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A pilot study on commonality and specificity of copy number
variants in schizophrenia and bipolar disorder

J Chen', VD Calhoun'?, NI Perrone-Bizzozero®, GD Pearlson®>, J Sui'®, Y Du' and J Liu'?

Schizophrenia (SZ) and bipolar disorder (BD) are known to share genetic risks. In this work, we conducted whole-genome scanning
to identify cross-disorder and disorder-specific copy number variants (CNVs) for these two disorders. The Database of Genotypes
and Phenotypes (dbGaP) data were used for discovery, deriving from 2416 SZ patients, 592 BD patients and 2393 controls of
European Ancestry, as well as 998 SZ patients, 121 BD patients and 822 controls of African Ancestry. PennCNV and Birdsuite
detected high-confidence CNVs that were aggregated into CNV regions (CNVRs) and compared with the database of genomic
variants for confirmation. Then, large (size > 500 kb) and small common CNVRs (size < 500 kb, frequency > 1%) were examined for
their associations with SZ and BD. Particularly for the European Ancestry samples, the dbGaP findings were further evaluated in the
Wellcome Trust Case Control Consortium (WTCCC) data set for replication. Previously implicated variants (1g21.1, 15913.3, 16p11.2
and 22g11.21) were replicated. Some cross-disorder variants were noted to differentially affect SZ and BD, including CNVRs in
chromosomal regions encoding immunoglobulins and T-cell receptors that were associated more with SZ, and the 10q11.21 small
CNVR (GPRIN2) associated more with BD. Disorder-specific CNVRs were also found. The 22g11.21 CNVR (COMT) and small CNVRs in
11p15.4 (TRIM5) and 15q13.2 (ARHGAP11B and FANT) appeared to be SZ-specific. CNVRs in 17g21.2, 9p21.3 and 9921.13 might be
BD-specific. Overall, our primary findings in individual disorders largely echo previous reports. In addition, the comparison between
SZ and BD reveals both specific and common risk CNVs. Particularly for the latter, differential involvement is noted, motivating

further comparative studies and quantitative models.
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INTRODUCTION

Schizophrenia (SZ) and bipolar disorder (BD) are two psychiatric
disorders whose diagnostic boundaries remain elusive' and some
clinical symptoms can be present in both, including impaired
cognitive functions, mood dysregulation and psychosis. Knowl-
edge has accrued, suggesting that this clinical overlap results in
part from shared genetic liability.>® Both SZ and BD have high
heritability estimated to be ~70-80%.*> Moreover, it has become
clear that both are genetically complex disorders. It is estimated
that all common single-nucleotide polymorphisms (SNPs) together
explain 20-30% of variation in liability to SZ° and for BD the
proportion may reach ~37%.” No estimates are available for
aggregated rare structural variants yet. From genome-wide
association studies (GWAS), a polygenic SZ component was found
to significantly distinguish controls from BD patients, but not
patients with six non-psychiatric diseases® For the variance
explained by common SNPs, a high genetic correlation of 0.68
was observed between SZ and BD.’

Given quantified coheritability, there is an increasing interest in
elucidating the cross-disorder and disorder-specific genetic basis
of SZ and BD. A combined data set of five psychiatric disorders
identified genome-wide significant SNPs in four regions, including
3p21, 1024, CACNATC and CACNB2.'%™" In contrast, a GWAS in a
Swedish population'? reported greater involvement of the major
histocompatibility complex region in SZ than in BD, consistent

with the observation of Ruderfer et al.'’ The miR137 variant,
rs1625579, appears to conditionally influence brain function that
contributes part of the risk to SZ but not to BD.">'* Meanwhile,
rs9371601 (SYNET), rs10994397 (ANK3) and rs12576775 (ODZ4) are
likely more related to BD risk."°

Another line of studies explore associations of copy number
variants (CNVs) with SZ or BD. CNVs reflect duplications or
deletions of chromosomal segments with lengths greater than
one kilobase (kb),'”> which may result in various downstream
effects, including disruptions in gene expression and regulation.
The CNV effects can be investigated through overall CNV burden
or individual CNVs for their associations with traits of interest (the
latter known as GWAS of CNVs). For SZ, a higher burden of rare
(population frequency < 1%) large (size > 100 kb) CNVs in cases
than controls is documented.'®'” Some rare large variants with
high penetrance are also identified, including 1g21.1, 2p16.3,
3029, 15q13.3, 16p11.2, 17q12 and 22q11.21.>'® Compared with SZ,
the effect of rare large CNVs on BD seems less prominent.'*'%2°
One notion is that this echoes a weaker neurodevelopmental
component and less severe cognitive impairments in BD than in
SZ2" Moreover, there have been relatively few studies performing
GWAS of CNVs in BD. Several rare large CNVs previously implicated
in SZ were reported to also contribute to BD risk, including 1g21.1,
3029, 15q13.3 and 16p11.2.2%?* Meanwhile, no BD-specific CNV has
yet been documented.
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Considering previous work, we were motivated to conduct a
pilot study to investigate the commonality and specificity of CNVs
in SZ and BD. We sought to extend this line of research in three
directions. First, we conducted unbiased GWAS of CNVs in both SZ
and BD, which would enable a comparison to locate cross-disorder
and disorder-specific variants. Second, we examined CNVs with a
broader spectrum of sizes, as the clinical significance of small
CNVs has also been demonstrated in neurodevelopmental
disorders.®* Last, we examined both rare and common CNVs.
Most prior work studied only rare CNVs, which might be attributed
to the observation that rare variants are with high penetrance, and
common CNVs could be tagged by common SNPs.?> To our
knowledge, there exist controversies regarding to what extent
CNV duplications and non-biallelic CNVs can be tagged by
SNPs.?*?” In a more comprehensive investigation on this issue,
the Wellcome Trust Case Control Consortium (WTCCC) showed
that 79% of the CNVs with frequencies >10% and 22% of the
CNVs with frequencies < 5% could be tagged by SNPs (*>0.8).%
On the basis of this, we concluded that a non-negligible portion of
CNVs with frequencies > 1% could not be effectively tagged by
common SNPs and deserve investigation.

MATERIALS AND METHODS

In this work, we used data provided from the Database of Genotypes and
Phenotypes (dbGaP) to evaluate genome-wide CNVs of a wide spectrum of
sizes and frequencies for their associations with SZ, or BD or both, and
separately for European and African Ancestry (EA and AA) groups. The
WTCCC data were employed to validate the dbGaP European Ancestry
findings and reduce the risk of false-positives, particularly for small CNVs.?

Genetic data

The sample information is summarized in Supplementary Table S1. The
dbGaP data (http://www.ncbi.nlm.nih.gov/gap)**=>? were used as the
discovery sample, derived from 2416 SZ patients, 592 BD patients and
2393 controls of EA, as well as 998 SZ patients, 121 BD patients and 822
controls of AA (see supplementary for more details). For all the dbGaP data,
DNA was extracted from B Lymphoblastoid Cell Lines transformed by
Epstein-Barr virus and genotyping was conducted using Affymetrix SNP
Array 6.0. The WTCCC data (https://www.ebi.ac.uk/ega/home)'®2>2833
were used for replication, where the SZ data set (EGAS00000000118)
included 2491 controls and 2127 patients, and the BD data set
(EGAS00000000001) included 1456 controls and 1845 patients. For both
SZ and BD data, DNA was extracted from white blood cells. Regarding
genotyping, Affymetrix SNP Array 6.0 was used for the SZ data set, whereas
Affymetrix Mapping 500 K was used for the BD data set.

CNV calls

Stringent quality controls were employed to reduce false-positive findings
as much as possible3 In brief, we excluded low-quality samples and
potential relatives. Then, Affymetrix Power Tool (www.affymetrix.com/
estore/partners_programs/programs/developer/tools/powertools.affx) was
used to perform data normalization and extract log R ratio and B allele
frequency signals. Samples exhibiting high log R ratio-s.d. (>0.29) were
excluded. PennCNV-Affy>* was used to generate CNV calls with correction
for GC content to avoid spurious CNV calls due to waving effect.>® CNVs
spanning less than three markers or 1 kb were ignored, as suggested by
the PennCNV developer. Meanwhile, Birdsuite®® was conducted using the
default settings for Affymetrix SNP 6.0. Conservatively, high-confidence
CNVs were obtained from those detected by both PennCNV-Affy and
Birdsuite and showing overlap > 50%. Then, for each analysis group (EA SZ,
EA BD, AA SZ and AA BD), sample outliers presenting an excess number of
CNVs (>3 s.d.) were further excluded. In the replication step, the same
quality control was applied, except that we decided to rely on the
conservative PennCNV approach for CNV calling, as the WTCCC genotyping
involved the Affymetrix Mapping 500 K array for which Birdsuite is not
particularly suited. The resulting CNVs were directly compared with the
dbGaP results for confirmation purposes.
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Statistical analyses
We performed association analyses to identify CNVs presenting different
frequencies between controls and patients in dbGaP. For each analysis
group, we used 500 kb as a size threshold to separate small and large
CNVs.'>1%37 Then, for each category, an iterative process was implemented
to aggregate overlapping CNVs into CNV regions (CNVR). Common and
rare CNVRs were then determined based on a frequency threshold of 1%.
We skipped investigating rare small CNVs as they might bear a high false-
positive rate.* The common small, common large and rare large CNVRs
were compared against the database of genomic variants (DGV) and we
excluded those CNVRs that did not overlap with any DGV-documented
CNVR.3%38 This was expected to reduce the possibility of false-positive calls,
given that validation with quantitative polymerase chain reaction (qQPCR)
was not achievable in the current study. Finally, for all the CNVRs entering
the association analysis, the copy numbers were categorized into
duplication (copy numbers 3 and 4), normal (2) or deletion (0 and 1).
We first examined 15 rare large CNVRs previously implicated in SZ for
their associations with both disorders in dbGaP.'®?% A counterpart CNVR
was defined based on an overlap > 50%. One-tailed Fisher’s exact test was
used to detect consistent associations with SZ, whereas two-tailed test was
employed for BD.?> Then, in blind tests, each CNVR was evaluated with
analysis of variance for frequency differences between controls and SZ/BD
patients. A P-value of 0.01 (uncorrected) was used to select out potential
important associations, which was a tradeoff for false-negatives, given that
associations not reaching genome-wide significance might also be
informative.® Meanwhile, each CNVR identified in dbGaP was inspected
on the following aspects to guard against false-positives. First, we
examined whether it would survive when a more stringent quality control
was applied to require each CNV spanning at least 10 markers, which
demonstrated a very low false-positive rate through experimental
validations.*° Second, we examined whether the CNVR showed consistent
associations across the experimental batches. Finally, the CNVR was
examined in the corresponding WTCCC data where we applied the same
procedure to detect small common and large CNVRs. If an overlapping
counterpart existed in WTCCC, a consistent association (P < 0.05) was
considered to be a replication for the dbGaP finding.

RESULTS

All common small, common large and rare large CNVRs identified
in dbGaP overlapped with at least one CNVR documented in DGV.
The overlap ratio (overlapping base pairs/dbGaP CNVR base pairs)
was 0.97 +0.11 for common small CNVRs and 0.64+0.33 for all
large CNVRs. The average CNV burden was 37.54 CNVs per sample
in dbGaP. Using the threshold of 500 kb for size and 1% for
frequency, no significant rare large CNV burden was observed in
any of the four analysis groups. When a size threshold of 100 kb
was used,'® a marginal case over-representation (P=5.52x10"2)
was noted in EA SZ.

Fifteen CNV loci previously implicated in SZ

Table 1 shows how the 15 previously implicated CNVRs were
associated with SZ or BD in the dbGaP EA data. Some were not
captured in the current data. Nevertheless, 1g21.1, 159q13.3,
16p11.2 and 22qg11.21 showed consistent SZ associations
(P < 0.05). 3g29 showed a marginal trend (P=6.36x10"2). The
1921.1 duplication also showed a consistent BD association,?? and
a significant differential effect was noted between SZ and BD
(P=0.05). The associations observed from most other CNVRs,
although not significant, were consistent with previous reports.
Some exceptions included CNVRs in 16p13.11 and 17p12 (SZ) as
well as CNVRs in 15q13.3 and 16p11.2 (BD), for which no CNV was
observed in the SZ or BD patient group.

EA small common CNVRs

We identified 367 small common CNVRs in the dbGaP EA SZ data
set, 11 of which showed significant associations (P < 0.01),
including 2p11.2, 1493233, 22q11.22, 11p15.4, two regions in
14911.2 and so on (Table 2a and Figure 1). In the dbGaP EA BD
data, 9 out of 366 small common CNVRs showed significant
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Table 1.

SZ and BD associations of 15 previously implicated large CNV loci (EA)

(a) SZ associations of 15 previously implicated CNV loci (dbGaP EA)

CNVR Region start Region end HC freq SZ freq P-value®
1921.1 dup 144 643 825° 146 395 960 0.00000 0.00210 3.19E-02
1921.1 del 144 643 825 146 395 960 0.00042 0.00083 5.04E-01
NRXN1 del 50429 732 51543819 0.00000 0.00083 2.52E-01
3929 del 197 190 376 198 838 385 0.00000 0.00166 6.36E - 02
WBS dup 72 297 543 73 780 040 0.00000 0.00124 1.27E-01
VIPR2 dup 158 137 395 158 819 765 0.00042 0.00083 5.04E-01
15911.2 del 20302 458 20852214 0.00084 0.00124 5.05E-01
AS/PWS dup 20224763 26 742 083 0.00000 0.00041 5.02E-01
15g13.3 del 28 173 703 30664 276 0.00042 0.00290 3.61E-02
16p13.11 dup 15 306 385 16 588 399 0.00042 0.00000 1.00E+00
16p11.2 del — — — — —
16p11.2 dup 29 158 416 30134 444 0.00000 0.00373 2.02E-03
17p12 del 14 023 683 15 425 596 0.00042 0.00000 1.00E+00
17912 del 31610407 33552901 0.00000 0.00041 5.02E-01
22q11.2 del 17 028 880 20 058 138 0.00000 0.00662 1.61E-05
(b) BD associations of 15 previously implicated CNV loci (dbGaP EA)

CNVR Region start Region end HC freq BD freq P-value®
1921.1 dup 144 643 825 146 395 960 0.00000 0.00507 7.85E-03
1921.1 del 144 643 825 146 395 960 0.00042 0.00000 1.00E+00
NRXNT del — — — — —
3929 del — — — — —
WBS dup — — — — —
VIPR2 dup 158 137 395 158 652 131 0.00042 0.00000 1.00E+00
15g11.2 del 20 302 458 20852214 0.00084 0.00000 1.00E+00
AS/PWS dup — — — — —
15913.3 del 28173703 30337043 0.00042 0.00000 1.00E+00
16p13.11 dup 15 306 385 16 588 399 0.00042 0.00000 1.00E+00
16p11.2 del — — — — —
16p11.2 dup 29425212 30 099 408 0.00084 0.00000 1.00E+00
17p12 del 14 019 001 15 467 881 0.00042 0.00169 3.58E-01
17912 del — — — — —
22q11.21 del 17 052 885 20058 138 0.00000 0.00169 1.99E-01

two-tailed (Green et al.??).

Abbreviations: BD, bipolar disorder; CNV, copy number variant; CNVR, CNV region; dbGaP, Database of Genotypes and Phenotypes; EA, European Ancestry;
freq, frequency; HC, healthy control; SZ, schizophrenia. ®Fisher exact test, one-tailed (Rees et al.'®). Ppositions are in bp for UCSC Build hg18. “Fisher exact test,

associations (Table 2b and Figure 2). Two of these nine CNVRs,
2p11.2 and 14q11.2, showed associations with both SZ and BD.
Another CNVR, 10q11.21-22, presented a subthreshold SZ
association (P=1.11x1072). For these three potentially cross-
disorder CNVRs, we further tested frequency differences between
SZ and BD. Significantly more duplications were observed in SZ
than in BD for 2p11.2 (P=2.64x10"%). A marginal group
difference was noted for 10911.21-22 (P=5.08 10~ 2), with BD
patients presenting more deletions. No significant group differ-
ence was observed for 14q11.2, although SZ patients showed
more deletions. For all the 11 SZ-related dbGaP CNVRs, counter-
parts were observed in WTCCC, of which six showed significant
associations consistent with the dbGaP findings, including 2p11.2,
14932.33, two regions in 14q11.2 and so on (highlighted in
Table 2a). For BD, five out of the nine identified CNVRs had
counterparts in WTCCC. None of them showed significant WTCCC
associations, although consistent directions of group differences
were observed.

EA large CNVRs

Overall, 280 large CNVRs were identified in the dbGaP EA SZ data.
We skipped 171 singleton CNVs concerning accuracies of

statistical tests. Thresholded at P < 0.01, 14932.33, 22q11.21 and
22q11.21-22 showed significant SZ associations (Table 2c and
Figure 3a). Except for 22q11.21, the other two regions also hosted
small common CNVRs and showed consistent associations. In BD,
we located 230 large CNVRs, among which 14¢g32.33, 1p36.33 and
1921.1 showed significant associations (Table 2d and Figure 3b). A
direct comparison suggested a higher (but not significant)
frequency of 14g32.33 duplications in SZ than in BD. All the three
large CNVRs identified in SZ had counterparts in WTCCC, where
22q11.21 presented a significant SZ association (highlighted in
Table 2¢). Regarding BD, counterparts were observed in WTCCC
for 14932.33 and 1g21.1; however, neither of them showed
consistent and significant associations.

AA small common CNVRs

We identified 550 and 549 small common CNVRs in the dbGaP AA
SZ and BD data, respectively. Ten CNVRs were found to be
significantly associated with SZ (Supplementary Table S2a and
Supplementary Figure S1). Collectively, 2p11.2, 14q11.2, 7p14.1,
14g32.33 and 22q11.22 showed consistent SZ associations in both
EA and AA. For BD, 11 small common CNVRs showed significant
associations (Supplementary Table S2b and Supplementary

Translational Psychiatry (2016), 1-9

ML)



J Chen et al

CNVs in schizophrenia and bipolar disorder

"anjeA-d ploysaiyigns e Buimoys ybnoyje ‘uoibas Buisiwoid,, 'gLBY pling DSDN 404 dq ul a1e suonisod, "plog ul paybIyby
aJe e1ep DDDLM Y3 ul patedljdas SYAND YLy "SAND Buiddepano ayy |je uo paseq pauILIBISP I YdIYM ‘A1PUNOG YAND [[BISA0 B3 103|431 PUS pue Liels uoibal ‘s3|qe) Y) [[e U], “WNILIoSUO) [013U0D) 35D 1sni|.
SWO0DI9M “DDLM ‘eluaiydoziyds ‘zs ‘Aousnbaiy ‘bayy ‘Ansaduy ueadoung ‘y3 ‘sadAlouayd pue sadAlousn jo aseqereq denqp ‘uoibas AND ‘YAND ‘queleA Jaquinu Adod ‘AND “apJosip Jejodiq ‘g :suoneiraiqqy

q14904 ‘6709 “1LAHD ‘ZavMdd L0-360C 190000 OSLEV6¥PL L9690l bl €0-3208 +¥LLLOO S99 ¥208YL ST8 €49 vl L'1zbl
S4pH0 — — — — €0—3€EL 0LE000 186 LSL 865 LS €e9gdL
INYAY YOEWYH ‘IDHD] ‘THDI ‘AHDI ‘WHDI €0—3/£L T8LOO0 69ZLLO90L SEL6VLSOL 0OC—3I9E'S LLTSO0 SE688T90L SEL6YL SOL cezebyl
(¥3) g yum papossp Apupdyubls SYAND 26107 (p)
ZYND ‘404
"INV ‘G08ZINZ VO8ZANZ ‘1934dA ‘dEdOL ‘INYEd 41Wdd TDTLDD ‘17D L0—3859 S90000 96 ¥6€ €C  LL8LTELZ ¥0—3ILL'L 009200 €E€¥086 LT 9/5¥EL0C  ce-LTLibze
6ZdYNS ‘LWOD ‘HAOYd ‘VYIH ‘T429ad TO-3I98'€ STE00'0 6L986L0T 6L6TLLLL SO-3IYTL €b¥00'0 8EL8SOOT 088 8TO LL Lz Libze
wvay
YOEWYH ‘LDHDI ‘IHDI ‘GHOI ‘WHDI “LZLWAWL ‘LY.LN ‘TdI¥D ‘IdI¥D ‘08410F1D  L0—36L'T TTOOO'0 9LT LEO9OL <T9E €LY SOL  8E—3LL'L €8T800 SE688T90L LES 696 v0L gecebyl
?\E ZS YIM palbidossb \ﬂttcut.\tm.\w SYAND mm\:.ﬁ «uy
d1uabiu| — — — — €0-3€S'9 SPEES0 606 LLE LS  T66 8YE LS TLibg
olusbiaul  10-309°CT 0€0000 SYOP00S9  SEBESEFI  €0—3I9L'L 90800 HET Z9S+9  LOL ¥9€E ¥9 LeLby
S1usbiau| — — — — ¥0—-3/L'6 ¥SPYL'0 6lL69€ €T  SLLESE €C €1zde
SYXNY ‘YVAdN ‘SLIAS ‘TNIYdD L0-366'€ TOEEO0 6VCS8F Ly 6LL0E0LF $0—3CSY LLELL'O 99089% Lb  L9LS06 Sk  TT-LTLLboL
o1uabiaiul — — — — S0—1388'6 L6SET0 LLOTISYE 066 Lib vE L'sidy
oluabIRul  10-396'S EEELO0 LETS9ETIL 061 #80T9L  SO—3IE99 18ILO0 66L+0L TIL  9SE €60 T9L Tzeby
VYl ‘vdl 10—30%'L L8LLO0 6vZ0LLTC 889/691lT SO—3LF9 9¥SLOO £909/0TC  OLL68E LT Tlibyl
YOI 10-309'L €6£¥00 6v8TL668  S8899068 L0-3IT96 60LESO TOL8S668  ET 606 88 z1de
9-6dV.14Y — — — — £0-398'T 86/6L°0 [90/899€  9£6 999 9€ TlzbsL

(vV3) ag yum paipiossp Apupdyiubls SYAND UOWWod [jpws (q)

SYXNY ‘YVAdN ‘SLIAS ‘TNIYdD LO0—3T'L 08L9TO S8SS9S /b  SCOELOGF CO-3FLL'L €8LOL'0 E€E€CSTS LV L9506 Sk  ,CC-LTLLboL
‘SLYWLIN ‘OLYWLIW ‘VZWVHYHD ‘LIWNDYL ‘dLLdYDHYY TO-30S't SE€880°0 69LS/88T €0LELL8T €0-39v'6 8L6V0°0 SSb L606Z €0LELLB8T €€L-TELbSL

Zdddl ‘LISYNY ‘TOYAN ‘TV6€D1S ‘LALLLLIW ‘GZLNYS ‘YZLWY4 $0—3T9°L TO9LO'0 88L S6V 0T LvSSLYOZ €0—-3rb'S 68LLO0 S9L 9LS 0T S8 8T 0T TLibyL
DYLS ‘GLLAMD VILWYD THIdSLYD L0—3J0E'E €T6CO0 LPSLO8 LY  ¥LLTE9 LY €0—3IETY EVOEO0 869 1Z8 Ly  OLy TLO Ly €61bgy

SA3 10—36/C 0//800 8/C80S99 CE99EV 99 €0—3C8T €66900 VVSO0LV99 OV vhb 99 Zlbo

$654INZ L0—398'L S€/90°0 685 0LE L8¢c ¥0—386'8 t/¥0°0 80 ¢t L8CcC €9Ldy

DYl ‘dy¥. 10—3IVL'T €LSEO0 TSSPBEBE  LET€8LB8E SO—3I08'9 6VTLO0 TSSVBEBE  SSB 6ET 8E L'yLds

TTWIYL ‘SWIYL ‘SNZSHO ‘LNZSYO SO-3/9'L €9T8E'0 L68VLLS 9LLEELS SO—3IBET 6ESET0 9€689L S vocTeL s trsidii

V4L 90—-3SLv LLBEO'0 €88 LEL TT ¥ST99S L 80—-30L°'L 9SOTO'0 L909/0CC OLL68E LT TLLbyL

g08ZAINZ V08ZINZ ‘1 93¥dA ‘GEJOL ‘TNVYd dLNdd ‘2DTLDD ‘L7191 LO—3IEL'L €L1000 £9€S09 LT  ¥600SS LT 60-36T9 £986T0 L9E€S09 1T 67T 209 0T zzLbze
WHDI ‘GHOI ‘JHOI ‘LOHDI ‘ZdI¥D ‘LOSPHIW SO—3I6L°E €E£8E€0°0 978 TB8Z 90L 8EL ZI9L 90L OL—306°C €80€S'0 L6V OVE 90L TS LSO SOL ge'zebyL

M9l TO—36€°L 09LS0°0 TOL8S668 08ECTY688 6C—ICTL €89SS°0 COL8S668 ,£9T S06 88 qCLide

(V) ZS Yum paipidossp Apubdyiubis syAND UOWWOD [[pws (b)

anipA-4  baiy AND  pua uoibay  1pls uoibay anpA-d  baiy AND  pua uoibay  pIs uoibay

souan DD0UM dbogp YAND

(v3) 1o AND ob.e| asea pajedidwi Ajsnoinaid G| Jo suoneosse g pue 7S  °z 3jqeL

Translational Psychiatry (2016), 1-9



Control
0.17677
0.35478

Case
0.33154
0.25579

Control
0.0029252
0.0091935

Case

0
0.029801

Control
0.02758
0.013372

Case
0.041391
0.0078642

Control
0.0071041
0.0041789

Case
0.010348
0.0016556

Figure 1.

CNVs in schizophrenia
J Chen et al

and bipolar disorder

2p11.2, p = 1.22¢-29 14932.33, p = 2.90¢-10

22q11.22, p = 6.29¢-09

Control = =
0.18638
— 0.34517

Case
0.2529
0.27897

89009 89220 89431 89642 89853 105181 105442 105964 106225

105703
11pl5.4, p = 2.38¢-05

14q11.2, p = 1.10¢-08

Control
0.10447
0.18345

Case
0.16639
0.14363

20701 20902 21103 21304 21505

Tpl4.1, p = 6.80¢-05

= Control
e Control 0.0041789 —
0.00083577 0.003761
0.20769
¢ Case
ase 0.0028974
0.00041391 0.014901
0.26118

5745

5754

21458 21595 21732 21869 5763

4p16.3, p = 8.98¢-04

22006 5727 5736

38253 38282 38311 38340 38369

15q15.3, p=4.23e-03

6q12, p=2.82¢-03

Control

0
0.081906

Case

0
0.06043

46 134 222 310 398 66452 66457 66462 66467

14q11.2, p = 5.44¢-03 15q13.2, p = 9.46¢-03

: Control
0.016715
0.029252

Case
0.012417
0.040563

20372

20430 20488 20546 28265 28450 28820 29005

28635

20314

Control
0.0033431
0.031341

Case
0.0053808
0.021937

41806

41686 41716 41746 41776

Small (size < 500 kb) common (frequency > 1%) copy number variant regions (CNVRs) associated with schizophrenia (SZ; European

Ancestry (EA)). Each subplot represents one identified CNVR. The control group is shown in a background color of white and the case group in
black. CNV duplications are plotted in green and deletions in red. The x axis displays the CNVs' positions in the unit of kb. On the y axis,
‘Control’ and ‘Case’ groups are marked, each followed by two numbers referring to CNV duplication and deletion frequencies in the
specific group.

Control
0.060848
0.11037

Case
0.076014
0.22973

Control

0.01217

Case

0.035473

Con truol
0.13428

Case

0.18581

Figure 2.

17q21.2, p = 2.86¢-07

2p11.2, p = 9.62e-07

Case
0.25676
0.27365

36669 36673 36677 36681 89854

4q32.2, p = 6.63e-05

36685 89224 89434 89644

4p15.1, p = 9.88¢-05

Control | i
0.0029375 o
0.0092321 p=d

Case

0.028716

21596 21733 21870 22007

10q11.21-22, p = 4.52¢-04

21459

EEE—

Control

0.0079731 Control

0.21234 0.041964
Case

e ————
0.29054 0.067568
162095 162097 162099 162101 162103 34450 34466 34482 34498 34514 46064 46380 46696 47012 47328
9p21.3, p = 9.77¢-04 4q13.1, p = 1.16¢-03 5q11.2, p = 6.53¢-03

Control Control

0.00041964 0.31851

0.078053 0.18044

Case Case

0.0016892 0.3598

0.11993 0.3125

23355 23358 23361 23364 23367 64384 64425 64466 04507 64548 57351 57357 57363 57369 57375

Small (size <500 kb) common (frequency>1%) copy number variant regions (CNVRs) associated with bipolar disorder

(BD; European Ancestry (EA)). Each subplot represents one identified CNVR. The control group is shown in a background color of white
and the case group in black. CNV duplications are plotted in green and deletions in red. The x axis displays the CNVs’ positions in the unit
of kb. On the y axis, ‘Control’ and ‘Case’ groups are marked, each followed by two numbers referring to CNV duplication and deletion
frequencies in the specific group.

Translational Psychiatry (2016), 1-9



CNVs in schizophrenia and bipolar disorder
J Chen et al

=)}

a 14q32.33, p = 1.17¢-38
Control T i
0.014626
0.019641

Case
0.11838
0.015315

105893

105101 105365 105629

22q11.21-22, p = 7.17e-04

106157

Control
0.00083577
0.031341
Case
0.00082781

0.018212 - =

20319 20688 21057 21426 21795
b 14q32.33, p = 5.36¢-20

Control [

0.014687
0.019723 |-

Case
0.00041391

1 0.00041964

Case
0.1098
0.016892

105491

105719

105263 105947 106175

1q21.1, p = 8.02¢-03

——_
e ——
000817 T
0.0096517 e
0.0033571 S g
— —
Case =
0.028716

0.0050676

144982 145658 146334 147010

147686

Figure 3.

22q11.21, p = 1.24e-05

Control
0.0016713

0.0070364

17331 17937 18543 19149 19755

1p36.33, p = 1.33¢-03

Control
0.0016786

Case
0.010133

Large (size > 500 kb) copy number variant regions (CNVRs) associated with schizophrenia (SZ; European Ancestry (EA)) plotted in (a)

and bipolar disorder (BD; EA) in (b). Each subplot represents one identified CNVR. The control group is shown in a background color of white
and the case group in black. CNV duplications are plotted in green and deletions in red. The x axis displays the CNVs’ positions in the unit of
kb. On the y axis, ‘Control’ and ‘Case’ groups are marked, each followed by two numbers referring to CNV duplication and deletion frequencies

in the specific group.

Figure S2). Only the 17g21.2 CNVR was implicated for EA BD
association. Besides, 2p11.2 showed a marginal BD association
(P=1.60x10"2).

AA large CNVRs

In the dbGaP AA SZ data, 151 large CNVRs were identified. Only
1493233 presented a significant SZ association. Meanwhile,
2291121 showed a subthreshold association (P=3.90x10 2,
Supplementary Table S2c and Supplementary Figure S3). In BD,
110 large CNVRs were located and the 14g32.33 CNVR again
showed a significant association (Supplementary Table S2d and
Supplementary Figure S4). Note that this CNVR was consistently
identified in all four analysis groups.

All the identified CNVRs showed significant associations when
CNVs spanning less than 10 markers were further excluded, except
for 9p21.3 (EA BD) where all the CNVs spanned eight markers,
which did not appear to be false-positive calls. In addition, all the
associations were consistent across batches regarding direction of
effect and significance level.

DISCUSSION
CNV burden

A marginal rare large CNV burden was observed in EA SZ when
the size threshold was 100 kb, consistent with the previous
report.'® For a threshold of 500 kb, SZ cases showed more rare
large CNVs than controls; however, no significant CNV burden was
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observed, which might be because of the limited sample size,
given that variations greater than 500 kb are even rarer” No
significant CNV burden was observed in BD under all conditions,
resonating with the common model in the scientific community
that CNV burden has a more important role in SZ than in BD risk."?
However, this observation awaits further scrutiny, given that the
current BD sample is not as well-powered as the SZ sample.*®

Fifteen CNV loci previously implicated in SZ

Overall, we observed highly consistent associations (although not
all significant) of the 15 CNVRs with SZ or BD in the dbGaP EA
data. Four CNVRs showed trends opposite to previous findings,
with no CNVs identified in the case group, which could be largely
attributed to the limited sample size not being able to capture
extremely rare variants (frequency < 0.1%). The 1g21.2 duplica-
tion was replicated in both SZ and BD, showing a more significant
BD association. This differential effect awaits further validations.
Another replicated variant, the 15q13.3 deletion, is considered a
strong susceptibility factor for SZ;'® however, it likely has a role in
epilepsy also.*

The most significantly replicated finding was the 22q11.21
deletion, that was also identified in the blind test and further
validated in the WTCCC data. This CNVR affects multiple genes,
among which the most interesting is COMT, which has a critical
role in the degradative pathway of dopamine and is implicated in
various SZ studies.*'*? This CNVR also showed a SZ association in
AA (P=0.04), suggesting that it confers SZ vulnerability in both



populations. In contrast, this CNVR did not show any association
with BD. Cautions need to be exercised when interpreting this
result. The number of BD cases might not be sufficient to capture
this variant, which appears to be extremely rare in BD.2? Overall,
we speculate that the 22q11.21 deletion is more common and
more involved in SZ compared with BD.

CNVRs in 2p11.2, 7p14.1, 14932.33, 149q11.2 and 22q11.21-22

These CNVRs are located in regions encoding immunoglobulins
and T-cell receptors known to show heterosomic aberrations
(chromosomal aberrations in subpopulations of cells).**** In
general, these regional CNVs detected in DNA from cell lines
should be interpreted with caution.”®3* Meanwhile, some studies
showed that these CNVs can also be seen in normal B cells,
suggesting that the genetic alterations may be B-cell-specific,
rather than being introduced as a consequence of Epstein—Barr
virus transformation or cell-culturing conditions.*>*¢

The large 1493233 CNVR (affecting IGHE, IGHD and IGHM)
showed consistent associations with both SZ and BD for both EA
and AA populations, with cases presenting more duplications than
controls. These associations were not replicated in WTCCC, likely
because of DNA source difference. Echoing this, the 14932.33
large CNV frequencies differed substantially between dbGaP and
WTCCC (Table 2). Collectively, the highly consistent associations
suggest that 14g32.33 large CNVR is a cross-disorder variant,
which may contribute to SZ and BD risk in a way that the immune
system is involved.*”>° The 14g32.33 small CNVR was associated
with SZ, but not with BD, in both EA and AA. The SZ association
was replicated in WTCCC, although a discrepancy in frequency
was again noted. Combining the small and large CNVR data, it
appears that the 14g32.33 CNV has a higher frequency in SZ
than in BD.

The other CNVRs in 2p11.2, 7p14.1, 14q11.2 and 22q11.22
showed more robust SZ associations than BD. The 2p11.2 small
CNVR (/GK) exhibited significant SZ and BD associations; yet only
the SZ association was replicated in WTCCC. The direct SZ versus
BD comparison confirmed a significant group difference
(P=2.64x10"2). The 7p14.1 small CNVR (TRG) showed a more
significant SZ association than BD. The 14g11.2 small CNVR’s SZ
association, but not BD, was replicated in WTCCC. Both small and
large 22g11.21-22 CNVRs showed associations only with SZ.

Genetic variants in the constant region of immunoglobulin
gamma chains (located in 14q32) are suggested as modifying
certain immunoevasion strategies of herpes simplex virus type 1
and human cytomegalovirus, which are possibly implicated in SZ-
related cognitive impairment.®’ T cells have an important role in
the adaptive immune system responsible for recognizing antigens
bound to major histocompatibility complex molecules,* whose
SNPs have been identified as promising risk factors in GWAS of SZ,
but not BD."*** Indeed, differential involvement of major
histocompatibility complex region'?** and differential regulation
of the innate immune response>> between SZ and BD were both
noted. Overall, our observations echo these previous findings in
that CNVRs affecting immunoglobulins and T-cell receptors
showed more robust SZ associations than BD. However, further
comparative studies are needed to confirm the differential
involvement of the corresponding immune system in SZ and BD.

Small CNVR in 10911.21-22

This CNVR showed a more significant BD association than SZ, and
a differential frequency (P=5.08x 10" %) was noted between SZ
and BD. However, the significant EA BD association was not
replicated in WTCCC, likely because of the genotyping array
difference. This CNVR affects some important genes, including
GPRIN2 involved in the control of neurite outgrowth.>® In addition,
this region was highlighted in a meta-analysis of 18 BD genome
data with the most significant evidence for BD linkage.’” Overall,
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our results echo previous work, in that this CNVR might be a more
important BD risk factor.

Small CNVRs in 11p15.4 and 15q13.2

These two small CNVRs showed significant associations with SZ
only, suggesting SZ specificity. The 11p15.4-affected genes
include TRIM5 and TRIM22, known as intrinsic immune factors
against retroviruses and implicated in the etiology of multiple
sclerosis.®® Interestingly, a genetic pleiotropy was observed
between multiple sclerosis and SZ but not BD,>* which coincides
with our observation that 11p15.4 is associated with only SZ. This
CNVR deserves further investigation for its contribution to SZ,
which might help better differentiate the disorder from BD.
Deletions in 15q13.2-13.3 have been implicated for SZ risk.>>®°
The disrupted genes include TRPM1, CHRFAM7A, MTMR10 and
MTMR15, which are involved in DNA repair®®®' and various
neuropsychiatric  disorders, including schizophrenia and
addiction.®>™%> Overall, the structural variant in 15q13.2-13.3 is
likely a risk factor for SZ.

Small CNVRs in 17g21.2, 9p21.3 and 9921.13

These three CNVRs showed BD associations only. A meta-analysis
of 18 BD genome scan highlighted all these three regions for top
BD linkage,”” whereas none of them showed up in a companion
meta-analysis of SZ, echoing our findings regarding BD
specificity.5® However, the question remains as to what functional
consequences these variants might exert.

Other CNVRs

Other CNVRs presented SZ and BD associations in the current
work. However, the association was either observed in a single
analysis group, or not replicated in the WTCCC data. These data
should be treated with caution, although some were implicated in
previous studies. For instance, the 1g21.1 large CNVR affects gene
PRKAB2, which is implicated in various neuropsychiatric
conditions.®” The 15¢11.2 small CNVR is in the Prader-Willi region
close to the rare 15¢11.2 deletion known for SZ association.*>¢®
The 8p23.2 affects gene MCPH1 having a role in neurogenesis.®®
Overall, these findings carry potential information of interest, but
require further confirmatory evidence.

Common CNVRs tagged by SNPs?

We calculated the correlations between the 41 identified common
CNVRs (Table 2) and neighboring common SNPs within a window
of 2 Mb. Eleven CNVRs were tagged by neighboring SNPs with
r*>0.2."* Fourteen CNVRs exhibited higher correlations with
distant SNPs (>2 Mb) than neighboring SNPs. The remaining 16
CNVRs showed # of 0.08 +0.05. Whereas the accuracies of CNV-
SNP correlations are limited to the current sample sizes and
genotyping arrays, the results suggest that a portion of common
CNVRs cannot be tagged by common SNPs.

The current study needs to be interpreted in light of several
limitations. First, the identified CNVs were not validated with qPCR
because of the unavailability of DNA samples. Instead, we
employed stringent quality control to avoid false-positive findings
as much as possible. In the discussion, we focused more on
replicated results or those identified in more than one analysis
group, which were more likely true positives. Other findings were
considered more preliminary and require future verification.
Second, the DNA samples of dbGaP were obtained from
Epstein—-Barr virus-transformed B lymphoblastoid cell lines;
therefore, the regions encoding immunoglobulins might show
heterosomic aberrations.** In the current study, we observed
frequency differences for CNVs in 2p11.2, 14932.33 and 22q11.22
between dbGaP and WTCCC, whereas no dramatic frequency
differences for CNVs in 14q11.2 and 7p14.1 (encoding T-cell
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receptors). We speculate that the former CNVs might be specific to
B cells;*® however, this could not be verified at present. Never-
theless, this should not substantially compromise the observed
CNV associations. In dbGaP, these CNVRs showed highly
consistent SZ and BD associations in EA and AA, which were not
likely artifacts, but reflected true group differences. Last, the BD
association analyses were underpowered and the WTCCC replica-
tion was affected by the genotyping array difference. Conse-
quently, we may have missed a number of BD variants.

In brief, we conducted a pilot study to examine the
commonality and specificity of small common and large CNVs in
SZ and BD. On the basis of the results, the following conclusions
can be drawn. For SZ, there is a large CNV burden effect. The CNV
burden for BD is less conclusive. CNVs in regions encoding
immunoglobulins and T-cell receptors are associated with both SZ
and BD, but may have a more important role in SZ. One
speculation is that this reflects differential involvement of the
immune system. In contrast, the 10q11.21-22 variant affecting
GPRIN2 contributes more to BD risk. The 22g11.21 variant affecting
COMT, and variants in 11p15.4 and 15q13.2, are likely SZ-specific,
with no BD associations observed. The counterpart is variants in
17921.2, 9p21.3 and 9g21.13, which only show BD associations.
Overall, our primary findings in each disorder are largely
consistent with previous reports. The comparison between SZ
and BD findings reveals both specific and common risk CNVs. For
the latter, differential involvement is noted, motivating further
comparative studies and quantitative models.
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