Duplicated genes maintained after
whole genome duplications and
their relation to human disorders
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Small-Scale gene Duplication (SSD)
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Dose change by duplication
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WGD increases gene dosage for all genes.
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WGD in vertebrate linage

2R hypothesis

Two rounds of genome duplication in the
early vertebrate lineage

Dr. Susumu Ohno
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Extensive gene losses after WGD
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Extensive gene losses because of redundancy
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30% of human genes can be traced back to 2R WGD events.
Random gene retention after WGD? === N0



Ohnologs

Functional bias

Developmental genes, Transcription factors,

Protein complex members
Makino et al. Trends Genet (2009), Maere et al. PNAS (2005), Blomme et al. Gen Biol (2006)

Dosage-balanced genes (DBGS)

DBGs are not robust to gene loss and small-scale
gene dupllcatl()n (SSD) Veitia. Bioessays (2002) and Papp et al. Nature (2003)
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Dosage balance hypothesis

Pathway WGD
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DBG4 DBG4|@®+—
DBG5 DBG5| « +—

Veitia Genetics (2004)

WGD duplicates all genes simultaneously and
therefore does not perturb relative dosages.



ldentification of human ohnologs

1. Homology
Homology search by blastp (human, fishes and amphioxus)

(E-value < e-7; alignable > 30%)

2. Timing of gene duplication events

JkWGD

SSD (small-scale duplication)

Amphioxus Fishl  Humanl Fish2 Human2 Human3

3. Gene synteny
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7,294 human ohnologs were identified.



High dosage sensitivity of ohnologs

Ohnologs Non-ohnologs
Human
Fish WGD
WGD G Human
Human  Human
WGD Fish WGD Fish
Human Fish
Fish —-{ Human
— WGD H — WGD L Human
.uman 4 Human
Fish :
Fish
Amphioxus Amphioxus

Makino and McLysaght. PNAS (2010)

— Small-scale duplication (SSD)
4 Copy number variation (CNV)

Ohnologs have not experienced neither CNV nor
SSD compared to non-ohnologs.  p<22x10% g tesy



Biased distribution of CNVs

Human chr. 16

I Proportion of segmental duplications

" Number of short CNVs (< 3kb)

I Number of long CNVs (= 10kb)
Number of all CNVs

IPraportion of non-ohnologs with CNVs

Makino et al.
Nature Communications (2013)



Deleterious CNVs of DBGs
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Hypothesis: Genomic regions neighboring ohnologs
are unlikely to experience CNVSs.



CNV deserts In a human genome

Chr. 16

Proportion of segmental duplications

Number of short CNVs (< 3kb)
INumber of long CNVs (= 10kb)
Number of all CNVs

I Proportion of non-ohnologs with CNVs
IProportion of ohnologs (P,

)
hno
Makino et al.

Ohnolog-rich regions (7 Nature Communications (2013)

ohno

=50 %)

Ohnolog-rich regions are CNV deserts.



Trisomy 21: Down Syndrome

1.5-fold increase in dosage of all genes on chr. 21
Ohnologs on chr. 21
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Down Syndrome candidate genes

Makino and McLysaght. PNAS (2010)

/5% (12/16) of the candidate genes for this
syndrome are ohnologs. (P=5.9x 103, fisher's exact test)



Pathogenic CNVs causing diseases
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Ohnologs overrepresented in pathogenic CNVs

Pathogenic CNVs Control CNVs

Devl. delay Schizophrenia

Neuro-devl. (Cooper et al. (Stefansson et al. wrccc - HapMap

diseases Nature 2011) Nature 2008) (>100kb)  (>100kb)

CNVs containing genes 15 51 22 66 194
CNVs containing ohnologs 14 47 20 20 69
Proportion 0.93 0.92 0.91 0.30 0.36

McLysaght, Makino et al. PNAS (2014)

> 90% of the pathogenic CNVs contained ohnologs.



True causative gene on pathogenic CNVs

Which Is a true disease causing gene in
a pathogenic CNV?

Ohnologs

/
R

? 7 ? 7

Multiple ohnologs within
a pathogenic CNV



Genes on Alzheimer’s Disease (AD) CNVs

i —_—
chr. 2 IHH—H— - HEE Non-ohnologs
75,593,700 78,885,480
Hll Ohnologs
chr. 2 HE-HE - B m —
191,978,360 198,113,180
Chr. 2
208,179,808 214,808,269
chr. 3 i . . L L H H—.
74,304,940 90,444,732
Chr. 6 H HE -
61,471,500 70,093,149
chr. 7 HilH—HEE HH. & HHEN—E—H
78,325,192 89,993,005
chr. 7 iH——- I
136,381,032 137,705,338
chr. 8 I —1-H .
63,820,586 65.474,082 Swaminathan et al. 2011&2012
Rovelet-Lecrux et al.2012
Szigeti et al.2013&2014
chr. 11— - — — W R — N -
96,148,180 107,775,935 Hooli et al.2014

Shaw et al.2011

. Guffanti et al.2013
Chr. 12 i Ghani et al.2012

77,416,750 88,349,346




Expression and phenotype for AD related genes

28 known AIZheimer,s dlsease (AD) genes Bertram et al.2008 Khanahmadi et a/.2015

Giri et al.2016 Rosenburg et al.2016 AlzGene

64 o) h no | 0] g SO Ut Of 248 g enes Swaminathan et al. 2011&2012 Shaw et al.2011

Rovelet-Lecrux et al.2012  Szigeti et al.2013&2014

i n AD p at h O g en | C C NVs Hooli et al.2014 Guffanti et al.2013 Ghani et al.2012

Expression pattern: Highly expressed in brain
Mouse knockout phenotype: Nervous system

Ohnologs in AD CNVs have high gene expression levels
In brain and a nervous system related knockout phenotype.

Sekine and Makino. MBE,in press



Candidates of AD causing genes

Ohnologs Non-CNV genes APP ATXN1
BHLHE22 CACNA2D1
ERBB4 GNAI1

P " KHDRBS2  LRRTM4

MAGI2 NCAM?2
NRXN1 PTN
ROBO1 SLC30A3

Mouse High expression

Knockout in brain

phenotype Sekine and Makino. MBE,in press

APP and ATXNL1 are previously reported AD genes.
Most of candidates are related to neuropsychiatric diseases.



Candidates of AD causing genes

LRRTM4
chr. 2 IHH-H —
75,533,700 78,885,480 I Non-oh nOIOQS
PLCL1 I Ohnologs
chr. 2 IHE-HIE
1aTas R E B Ohnologs (high expression in brain &
e 2 LANCL1 ERBB4 nerve related function)
r.
208,179,808 214 808,269
ROBO1
chr. 3 J—I b - = —
74,304,940 90,444,732
KHDRBS2
Chr. 6 P —— -
51,471,500
MAGI2 GNAI1 CACNA2D1
Chr. 7
78,325,192 89,993,005
PTN
Chr. 7
136,381,032 137,705,338
BHLHE22
Chr. 8
63,820,586 65,474,082
CNTNS ELMOD1
chr. 11—
96,148,180 107,775,935
5YT1 LINTA PPFIA2 . ,
chr. 1288 H—i i Sekine and Makino. MBE,in press

The estimation of causative genes is feasible even amongst
multiple genes within AD CNV regions.




Conclusion

Ohnologs are dosage balanced and
frequently associated with diseases.

Investigating CNV of ohnologs is an efficient means
to find pathogenic CNV regions and disease causing
genes within them.
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Duplicates generated by WGD

The number of genes increased fourfold by 2R WGD.

Typical example: Hox gene clusters
Vertebrate ancestor - 8- 5000800 EE
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Less frequent SSD of ohnologs
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Ohnologs experienced SSD less frequently during

eVOI Utlon . Makino and McLysaght. PNAS (2010)



Less frequent CNVs of ohnologs
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(P <2.2x 1076, x2 test)
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CNVs in human populations

from Database of genomic variations (http://dgv.tcag.ca)

Ohnologs were unlikely to display CNVs in human

populations.

Makino and McLysaght. PNAS (2010)



Alzheimer’s Disease (AD)

Caused by loss of neurons in the cortex and hippocampus
Impairment in memory, judgment, language, etc.

Mohammad et al. 2015

Healthy brain

AD’s brain Accumulation of B-amyloid

Alzheimer cells

healthy cells
alz.org



Alzheimer’s Disease (AD) and control CNVs

64 AD causing CNVs shawetal.2011

(including 248 genes) Swaminathan et al.2011
Ghani et al.2012

Rovelet-Lecrux et al.2012
Swaminathan et al.2012
Guffanti et al.2013
Szigeti et al.2013

Hooli et al.2014

Szigeti et al.2014

(CNVs containing genes)
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Shaw et a/.2011
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Ghani et a/.2012

Rovelet-Lecrux et al.2012

Bertram et a/.2008
Khanahmadi et a/.2015
Giri et al.2016
Rosenburg et al.2016
AlzGene

Swaminathan et al.2012
Swaminathan et al.2012
Guffanti et a/.2013

Szigeti et a/.2013
Hooli et al.2014
Szigeti et 0/.2014




AD CNVs frequently including ohnologs

1.00

| CNVs without ohnologs
.~ CNVs with ohnologs

0.75

0.50

0.25

Proportion of ohnologs

( P=1.7e —15 fisher’s exact test)

0.00 Sekine and Makino. MBE,in press

AD CNVs Control CNVs
(64) (22,369)

Proportion of CNVs having ohnologs for AD CNVs
was higher than that for control CNVs.



Dosage sensitive genes on AD CNVs

genes in AD CNVs (248)

Ohnolog Non-CNV gene

64
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dosage sensitive genes (DSGs)



Mouse knockout phenotype

R 1.2016 B 1.2 _
Known AD geneS (28) osenburg et al.2016 Bertram et a_ 008 Shen etal.2016
OMIM Giri et al.2016 Khanahmadi et al.2015  AlzGene

Phenotype term P value

nervous system 0.014

behavior / neurological 0.13 e
growth /size/ body 0.57 M G
muscle 0.68

Dosage sensitive genes in AD CNVs (64)

Phenotype term P value

nervous system 0.013




Expression of known AD genes

Known AD genes had high expression in brain.

Ratio (brain / other tissues)

4.00

3.00

2.00

1.00

0.00

p= 0.0050

( Mann-Whitney U test, Bonferroni correction)

PIGTEXPortal

Genotype-Tissue
Expression portal

known AD genes

Other genes



Expression of DSGs in AD CNVs

Dosage sensitive genes (DSGs) in AD CNVs had high
expression in brain.

Ratio (brain / other tissues)

4.00

3.00

2.00

1.00

0.00

p=0.022 p=0.0019 ( Mann-Whitney U test, Bonferroni correction)

Non-DSGs DSGs in
in AD CNVs AD CNVs

Other genes



Candidates of AD causing genes

genes in AD CNVs (248)
Ohnolog Non-CNV gene

Knockout phenotype: High expression
nervous system In brain



Candidates of AD causing genes

Ohnologs Non-CNV genes APP ATXN1
BHLHE22 CACNA2D1
ERBB4 GNAI1

. KHDRBS? LRRTMA4

MAGI2 NCAM?2
NRXN1 PTN
ROBO1 SLC30A3

Mouse High expression

Knockout in brain

phenotype Sekine and Makino. MBE, in press

APP and ATXNL1 are previously reported AD genes.
Most of candidates are related to neuropsychiatric diseases.



