Chapter 6
CNVs and the
NMDA Receptor Complex
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6.1 NMDA Receptor Complex, Schizophrenia and Cognition

Molecules at the synapse, the specialized junction between neurons, play a fundamental
role in learning and memory, neural development and neural degeneration (Nakanishi et
al. 1998; Kandel 2000). Alterations to these synaptic proteins can result in different
human cognitive and behavioral phenotypes, including a number of neuropsychiatric
disorders (Laumonnier et al. 2007; Ramocki and Zoghbi 2008; Sudhof 2008). Within the
synapse proteome, the NMDA Receptor Complex is of particular interest due to its
central role in glutamatergic signalling for synaptic transmission in the brain. The NMDA
receptor complex (NRC), also known as MAGUK (membrane-associated guanylate
kinase) Associated Signalling Complex (MASC), encompasses a key set of synaptic
proteins in the postsynaptic density (PSD) (Husi et al. 2000; Husi and Grant 2001;
Collins et al. 2006), centered around the NMDA receptor (NMDAR, N-Methyl D-
Aspartate ionotropic receptor) (composed of NR1 and NR2 subunits) and associated

MAGUK scaffolding proteins (e.g. PSD-95, PSD-93, SAP-102 and SAP-97) (Figure 6.1).

The NRC/MASC complex comprises of 186 proteins (Collins et al. 2006) (Appendix F). A
number of them (43 out of 186) have demonstrated involvement in synaptic plasticity
(Grant et al. 2005), the changes in synaptic properties in response to neuronal
stimulation, which form the basis of learning and memory formation. 54 of these synaptic
proteins were associated with one or more nervous system disorders (Grant et al. 2005).
Unraveling the functional complexities of these components is critical for our
understanding of diseases, behaviors and the learning processes (Pocklington et al.

2008).

Pertinent to the investigation of psychiatric disorders, NRC/MASC components have

provided support for the glutamate hypothesis of schizophrenia (section 1.5).
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Hypofunction of the NR1 subunit of NMDAR in mice, for instance, displayed behavioral
abnormalities mimicking schizophrenia (Mohn et al. 1999). Recent studies on copy
number variations in schizophrenia further implicate the role of NRC/MASC proteins in
schizophrenia. Candidate genes involved in schizophrenia CNV loci, for example DLG2
(Walsh et al. 2008), ERBB4 (Walsh et al. 2008), NRXN1 (Rujescu et al. 2008), CHRNA7
(ISC 2008; Stefansson et al. 2008) and CYBIP1 (Stefansson et al. 2008) (section 1.6

and Figure 1.8), all converge to a direct or indirect involvement in the NRC/MASC

complexes.
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Figure 6.1 Schematic diagram of a glutamatergic excitatory synapse. The NMDA
receptor (NMDAR) is an ionotropic glutamate receptor embedded in the postsynaptic
membrane. Other glutamate receptors include the AMPA Receptor (alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptor) and the mGIuR receptor
(metabotropic glutamate receptor). NMDAR and its associated proteins, such as the
MAGUK proteins, were clustered at the postsynaptic neuron forming part of the
postsynaptic density (PSD).
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6.2 Copy Number Variation and the NMDA Receptor Complex

We assessed whether genes encoding NRC/MASC components are located at copy
number variable loci. 186 NRC/MASC signalling complex components were mapped to
the genomic coordinates of WGTP BAC clones for comparison against known CNVs in
269 normal HapMap individuals. 20 out of 186 (11%) MASC/NRC complex components
were detected within CNV regions in one or more samples (herein refer as MASC CNVs)

(Table 6.1, Figure 6.2).

The 20 MASC CNVs were characterized into 5 categories according to a previously
defined classification system (Redon et al. 2006)*. Fifteen of them were classified as
simple deletions, duplications or deletions with duplications. These CNVs were at
relatively low frequency in the population (on average 1.4% of HapMap samples affected,

corresponding to ~4 individuals out of 269).

The remaining MASC CNVs were complex or multiallelic, affecting the majority of the
HapMap population. The most frequent variants were located near the genes NSF (N-
ethylmaleamide-sensitive factor) (Figure 6.2q), RPL13 (ribosomal protein L13) (Figure
6.2p) and GRM5 (metatropic glutamate receptor 5) (Figure 6.2j). In particular, NSF was
identified as a multi-allelic variant with at least 4 discrete CNV genotypes. Due to the
interesting genomic architecture of this locus and the biological relevance of the NSF

gene, we investigated the genomic region in more detail (see section 6.3).

* The classification system categorizes CNVs into 5 categories, namely: “deletions”,

” o« ” o«

“duplications”, “deletions and duplications”, “multi-allelic’ and “complex rearrangement”

205



90¢
“Juswabuelie-al xa|dwoo ;3 pue olg|je-inW ;g ‘suoneslidnp pue suois|ep :H ‘suonedldnp :g ‘suons|ep v :selobsyed AND .

(56 £'0)183-d30ZMD (% LE"0)68E-d10TIYD

‘(%L £'0)749-d10Z14D (%€ 0)z8b-h0zIYD (aupads-apnisouioydsoyd)
¥SET 1
v (%L 0lpop-di0zIu) “(wLE0)gaL-chozayy  LTOCTES 96CTS08 0T 1 £33 ‘2 asedijoydsoyd Tand
‘(964 £'0)£39-10Z 14D (%LE0)pDS-10TIYD
v (%64 £°0)52F-16T4D (%LE'0)8Y9-dI6TIYD  SOTEBPSF #908ZFSF 61 7 F0jowwoy auad0duo [BJIA BLUOWAYY SULINL 1HE-A LMY
(%t£"0)639-d18T44D
uijoid pajeposse-Sojowoy (ejiydosoip) adie| ‘sis)
v oL O N E-HITAD “(922-0)915- 1T HD SETOLBE  DE098PE 8T T P Jowoy (eiydosoap) | “sasip Tdvona
a (%615°9S)64Z-dLTIYD “(%TE¥I)T-dILTIYD  [6668BTTY T6EETOTV LT J0yoey anpisuas-apluRewiyia-u 4SN
: | (%95 TZ)PHT-MSTIYD  TSYBSTBB  565¢ST88 9T £1] uiajoad [ewosoqu £17dY
y ot 2 o (7 9selajsuesjounue ajepedse)
9 (%667 T)Z4E-AI9TYD (%60 TISITT-IITIYD  [PLSTELS BESSETLS 9T [ PUOYICYL *Z SSPUILIBSUEL RSILOEX-INUEINS 7109
3 (35e e)s4€-dI9TIYD  TETZHOOE RTGTEODE 9T £ aseupyj uialosd paienie-uadoy £XdYIN
7 ez ayepedse-p jAyaw-u
a (%¥L0)BHZT-AIITIYD  ZTTPBTOT  Z9LWSL6 9T sydonouos soyderss seumeyiyd VZNIND
2 (%9°2)L0TT-A19T44D 06TE6ST  TLRLEST £l T-35euly ujajoud juapuadap apiisoutoydsoyd-g T3d0d
v (%L €'0)T8LT-NZTYD 644159  BIGETS T aseuadolpAyap ajeydsoyd-g-apAyap|esash|d HOdVD
(%8E ETITTIE-AITTIYD
Jdoxjoqeiaw “yoydadal ajeweyn|d
4 (%10 e TOTT-dIT 144D ‘(% E8 pIvAS-dITTIYD AOMGRRES. RIS L . 3 _ AR
v (%£€°0)538T-AITTIYD (%LEO)6AET-MTTIYD  ZIGSTOS8 TOLEVBZE 1T 0TT-uAsdeyd ‘7 Sojowoy adie] ‘sasip 7910

7 12quwaw ‘(1anodsuely ajeweyn|d Ajuige gy (end)

" -d
v (2%L€°0)TD5-diSTIYD 9BTBGESE GTEGTTSE T T Apiuuey Jaue ajnjos ZVIOTS

77 Jaquiaw ‘(ajewen|E LISLUIED [BLpUOYI0YIW )

! -d
g (%LE0)SDET-ITTIYD TZE98L BL¥0BL 1T Sz Aiwe; Jaies a3njos (4 LT
8 (%L € 0ITHLT-BTTIYD 165525 [4 4 1T Fojowoy 3u3aF0IUO0 |BJIA BLUDDIES JBI AJNIRY SBI-BUY-A SYHH
A d apndadijod ewwed ‘uiajosd uoneaoe
3 (%L €)86-01L1D ERCIEnt: Ealibial £ aseuadixoouow-g veydoyd Asy/aseuaEAX00uUoLWU-E 3UIS0IAY SHAS
L (3% €°0)T41-diguyD (% .€°0)5872-01944D  STIBYL6T BBLIELGT 9 u1z301dodA|2 33A501puapad||o uljRAw 20N
E] (%8E ET)TTIOT-AIEID  PrBEOSBET 6T8SSTB6T |3 T Sojowoy adie ‘sasip 1910
v (2661 TIZTHL-ITIYD (%67 TISOTT-AITIYD  EFBLESEST YSTITSEST I g4 pUE Jan)| "aseupy ajeanJid 4TAd
J (3%Er L)LY ST-dATIYD SSETTST  06590LT I £32q ‘(ut230.d 5) uiaoud Fuipulq apRoajanu auluend TEND
Aiodaye) (depdey ui %) sauo|) AND pu3z MEelS flTs] ndulsag auag auag

"an|q ul xa|dwod DSV du} Jo sjusuoduwod 8102 Bunosye SAND 8yl pue ‘mojjahk ul payybiybiy
ale SAND 1uanbal) jsow ay| "sjusauodwoo xajdwoo Buljjeubis HDSVYIN/OYN Bulpooua sauab gz je pajoalap SANID L9 9|gel



L0¢C

(E)ep auop Puswnu sE

¥o 0 00 o0~ ¥O-

L 1 1 1 ]
—

VLTS LD9-digiiud

(e1ep auop ouswnu se

Fo Zo 00 o~ Fo-
L 1 1 1 I

DOW Ld1-digayo

g 9 ¥

ZE 0L

=

oL

St

P

Arsuag

frsueq

(e1Ep auopauswny 58

ro 0 o0 o~ ¥o-
[ 1 1 1 I

ZTY9IZIIS §OCL-diLLiud

(e1ep” auta)ouawnu ' se

¥o zo oo o~ Fo-
[ I I I I

197Q LE20Z-digiyD

Sl

oz

8

frsueg

Risueg

¥0o 0 00 TO0- ¥O-

(EpEp” suos Huswnu S8

L ]

SYHH ZHLL-diLbud

(eep " auoi puswn sE

| 1 |

00 o ¥O-

YINd §ILZ-d34D

(panunuos aq 0)) z'9 ainbi4

0

o 8 9 ¥ 2

vl

g 9 ¥

ZL 0L

L0

(EjEp SO jRusnu S8

¥vo €0 00 0~ ¥O-

L ] 1 1

7
B
e
OYHMA 826-d12iyd
(e1Ep BUo)aLeUny S
¥0 T0 00 T0- FO-
L I 1 I ]
¥
z

LEND LysZ-diLiyd

aL

4}

oL

Z

fysuag

fysuag



80¢

¥o 0 00 0 ¥O-

¥

(E)ep” auop PusiLnu sE

£17dY vHI-d191uD

(E1ep~ auop puswnu se

o o 00 E0- tvO-

1 | 1

iMdad faki-digLiug

g 9 ¥

ZL 0L

fysuag

fysuag

(E1ep suoi puswnu' se

¥o 0 00 T0- ¥O-
[ I 1 I |

Z109 g3zL-d1gLiyd

(e1Ep Bsuoa)ausewIn 58

¥0o 0 00 T0- ¥O-
[ I 1 I I

Hadvyo 18L1-dhzZLud

0

A

oL

gl

g

ak

Sl

Aysuan

fpsuag

(epep auop puawnu se

vo 0 00 o0~ ¥O-

'

EUdYIN Sde-digLiud

(epep a0 auaIUN S

¥o Z0 00 Z0- ¥O-

E

SWHD F2LL-diL Ly

(panunuoo aq 0)) z'9 ainbi4

oL 82 9

4}

ol

-1

- —

Ausuag

fyjsuag

(eyep auoia jauswnu se

¥o €0 00 0~ ¥O-
L 1 1 1 i

WZNIHD GHEL-dI9LIuD)

(e1ep " auoid jauaLUny SE

¥0 70 00 T0- FO-

2970 6atk-diLLud

]

gl 0l

B &8 ¢ Z O

oL

Zl

Ausuag

fyjsuag



60¢

(epep auop Puswnu 58

¥0 o 00 Z0- ¥O0-
L 1 I I |

1827d ¥ov-di0Zaud

at

gl

1

fpsuag

o

LgO7d 3 TUMY 'S LdVOTa 4 'HSN b 'eL1dY :d 210D 0 eV U ‘WZNIHD ‘W
IMAd 1 'HAdVD ¥ ‘SWYD 12970 1 2VLOTS 4:2Z2v¥s2O1S B 'SYHH 4 ‘OVHMA @ 'D0W P “1DTd 2 *4TMd ‘9 * LND ‘e
"an|q ul xa|dwoo DSVIA 8y} Jo sjusuodwod 8100 Bunoaye SAND 8yl pue ‘mojeA ul pajybiybly alem SAND jusnbaly ysow ay |
‘'suoibal 9SYIN 0Z ul sejdwes depdeH g9z Buowe AND Buipiodas sauojd d19M 10} suoinqusip onyeszbo] z'9 ainbi4

{ejep auopjpuswng s&

o oo Zo-
I I 1

Fo-
1

ZIMY 8Y9-disLiya

S

oL

S

Aisuag

(ejEp auo jausewunu S

o Fd) 00 IO ¥O-
L | I | J

Ldv¥91a Zwe-digliud

ok

Sl

0z

Aysuag

o
-

(e1ep " auod)sELUNY SE

€0 00 <0 ¥~

1 | |

4SN 64Z-diL1aYD

b

fisueg



The core NRC/MASC components, i.e. the NMDA receptor subunits and the closely
associated MAGUK scaffolding proteins, were of particular interest for understanding
cognition and diseases. Among the 20 MASC CNVs, 4 overlapped with the core
NRC/MASC genes, detected as variants at DLG1, DLG2, DLGAP1 and GRIN2A (Figure

6.3; Table 6.1 in yellow).

The CNV at DLG1 (Discs, Large Homolog 1 (Drosophila)) showed a complex pattern, as
displayed by a broad log2ratio distribution of clone Chr3tp-20C11 (Figure 6.4a). At
WGTP resolution, we were not able to resolve the precise CNV location and discrete
copy number for individuals. The WGTP data was subsequently compared to the
recently-released oligonucleotide array data (Genome Structural Variation Consortium

2008). We confirmed the presence of a frequent intronic CNV of ~5 kb within DLG.

In addition, a duplication involving DLG2 (Discs, Large Homolog 2 (Drosophila)) was
detected in one individual in the WGTP platform. Oligo array data revealed additional
CNVs in more individuals (deletions) (Figure 6.4b). DLGAP1 (Discs Large-Associated
Protein 1) was also identified within a larger duplication, affecting 3 consecutive BAC
clones in the WGTP data (Figure 6.4c). A number of deletions were revealed by the oligo

array data from the CNV Consortium.

Finally, GRIN2A (glutamate receptor, ionotropic, n-methyl d-aspartate 2a), encoding the
NR2A subunit of the NMDA receptor, was detected with both duplications and deletions
in the population by WGTP platform (Figure 6.4d), although no CNV was detected using

higher-resolution oligonucleotide array.

In summary, copy number variants at multiple components of the NRC/MASC complex

exist among normal, healthy individuals, despite the significance of these proteins in
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normal brain functions such as synaptic plasticity and cognition. We further investigated

the NSF CNV locus as it was the most frequent MASC CNV (section 6.3).
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Figure 6.3 CNVs affecting core components of the NRC/MASC signalling complex.
(a)-(d): WGTP array CGH profiles of the four CNVs in 269 HapMap individuals. (a) CNV
at DLG1 with complex pattern in the HapMap population b) Duplication at DLGZ2 in one
sample c) Large duplication at DLGAP1 in 2 samples d) CNV at GRIN2A detected as
both duplication and deletion (e) The four core NRC components within the network of
NRC/MASC signalling complex (diagram modified from www.genes2cognition.com)
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6.3 CNV at 17921 near N-ethylmaleamide-Sensitive Factor (NSF)

6.3.1 Introduction to the 17921 locus near NSF

We detected a multi-allelic variant near NSF, the most frequent CNV in the NRC/MASC
CNV screen. The NSF CNV region is highly variable with a complex genomic
architecture and association with mental iliness, prompting us to further investigate the
region. Structural variants in the region have been identified, including a well-studied
common inversion of ~900 kb (Stefansson et al. 2005), resulting in two designated
alleles H1 and H2. The H2 allele was suggested to be under positive selection. The
inversion encompasses several genes involved in brain development including NSF (N-
ethylmaleamide-sensitive factor, a membrane fusion protein), CRHR1 (corticotrophin
releasing hormone receptor), IMP5 (intramembrane protease 5, a presenilin homologue),
MAPT (microtubule associated protein tau) and STH (saitohin, an intronless gene within
MAPT) (Stefansson et al. 2005). Among these, NSF is involved in the NRC/MASC
complex, and MAPT is a component of the broader postsynaptic density (PSD) complex

(Collins et al. 2006).

The H1/H2 inversion suppresses recombination, leading to divergence of the two alleles.
The H2 haplotype is shown to exist only in populations with history of European
admixture (Evans et al. 2004; Stefansson et al. 2005). Overall, H2 shows little genetic
variation (Hardy et al. 2005). In contrast, many H1 variants have been described, with
the most common reported variants being single nucleotide polymorphisms (SNPs) or
small insertions/deletions that modify MAPT (tau) expression or splicing mechanisms
(Rademakers et al. 2005; Caffrey et al. 2006; Caffrey et al. 2007; Myers et al. 2007;

Hayesmoore et al. 2008).
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The H1 & H2 inversion has been described in the context of several neurodegenerative
diseases associations. The H2 haplotype was reported to have a protective role in a
number of brain diseases, including progressive supranuclear palsy and corticobasal
degeneration (de Silva et al. 2001; Pastor et al. 2004; Pittman et al. 2005; Rademakers
et al. 2005), Parkinson’s disease (Goris et al. 2007; Zabetian et al. 2007) and
frontotemporal dementia (Borroni et al. 2005; Ghidoni et al. 2006) (more comprehensive
reviews in (Rademakers et al. 2004; Kalinderi et al. 2008)). H2 was also demonstrated to
have higher expression of a variant of MAPT mRNA transcript known as 4R, where the
fine balance of 4R transcript with its 3R counterpart is critical in certain

neurodegenerative diseases (Kalinderi et al. 2008).

More recently the 17921 locus has been shown to be involved in a newly defined
genomic disorder. A recurrent microdeletion of the genomic locus was detected in
patients with learning disability (Koolen et al. 2006; Sharp et al. 2006; Shaw-Smith et al.
2006). The critical deletion region (~420 kb) was similar in all patients identified. In
deletion carriers where parental DNA is available, the deletions were shown to be de
novo. Moreover, for all patients identified so far, a H2 parental background is a
necessary factor for the deletion to occur (Koolen et al. 2008). Clinical cases of mental
retardation patients with the reciprocal duplication of the microdeletion syndrome have

been detected (Kirchhoff et al. 2007), demonstrating the genomic instability of the region.
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6.3.2 Known Genomic Structure of 17q21

The structure of the 17921 genomic interval has been extensively described by Cruts et
al. and Pittman et al. (Pittman et al. 2004; Cruts et al. 2005). There are three main LCR
modules in the region, each with various subunits of duplication blocks (Figure 6.4).
These LCRs flank both the H1/H2 inversion and the microdeletion syndrome breakpoints
(Stefansson et al. 2005; Koolen et al. 2006; Sharp et al. 2006; Shaw-Smith et al. 2006).
Specific segmental duplicons were attributed to the genomic instability of the region. H1
and its sub-haplotypes, together with the inverted H2 allele, differ in terms of the number
and the orientation of the duplication blocks. Copy number polymorphisms within H1 at
the NSF locus, defining several H1 subclades, have previously been reported
(Stefansson et al. 2005). The 17921 locus is a case in point for characterizing the
relationship between segmental duplications, copy number changes, genomic instability

and their phenotypic consequence.
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6.3.3 Array CGH Data Reveals Two Major CNVs at 1721

The MASC CNV screen provided evidence for copy number variations near the NSF
gene at 17g21. Here we present a detailed molecular and cytogenetic study on the
genomic structure of the chr17g21 locus. Analysis of the WGTP array data on 269
HapMap samples from three ethnicities® delineated two major blocks of CNV: CNVysr

(Figure 6.5, right) and CNVaa1267 (Figure 6.5, left) (with reference to the genes involved).

6.3.3.1 CNVyse: Copy number Variant at 5’ end of NSF

CNVnsr (~41.7 Mb to 42.2 Mb NCBI36) is part of the low copy repeat LCR A (segmental
duplicon subunits 2 and 8) (Cruts et al. 2005). It encompasses the truncated duplication
of exons 1-13 of the gene NSF (N-ethylmaleamide-sensitive factor). This CNV has been
demonstrated previously through sequence analysis in the Icelandic population
(Steffanson et al), and has led to the definition of 3 H1 sub-alleles designated as H1-D0-
1 or H1-D1 (both having 1 copy of NSF), H1-D2 (2 copies of NSF) and H71-D3 (3 copies

of NSF).

Bivariate clustering of the log2ratio of two clones overlapping NSF (Chr17tp-2F9 and
Chr17tp-12B1) confirmed the multi-allelic nature of CNVyse, but revealed higher
complexity than previously expected. Given that the reference DNA used for array
hybridization has a three copies of the sequence (demonstrated by FISH experiments),
samples from Yoruba are estimated to have diploid copy numbers varying from 2 to 5 (4
distinct genotype signals), while samples from Asia carry diploid copy numbers varying
from 2 to 7 (6 distinct genotype signals) (Figure 6.6). Data from the European samples is

less easy to interpret, due to homology of BAC sequences to the second CNV block

> The three populations are CEU: Samples from Utah with European ancestry; YRI: Samples from Yoruba
with African ancestry; JPT+CHB: Samples from Japanese and Chinese with Asian ancestry
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CNVikina1267, but they also seem to display diploid copy numbers varying from 2 to 7.
Combining the evidence, a maximum of 7 copies of the truncated NSF (diploid state)
was identified, suggesting the existence of a H1-D4 allele with 4 copies of 5° NSF
(haploid state). The presence of such allele was confirmed in a CEU sample by FISH

experiments (section 6.3.3).

6.3.3.2 CNVan1267: Copy number Variant at KIAA1267

CNViiaare7 (left, ~41.5 Mb to 41.7 Mb), the second major CNV block, overlaps with
subunit 4 of LCR-A (Cruts et al. 2005), and a brain-expressed gene KIAA1267 (Oliveira
et al. 2004). The existence of structural variation at the region has previously been
implicated in the studies of H1 and H2 inversion haplotypes. The H2 inverted allele and
the H1-D1 allele (a variant of H1) were suggested to have overlapping but not identical

duplications at this region (Stefansson et al. 2005).

Clustering the log2ratio of BAC clones at CNVaa1267 (Chr17tp-2G12 and Chr17tp-3D7)
generated 3 distinct clusters in the CEU samples, corresponding to 2, 3 and 4 copies of
CNViiaat2e7- In Yoruba or Asian samples, on the other hand, the CNV is non-variant. In

conclusion, the higher copy number of CNVaa1267 iS European specific.
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Figure 6.5 Array CGH genomic profiles of the 3 HapMap ethnic groups at chr17q21.
Top panel: Schematic representation of the region chromosome 17 40.8 Mb- 42.5 Mb,
with locations of genes and low copy repeats for reference. Bottom panel: Genomic
profiles from WGTP data on samples of Asian ancestry (JPT+CHB), samples of
European ancestry (CEU) and samples of African ancestry (YOR). Two major blocks of
CNVs are indicated in the diagram (left: CNVaa12e7; right: CNVysg).
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Figure 6.6 Population differentiation at two major CNV blocks at 17921 Bivariate
clustering of log2ratio from WGTP data demonstrates population bias at CNVysr and
CNViiaar267- @) *CNVse: 2-7 copies (diploid) in JPT+CHB and CEU; 2-5 copies (diploid)
in YOR. b) *CNVyaa1267: 2-4 copies in CEU; non-variant in JPT+CHB or YOR (2 diploid
copies in each individual). ¢) H2 carriers (orange) are mapped exclusively to the higher
copy number clusters (Il and Ill) of the CEU diagram representing CNV gaai267. The
remaining samples at cluster Il and Ill belongs to an H1 allele variant, H1-D1.

* Bivariate clustering of log2ratio from Chr17tp-14B1 (x-axis) and Chr17tp-2F9 (y-axis)

** Bivariate clustering of log2ratio from Chr17tp-2G12 (x-axis) and Chr17tp-3D7 (y-axis)
JPT+CHB: samples from Japan and China with Asian ancestry; CEU: samples from
Utah with European ancestry; YOR: samples from Yoruba with African ancestry

220



6.3.4 Resolving CNVKIAA1267 with SNP and High Resolution Oligo Array Data

The WGTP data demonstrated a European-specific pattern at CNVaa1267. Coincidentally,
H2 from the common inversion was also found in the European population or population
with European admixture only (Evans et al. 2004; Stefansson et al. 2005). To explore a
relationship between CNVaa1267 @and H2, we integrated the HapMap WGTP CNV results
with corresponding SNP data (IHMC 2005). SNP rs9468, a surrogate marker for the
H1/H2 inversion, was used to categorize samples into H1 or H2 carriers. Samples
carrying one or more H2 alleles were plotted on the CEU diagram of CNVjaa1267 (Figure
6.6¢c). These H2 carriers (orange) all mapped to higher copy numbers of CNVgaa1267

(cluster Il & 111).

However, CNVkaa1267 is only partially explained by H2. Non-H2 variants were also
observed at the high-copy-number clusters of CNVaa1267. This suggests heterogeneity
at the CNV locus. High resolution oligonuclecotide from HapMap individuals (Genome
Structural Variation Consortium 2008) confirms at least two types of duplications at the
CNVkiaa1267 locus (Figure 6.7). The smaller duplication was explained by H2 carriers. The
larger CNV would involve the H1-D1 variant, an allele defined by previous literature as
having a duplication overlapping the region. Like H2, this H1-D1 allele is absent in non-

European populations (see Figure 6.6b, diagrams for JBP+CHB/YOR).

This is the first demonstration of a non-H2 variant being European specific, and it raises
questions of the evolutionary relationship between this H1-D1 variant and the H1/H2

inversion.
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6.3.5 Validating CNVNSF and CNVKIAA1267 by qPCR and FISH

Given the complexity and multi-allelic nature of the described copy number variations,
array CGH data at Chr17g21 is best interpreted with independent platforms to provide
quantitative and qualitative measurements in terms of the number, size, distance and

orientation of CNVs.

First, quantitative real-time PCR (gqPCR) was performed to validate the multi-allelic
variants CNVyseg and CNViiaa12e7. Genotypes of CNVyse ranging from 2 to 6 copies
(diploid) were validated, and genotypes of CNVaa1267 from 2 to 4 copies (diploid) were

confirmed (Figure 6.7).

To visualize the copy number and the orientation of rearrangement at the NSF locus, we
performed fluorescent in situ hybridizations (FISH) using DNA fiber slides made from
lymphoblastoid cell lines. Fosmid probes at the 5 duplicated (labeled with biotin-dUTP,
green) and 3’ non-duplicated ends (labeled with digoxigenin-dUTP, red) of the NSF CNV

locus.

The haplotypes of different alleles from HapMap samples were visualized according to
the number of green signals (Figure 6.8). Duplication of the 5 NSF is tandem, ranging
from copy number of 1 to 4 (haploid) on a given allele. The presence of the H1-D4 (4

copies of 5° NSF) as we described before is validated.
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Figure 6.8 Quantitative PCR validation of CNViaai267 and CNVpyse. @) CNViysr
detected as 2 to 6 copies®. b) CNViaa1267 detected as 2 to 4 copies™.

* diploid copy number

blue: copy number calculated from qPCR; purple or green: expected copy number

Full-length NSF
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Figure 6.9 Fiber-FISH experiment to visualize copy number of CNVysr. A fosmid
probe at the 5 NSF portion overlapping with CNVysr was labeled green and another
fosmid at the 3° NSF invariant portion was labeled red. Alleles with tandem duplication
from 1 to 4 copies™ of CNVy\se were observed

* haploid copy number
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6.3.6 Genotyping HapMap Individuals for 1721 Structural Variants

Combining available genetic data (CNV and SNP) with the findings of various structural
variations in the region, we genotyped all unrelated HapMap individuals for the 17921
allele carried (children from the ftrios were removed from analysis). Table 6.2
demonstrates the trends of population differentiation. Horizontally across the table one
sees a European specificity for both H2 and H1-D1 alleles, corresponding to higher copy
numbers of CNVaa1267. Vertically down the table one sees an Asian and European bias

for the highest copy numbers (6 or 7) of CNVsk.

Table 6.2 CNV genotypes for all unrelated HapMap individuals* at CNVjaa1267 and
CNVysk.

CNV-NSF H2 allele H1-D1 allele Other H1 Variants Population Total

Copy Number V1% YOR
0 0 ] ] 1s 0 30 1s 20 30 30 20
0 11 0 0 12 0 34 11 58 34 34 58
0 4 ] ] 4 0 50 22 36 50 30 36
0 7 0 0 0 0 34 9 & 34 16 6
0 2 0 0 0 0 26 4 0 26 6 0
0 0 0 0 0 0 6 0 0 6 0 0
g i os o e T e

*90 ASIA samples, 58 CEU samples, 60 YOR samples

*offspring from the trios in CEU and YOR were removed from analysis so that
only unrelated HapMap individuals were genotyped
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6.3.7 CNVNSF and CNVKIAA1267 in Schizophrenia Versus Control

In chapter 4.6 we introduced bivariate clustering of BAC clone log2ratio in the WGTP
data to genotype CNV and test for disease association. The 17921 region near NSF was
one of the 31 regions across the genome with significant bias between schizophrenia
patients and controls. We examined this region in the case and control cohorts in more

detail with respect to CNVysrand CNViaa1267.

We genotyped CNVyse and CNViaa12éz USing the same clones as in the HapMap

analysis. Clusters were manually merged for CNV genotype counts. (Figure 6.9)

Both the Scottish SCZ and LBC cohorts demonstrate a full range of copy numbers for
CNVinsr (2-6+) and CNViaar2s7 (2-4), consistent with HapMap samples of European
ancestry. For CNV\sr there is a slight bias of patients at lower copy number but the
difference is non-significant after clusters are manually merged (p value = 0.1931, chi-
squared test). For CNViaa1267 there is a nominally significant bias (p-value= 0.01689) of
an association of low copy number with disease (Table 6.3). Nevertheless, the result is
treated with caution since our case and control cohorts are modest in size and may

therefore subject to sampling bias.
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Figure 6.10 Comparing SCZ and LBC samples at CNVjaa1267 and CNVnsk.

(a) & (b) CNV\se was detected as 2 to 6 copies in SCZ and LBC samples®.

(c) & (d) CNVaa1267 Was detected as 2 to 4 copies in SCZ and LBC samples™*.

* Bivariate clustering of log2ratio from Chr17tp-14B1 (x-axis) and Chr17tp-2F9 (y-axis)
** Bivariate clustering of log2ratio from Chr17tp-2G12 (x-axis) and Chr17tp-3D7 (y-axis)

Table 6.3 SCZ and LBC genotype counts at CNVjaa1267 and CNVysk.

CNV-NMNSF
Copy Number

CNV-KIAAT26T
Copy Number
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6.3.8 Evolutionary History of CNVNSF and CNVKIAA1267

To elucidate the relationships between CNVs and the more ancient segmental
duplications in the 17921 region, we classified segmental duplicons into ancestral or
derived loci according to in silico predictions from Jiang et al. (Jiang et al. 2007) (Figure
6.10). Both CNVyse and CNViaai267 Were relatively recent events, flanked by more
ancient segmental duplicons (ancestral loci). Genomic regions near ancient segmental
duplicons were suggested to be genetically more fragile, favoring evolution of the
younger polymorphic CNVs in the complex region (Jiang et al. 2007). These ancestral
SDs probably acted as predisposition factors for structural rearrangements in the region,

leading to the formation of CNVysr and CNVaa1267-

Figure 6.11 Locations of derived and ancestral loci of segmental duplications at
17q21. Locations of the two types of segmental duplications were depicted with respect
to CNVK|AA1267 and CNVNSF.
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6.4 Chapter Summary and Discussion

In this chapter we described a biological pathway approach to studying normal copy
number variations in genes relevant to cognition and schizophrenia. Using NRC/MASC
as a complex central to neurological functions, we assessed whether such components

could be involved in copy number variations.

In the first part of this chapter we described 20 MASC CNVs detected in 269 apparently
normal HapMap individuals. Four of these overlapped with core MASC components.
Three were confirmed by high-resolution oligonucleotide array data. The presence of
CNVs at such important synaptic proteins in healthy individuals suggests that (i) CNVs at
these genes are benign and did not translate into pathogenic gene function (e.g. intronic
CNVs may have no functional consequence); or (ii) neurological functions have high
plasticity such that disrupting functions of one synaptic component could be
compensated by other mechanisms in the network; or (iii) such CNVs did affect
neurological functions, but the effect was not detrimental, perhaps contributing to
variations in brain function, e.g. cognitive ability, among the population. The last
hypothesis is particularly interesting for the genetics of neuroscience, and future studies

investigating CNVs in human cognitive and behavior traits may reveal its validity.

On the other hand, investigating CNVs in such an important set of synaptic molecules
provides us a baseline to evaluate existing and upcoming CNV screens of neurological
diseases. A number of psychiatric disease CNV studies have reported variants at
neuronal complexes as potential CNV candidates. A deletion at DLG?2, for instance, was
detected as a patient CNV in one genome-wide schizophrenia screen (Walsh et al.
2008). However, CNVs in the same gene were also identified in control samples in

another schizophrenia study (ISC 2008), and in our analysis of normal HapMap
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individuals. It is not surprising that disease-causing CNVs might exist in healthy controls,
perhaps at lower frequencies, at slightly varied genomic locations, or with combinations
of different interacting factors. Alternatively, such CNVs may be benign in both patients
and controls. It is therefore important to characterize CNVs at key neuronal complexes in

normal healthy individuals as a basis for disease comparison.

In the second part of the chapter, we described copy number variations near the NSF
locus in HapMap samples from three ethnic groups. We revealed two major blocks of
copy number variation, CNVysg and CNVaa1267, and further characterized them using
quantitative real-time PCR, Fiber-FISH and oligo array CGH data. Interestingly, both
CNVs showed population bias across the three ethnic groups examined. In particular,
we revealed a H1 variant specific to the CEU samples, which is analogous to the
European-specific H2 inverted allele. This H1 variant could represent an evolutionary
remnant of the H1/H2 inversion, or a more recent structural rearrangement specific to

the European population.

230



