGGGCGGGCCCGGGGCGGGGCTGCGGTTGC
GGTGCCTGCGCCCGCGGCGGCGGAGGCGCAGGCGGTGG
CGAGTGGGTGAGTG



CTCTTTTGGGGGCGGGGTCTAGCAAGAGCAGGTGTGGGTTTAGGAGGTGTGTGTTTTTGTTT
TTCCCACCCTCTCTCCCCACTACTTGCTCTCACAGTACTCGCTGAGGGTGAACAAGAAAAGA
CCTGATAAAGATTAACCAGAAGAAAACAAGGAGGGAAACAACCGCAGCCTGTAGCAAGCTCT
GGAACTCAGGAGTCGCGCGCTAGGGGCCGGGGCCGGGGCCGGGGCGTGGTCGGGGCGGG
CCCGGGGGCGGGCCCGGGGCGGGGCTGCGGTTGCGGTGCCTGCGCCCGCGGCGGCGGA







How do GGGGCC 
expansions in C9ORF72 

cause FTLD/ALS?

Clues
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Parkinson’s Disease



What causes Parkinson’s Disease?

Genes%

Environment%Gene-c%
modifiers%





• Overall heritability is estimated at 0.27!
• Currently known variants account for ~10% of 

heritability!
• Best current predictor of PD is family history 

rather than genetics!
• Family history incorporates additional genetic 

risk factors different from risk factors 
identified by current GWAS !

!

Parkinson’s Disease Heritability



•  5"10%&of&PD&pa-ents&have&a&family&history&
•  3%*&of&all&PD&cases&have&muta-ons&in&known&PD&
genes&

*Some&papers&suggest&5"10%&of&PD&pa-ents&have&a&gene&
muta-on&

Parkinson’s Disease



Monogenic parkinsonism



•First gene associated with familial parkinsonism 
(Polymeropoulos 1997)!
•Autosomal dominant!
•Rare cause of familial parkinsonism: only ~15 
families identified!
•Not found in sporadic PD!

•Component of Lewy bodies and Lewy neurites!
•3 point mutations: A53T, A30P, E46K !

•Increases aggregation [Conway & Lansbury 1998]!
•Duplications !

•Resembles idiopathic PD!
•Penetrance only 33% in one family!

•Triplications (Singleton 2003) !
•Early onset, rapidly progressive parkinsonism with 
dementia, autonomic dysfunction (Fuchs  2007) !
!

!

α−synuclein (α−syn) 

α−syn



Monogenic parkinsonism



LRRK2 (PARK8)
•  Loci%first%mapped%in%a%large%Japanese%family%to%Chr%12%
•  Most%common%cause%of%gene;c%parkinsonism%

–  Zimprich%2004,%PaisanBRuiz%2004%
–  5B15%%of%families%with%AD%inheritance%carry%LRRK2%muta;ons%

•  6%recurrent%pathogenic%muta;ons%
–  R1441G,%R1141C,%N1437H,%Y1699C,%G2019S,%I2020T%
–  G2019S%most%prevalent%

•  Accounts%for%~7%%of%familial%PD%%and%1B2%%of%sporadic%pts%of%European%ancestry%

•  Func;on:%
–  Protein%kinase%
–  Associated%with%mitochondria%membrane%
–  Muta;ons%alter%phosphoryla;on%ac;vity%

•  Phenotype:%“classic%PD”%



Penetrance(of(LRRK2(G2019S(muta6on(

Incomplete(and(age(dependent:(

Age 30 80 70 60 50 40 

Penetrance 

17% 85% 

15% 21% 32% 

Kachergus Am J Hum Gen 2005 
Lesage Ann Neurol 2005  
Clark Neurology 2006 
Ozelius NEJM 2006  
Goldwurm Neurology 2007 

33% 100% 

Lifetime 

35% 
24% 

Slide(courtesy(of(Dr.(Connie(Marras(



Monogenic parkinsonism



•  VPS35&
–  Austrian&kindred&with&16&affected&individuals&&

•  7&affected&members&s=ll&alive&had&missense&muta=on&c.1858G>A&&
(Zimprich&et&al.&2011)&

•  Seven&&addi=onal&families&with&autosomal&dominant&mode&also&had&
same&muta=on.&
–  Incomplete&penetrance&
–  Late&onset&LLdopa&responsive&“classic”&PD&
–  May&be&as&common&as&SNCA&&

•  EIF4G1&
–  First&iden=fied&in&French&kindred&(Char=erLHarlin&2011)&
–  Iden=fied&later&in&other&families&in&U.S.,&Canada,&and&
Ireland,&but&may&have&founder&effect&

Exome sequencing identified two new PD genes



Genetics of sporadic PD



Susceptibility Loci for Parkinson’s Disease
Gene Protein Polymorphism OR (95% CI)

ACMSD Unknown rs6710823 1.40 (1.20-1.63)

BST1 Bone marrow stromal cell antigen 1 rs11724635 1.16(1.10-1.22)

CCDC62 Unknown rs12817488 1.17 (1.09-1.25)

FAM475 Unknown rs6812193 1.12 (1.08-1.17)

GAK/DGKQ Unknown rs1564282 1.29 (1.20-1.38)

GBA Glucocerebrosidase N370S 3.51 (2.55-4.83)

GPNMB Glycoprotein NMB rs156429 1.12 (1.08-1.16)

GWA_8p22 Uknown rs591323 1.12 (1.08-1.17)

LRRK2 Leucine-rich repeat kinase 2 rs34637584 9.62 (6.43-14.37)

MAPT Microtuble-associated protein tau H1/H2 1.29 (1.25-1.33)

MCCC1 Unknown rs11711441 1.18 (1.13-1.24)

PARK16 Unknown rs11012 1.26 (1.18-1.34)

SETD1A Unknown rs4889603 1.14 (1.09-1.19)

SNCA alpha-synuclein rs356220 1.30 (1.26-1.35)

SREBF1 Unknown rs11868035 1.18 (1.19-1.38)

STK39 Serine threonine kinase 39 rs2102808 1.28 (1.19-1.38)



GBA locus
!

Mutations cause Gaucher’s disease!
Lysosomal storage disease!
Glucocerebrosidase gene!
Common disease in Ashkenazi Jews!
Many phenotypes:!

Early or juvenile onset: clinical heterogeneity 
from hepatosplenomegaly to neurological 
dysfunction



GBA and PD
•First noticed that relatives of Gaucher patients had PD more 

frequently than expected than chance!
•GBA mutations occur more frequently in Jewish PD population 

compared to controls !
•18% of PD patients carried GBA mutations vs 4% in age 
matched controls (Gan-Or 2008)!

•Another Israeli study: 33% !
•GBA mutations can occur in non-Jewish PD populations!

•PD patients are 3.4 times more likely to carry the four 
screened GBA mutations  (Clark  et. al 2007) !

•Toronto Western:  5.6% (Sato et al.)!
•Venezuela: 12% of EOPD (Eblan et al.)!



GBA increases risk for  PD
•Severe GBA mutations increased risk of PD by 13-fold compared to 2-fold risk from 

mild mutations!
•14% of LRRK2 G2019S mutation carriers had concurrent GBA mutations.!

GBA story is incomplete
!

Jewish population has higher mutation frequency in LRRK2 G2019S and 
GBA!

!

But, the frequency of  PD in Ashkenazi Jewish population is not increased!
Prevalence of PD comparable to worldwide !

17% of parkinsonian patients in GBA families did NOT carry the GBA 
mutation (Lesage 2011)!

!



What causes Parkinson’s Disease?

Genes%

Environment%Gene-c%
modifiers%


