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GENETIC VARIATION IN PCDH11X IS ASSOCIATED WITH
SUSCEPTIBILITY TO LATE ONSET ALZHEIMER’S DISEASE

Minerva M. Carrasquillo”, Fanggeng Zou", V. Shane Pankratz”, Samantha L. Wilcox”,
Li Ma", Louise P. Walker"”, Samuel G. Younkin”, Curtis S. Younkin”, Linda H. Younkin,
Gina D. Bisceglio”, Nilufer Ertekin-Taner"?, Julia E. Crook”, Dennis W. Dickson”,
Ronald C. Petersen”, Neill R. Graff-Radford"” and Steven G. Younkin"

Abstract By analyzing late onset Alzheimer's disease (LOAD) in a genome wide association study of 3 American
Caucasian series and evaluating the 25 SNPs with most significant allelic association in 4 additional series, we
identified a SNP (rs5984894) on Xq21.3 in PCDH11X that is strongly associated with LOAD in American Caucasians
(total n=4,855; AD:2,391; control:2,464). Analysis of rs5984894 by logistic regression using sex as a covariate gave a
global p value of 39 x 10" in the combined series. Odds ratios were 1.75 (95% CI 1.42-2.16) for female homozygotes
(P=2.0x107) and 1.26 (95% CI 1.05-151) for female heterozygotes (P=001) compared to female non-carriers. For
male hemizygotes (P=0.07) compared to male non-carriers the odds ratio was 1.18 (95% CI 0.99-141). The effect
of this variant was dose dependent, as females homozygotes for the minor allele were at significantly greater risk
than heterozygous females and hemizygous males. We tested additional variants in PCDH11X for association with
LOAD. One of these variants, rs2573905, showed association with LOAD similar to that for rs5984894, albeit with
a slightly more significant p-value (54x10™). This is not surprising since these two variants are in near perfect
linkage disequilibrium (r* = 098, D’ = 0.99), and the minor allele of these two SNPs occur on the same haplotype.
However, rs2573905 is in a sequence that has been evolutionarily conserved between human and mice, with 70%
sequence identity over 100bp, suggesting a possible functional role for this SNP. Joint analysis of APOE and rs2573905
genotypes showed that 75 women with LOAD (4.9%) were homozygous both for APOE e4 and for rs2573905
whereas only 2 unaffected women (0.15%), both age 73, were double homozygotes. These finding suggest that the
double homozygote may be fully penetrant in women over the age of 73 and that this combination may account for
~5% of the AD that occurs in women
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the APOE ¢4, allele*”. Twin studies indicate that
susceptibility alleles contribute to as much as

Background

Late onset Alzheimer’s disease (LOAD), the
most common cause of dementia in the elderly”,
is a neurodegenerative disease characterized
by large numbers of senile plaques and
neurofibrillary tangles in the brain. Multiple rare
mutations in the APP, PSEN1 and PSEN2 genes
cause an early onset familial form of AD with
autosomal dominant inheritance, but the only
well established susceptibility allele for LOAD is

80% of LOAD cases” but definitive identification
of other genes with LOAD susceptibility alleles
has proven difficult. To identify novel LOAD
susceptibility genes, we performed a two-stage
genome-wide association study (GWAS) using
Illumina HumanHap300 BeadChips@.

Subjects in the two stage LOAD GWAS
Stage I subjects had ages at diagnosis/
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entry of 60-80 years and were drawn from
three series. Two series were assembled from
cases and controls ascertained clinically at the
Mayo Clinic in Jacksonville, FL (JS: 353 AD,
331 control) and Rochester, MN (RS: 245 AD,
701 control). A third, autopsy-confirmed series
(AUT: 246 AD, 223 control) was assembled
from the Mayo brain bank. In stage II, we
genotyped the 25 SNPs with the most significant
association in stage I in an additional 845 cases
and 1,000 controls drawn from the same three
series but with ages at diagnosis/entry of over
80 years (JS: 237 AD, 260 control; RS: 276 AD,
624 control; AUT: 332 AD, 116 control) and from
a National Cell Repository for AD series of 702
cases (1/family) and 209 controls with ages at
diagnosis/entry of over 60 years.

DNA amplification

DNA from the RS and AUT series was
scarce, so samples from these two series
were subjected to whole genome amplification
(WGA) using the Illustra GenomiPhi V2 DNA
Amplification Kit (GE Healthcare Bio-Sciences
Corp., Piscataway, NJ). To attenuate random
amplification errors, we performed four 5 ul
reactions for each sample, rather than a single
20 ul reaction. Each 5 ul reaction contained 5-15
ng of genomic DNA as template, according to
the quality of the genomic DNA. These four
reactions were then combined. To evaluate the
quality of each WGA DNA sample, a TagMan®
SNP Genotyping Assay (Applied Biosystems,
Foster City, CA) was used to obtain genotypes
for SNP rs2830072 in both the original genomic
(non-WGA) DNA and in the WGA DNA. Only
WGA DNA samples that fell within well defined
genotype clusters and that had genotype calls
for rs2830072 that were in agreement with their
non-WGA DNA genotypes were included in the
series. In our hands, pooling four 5 ul reactions
gave better genotype clusters and fewer miscalls
than a single 20 ul reaction.

Quiality Control

In our stage I GWAS, we genotyped 318,237
SNPs in samples from 2,465 subjects. Genotype
clusters were determined using Illumina’s
BeadStudio 2.0 software after first eliminating
240 samples (9.7%) with call rates of <90% on
the first pass. This initial quality control measure
eliminated a higher percentage of the WGA
DNA samples. Of the 1,734 RS/AUT samples,
all of which were WGA DNA, 213 (12.3%) had
call rates of < 90%. Of the 731 JS samples, all of
which were non-WGA DNA, 27 (3.7%) had call
rates <90%.

We also eliminated 87 AUT samples (3.5%)
with Braak stages of 3.0 or 3.5, so that all AUT
AD samples had a Braak stage of 4.0 or greater,
and all AUT control samples had a Braak stage
of 2.5 or lower. Using filters available in PLINK”,
we eliminated all SNPs with call rates <90%,
minor allele frequencies <0.01, and/or Hardy-
Weinberg P values <0.001. Using the sex check
option provided by PLINK, we identified and
removed 21 additional samples (0.9%) with a
mismatch between the recorded sex and the
sex deduced by evaluating the heterozygosity of
SNPs on the X chromosome. We also checked
for cryptic relatedness by using the --genome
option in PLINK to evaluate paired identity by
descent in all samples genotyped in stage I.
This check revealed 16 pairs with PI_HAT over
99% thereby identifying 16 subjects for which
two samples had been genotyped. Of these 32
samples, 14 were retained and 18 (0.8%) were
eliminated. We eliminated one sample from 14
subjects where all samples had identical subject
information and where we were able to confirm
independently that the paired samples came from
the same subject. We eliminated four samples
(two pairs) where key subject information (e.g.
gender, age) associated with the two samples
was in conflict. Two DNA samples from different
blood draws were genotyped in one RS subject



where only one of the two samples was retained.
The other 13 subjects that were retained had
one DNA sample derived from the brain at
autopsy (AUT), which was retained, and one
derived from blood taken during life (JS or RS),
which was eliminated. The duplicates in these 13
subjects went undetected because the identifiers
for samples in the AUT samples, which mostly
came from the brains of subjects who were not
seen at Mayo, were not linked to the identifiers
in the JS or RS series.

These quality control measures left 2,099
subjects (85.2%) in whom 313,504 SNPs
(98.5%) were analyzed. Of the 2,099 samples
that met our quality control criteria in stage I,
1,415 were RS or AUT (WGA DNA) samples
of good quality. The average call rate of 99.2%
in the WGA samples was essentially identical
to the average call rate of 99.3% in the 684
DNA samples from the ]S series (non-WGA
DNA). Thus the call rates using BeadChips were
comparable for WGA and non-WGA DNA once
WGA samples of poor quality were identified
and eliminated.

The genotype clusters for the 25 SNPs with
the most significant P values in stage I were
visually inspected as an additional quality control
check. This check showed that 3 of the 25 SNPs
(rs3858095, rs2318144, and rs3007421) had
unsatisfactory clusters that caused inaccurate
genotyping of many heterozygotes and minor
allele homozygotes. This was evidenced by the
much higher minor allele frequencies observed
in controls of the follow-up series where all three
SNPs were genotyped well using SEQUENOM
iPLEX technology. Two of these SNPs (rs3858095
and rs3007421) were eliminated by increasing
the stage I call rate cut-off for samples and
SNPs from 90% to 95%, but rs2318144 was
not eliminated even when the call rate cut-off
for samples and SNPs was increased to 98%.
rs2318144 had a Hardy-Weinberg P value of 0.05
and therefore also failed to be eliminated by our

S 127

cut-off P value of 0.001. These results underscore
the importance of checking SNPs with highly
significant association by visually inspecting
their genotype clusters and by genotyping
follow-up series on a different platform.

Initial results of two stage LOAD
GWAS

In stage I, after the stringent quality control
described above, we analyzed 313,504 SNPs in
844 cases and 1,255 controls. In stage I, six SNPs
linked to APOE were the only SNPs to achieve
genome-wide significance after Bonferroni
correction for the 313, 504 SNPs tested.

In stage II, we genotyped the 25 SNPs with
the most significant association in stage 1. The top
25 SNPs tested in stage II included 10 SNPs in
the APOE region of chromosome 19 and 15 SNPs
on other chromosomes. All 10 SNPs in the APOE
region showed significant association in stage II
with P values ranging from 9.5x107 to 0.05. One
of the two SNPs on the X chromosome, rs5984894,
also replicated well in the stage II follow-up series
with a P value of 0.0006 that retained significance
(P=0.015) even after conservative Bonferroni
correction for 25 SNPs tested in stage II. None of
the other SNPs replicated in stage II.

Because our stage I and stage II subjects
came from multiple American Caucasian series,
PLINK” was employed to test rs5984894 for
allelic association in the combined stage I +
II datasets using the Mantel-Haenszel method
(Table 1) in addition to the x” test on combined
allele counts. The overall P value for allelic
association in stage I + II was 3.8x10® with
an OR of 1.29 (95% CI 1.18-1.41), and 2.2x10"
with an OR of 1.30 (95% CI 1.18-1.43) using the
Mantel-Haenszel method (Table 1). Analysis
using the Breslow Day test showed no evidence
for series to series heterogeneity among the
seven series tested.
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Table 1 Descriptive statistics and allelic association results for SNP rs5984894. “Minor allele frequency in cases and
controls for each series. MAF was not different between males and females in controls. "Hardy-Weinberg
equilibrium P values for female cases and female controls in each population. ‘P values were calculated for each
individual series using a x* test on allele counts. “Odds ratios (OR) were calculated for the minor allele in each
series; 95% confidence intervals are shown in parentheses. ‘P values and ORs using data from multiple series
were calculated using the Mantel-Haenzel method. (Adapted from Carrasquillo et al., 2009)

. N MAF* HWE® . ¢
Series Cases Controls Cases  Controls Cases Controls P value OR (95% CI)
Stage 1
JS 60-80 350 323 0.52 044 0.89 0.19 0.006 1.40 (1.10-1.77)
RS 60-80 235 669 0.53 0.46 040 0.24 0.01 1.35 (1.06-1.71)
AUT 60-80 239 208 0.55 0.46 1.00 0.66 0.02 144 (1.05-1.96)
Stage I combinede 824 1200 0.53 045 0.85 1.00 15x10° 139 (1.20-1.61)
Stage 11
JS 80+ 232 254 0.50 047 041 042 0.50 1.10 (0.83-1.46)
RS 80+ 275 615 0.54 045 0.05 0.52 0.001 145 (1.16-1.81)
AUT 80+ 328 106 0.52 0.52 0.51 0.28 0.83 0.96 (0.68-1.37)
NCRAD 60-80 697 209 0.51 0.46 0.19 0.86 0.10 1.23 (1.08-1.57)
Stage II combined® 1532 1184 0.51 0.46 0.31 0.76 0.002 1.23 (1.08-1.40)
Stage I + I combined® 2356 2384 0.52 0.46 047 0.82 22x107  1.30 (1.18-143)

Analysis of rs5984894 by multivariable
logistic regression with sex as a
covariate

We next analyzed rs5984894, which is within
the PCDH11X gene (Fig. 1) by multivariable
logistic regression with sex as a covariate (Table
2). Using this approach, which specifically
models each carrier group, the global P value
in the combined series improved substantially
to 3.9x10" as compared to 3.8x10°® for allelic
association and 2.2x107 using the Mantel-
Haenszel method (Table 1). In the combined
series, odds ratios were 1.75 (95% CI 1.42-2.16)
for female homozygotes (P=2.0x107) and 1.26
(95% CI 1.05-1.51) for female heterozygotes
(P=0.01) compared to female non-carriers. For
male hemizygotes (P=0.07) compared to male
non-carriers, the odds ratio was 1.18 (95% CI
0.99-1.41) (Table 2). Male sex, which had an OR
of 0.86 (95% CI 0.71-1.05) was not a significant
covariate (P=0.14) in the combined data. Female
homozygotes in the combined series were
at significantly increased risk not only when

compared to female non-carriers (P=2.0x107)

but also when compared to female heterozygotes
(P=0.0005) or male hemizygotes (P=1.4x107).
The OR for female homozygotes in stage I was
1.92 (95% CI 1.36-2.70) with a P value of 0.0002.
This association replicated well in stage 1T where
the OR was 1.70 (95% CI 1.29-2.24) with a P
value of 0.0002 (Table 2). The global P value of
5.7x10” in stage I also replicated well, improving
to 4.8x10° on follow-up.

Control for population stratification

Using stage I GWAS data, population
stratification was evaluated using the
principal components approach implemented
in EIGENSTRAT?. Adjustment for population
substructure was performed by including
the top ten axes of variation generated by
EIGENSTRAT as additional covariates in logistic
regression analyses using an allelic dosage
model and in multivariable logistic regression
analyses of rsb984894. These adjustments to
the allelic dosage and multivariable logistic
regression analyses had essentially no effect on
the results obtained for the stage I GWAS data.
Thus, population substructure did not inflate the



S 129

0.00001 '\
rs5984894 (Stage | P= 1.2x10%)
0.0001
@
=
g 0.001 ;
o |
@ |
g 0.01 :
w !
|
0.1 !
|
M\'
|
1 }
|
90.6 90.8 91.0 a2 | 914 91.6 91.8 92.0 92.2
Chromosomal position (Mb)
|
90,920,960 | 91,764,882 |
isoform b f———4 :
isoform ¢ [ ——t — f
isoform d —+ T $ t t 1
isoform a — |
B -codingregion , | @ -untranslated region
|
o o o 00 @0 T e Y
7 e A R e N S
BLs SRR Py
o g : L - - @
g 2 [BES ER s oligio el iRl S 2 8
S = _155;% §§§§§m—§“§§
Tt e e R BR Tre 38 8%l
[Block 1 (20 ki) 2 (Block 3 (3 kb) Block
1 z 3 4 1 “ _ ! 16 » Fo
il

Figure 1 Schematic overview of PCDH11X and LD plot showing PCDH11X haplotype blocks. Unadjusted allelic
association P values from stage I for variants encompassing the PCDH11X locus are plotted over physical
distance above the PCDH11X gene diagram. The four PCDH11X RefSeq isoforms and their chromosomal
positions are depicted as in Entrez Gene (build 36.3). The LD plot shown is for variants in the PCDH11X locus
(stage I data in Haploview 4.0, solid spine haplotype block definition, r* values with D’color scheme). (Adapted
from Carrasquillo et al., 2009)

significance of stage I GWAS results, and given . o
Analysis of additional PCDH11X SNPs

the similarity in the populations included in

stages I and II it is unlikely that it inflated the rs5984894 maps to a 102kb linkage disequilib-
highly significant associations observed in stage rium (LD) block on chromosome Xq21.3 that lies
II and in the combined data. entirely within the gene (PCDH11X) encoding

protocadherin 11, X-linked. This LD block
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Table 2 Logistic regression results for rs5984894 comparing male hemizygotes, female heterozygotes, and female
homozygotes to the female non-carriers, using male sex as covariate. (Adapted from Carrasquillo et al., 2009)

Sex

Male Hemizygotes

Female Heterozygotes Female Homozygotes

Series OR (5% CD) P OR (9%%C) P OR (%%CD) P OR (95% C) P Global P
Stage 1

1S 60-80 128 (078211) 033 128 (079200) 031 166 (104263) 003 196 (114336) 001 009
RS 60-80 100 (058172) 099 120 (076-190) 043 146 (087244) 016 202 (112364) 002 004
AUT 60-80 079 (041-153) 048 140 (085232) 019 155 (077-312) 022 200 (091-440) 009 003
Stage T combined 098 (072-133) 090 133 (102174) 004 143 (106192) 002 192 (136270) 00002  57x10°
Stage 11

1S 80+ 133 (073244) 035 096 (054171) 089 158 (091-272) 010 133 (070-255) 038 060
RS 80+ 075 (046122) 025 119 (074-191) 048 104 (067-162) 086 228 (139-373) 0001  10x10°
AUT 80+ 044 (019101) 005 097 (049192) 094 076 (036-161) 047 097 (039-239) 095 005
NCRAD 60+ 111 (067-184) 067 095 (058-158) 086 119 (075-188) 047 171 (098297) 006 035
Stage IT combined 089 (0.69-115) 037 104 (082-133) 074 119 (094150) 015 170 (129-224) 00002  48x10°
Stage T + IT combined 086 (071-105) 014 118 (099-141) 007 126 (105151) 001 175 (142216) 20x107  39x10™

encompasses part of intron 2, exon 3 and part
of intron 3 of PCDH11X isoforms ¢ and d (Fig.
1). To extend our analysis of PCDH11X, three
PCDH11X SNPs (rs5941047 and rs4568761 and
rs2573905) that reside on the same haplotype
block as rs5984894 were genotyped in all stage
I + II subjects (2,524 AD, 2,698 control) from
the JS (635 AD, 698 control), RS (577 AD,
1418 control), AUT (610 AD, 373 control), and
NCRAD (702 AD, 209 control) series. rs5941047
and rs4568761 were followed-up in the stage II
subjects because both had nominally significant
P values of 0.0023 for allelic association in stage
L. rs2573905 is located 8,483 bp 3’ of rs5984894.
Both rs5984894 and rs2573905 reside deep in
intron 2 of PCDH11X isoforms ¢ and d, over 54
kb and 62 kb upstream of exon 3 respectively.
rs2573905 was genotyped in the combined
series because it is in a 100 bp region that is
70% conserved between the human and mouse
sequence and therefore likely to be functionally
relevant. All three SNPs were analyzed for
association with LOAD using the Mantel-
Haenszel method. In the combined dataset, highly
significant associations were observed for all three
SNPs with P values for rs2573905, rs5941047,
and rs4568761 of 1.6x107, 8.0x10®° and 0.001
respectively. Breslow Day P values for rs2573905,

rsb941047, and rs4568761 were 0.55, 0.35, and
0.23 respectively indicating a lack of statistical
evidence for series to series heterogeneity among
the seven series tested.

rs2573905 is in strong linkage disequilibrium
with rs5984894 (r’=0.98, D'=0.99). Thus functional
changes caused by rs2573905 may account for
the strong association of rs5984894 with LOAD.
Because of the strong LD between rs2573905 and
rs5984894, analysis of rs2573905 by multivariable
logistic regression with sex as a covariate
gave results for female heterozygotes, female
homozygotes and male hemizygotes that were
nearly the same as those for rs5984894 (Table
3) although the global P value for rs2573905 was
more significant in the combined series (54x10™
vs. 3.9x10%%) where rs2573905 was genotyped
successfully in more subjects (5,010 vs. 4,740).

Penetrance of double homozygotes for
the APOE &4 allele and the rs2573905
minor allele

To better understand the effect of the
PCDH11X rs2573905 variant and how it relates
to the risk conferred by the APOE gene, we
assessed the distribution of the rs2573905 and
APOE genotypes. This analysis was performed
on the samples that were included in our GWAS,
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Table 3 Logistic regression results for rs2573905 comparing male hemizygotes, female heterozygotes and female
homozygotes to the female non-carriers, using male sex as covariate. (Adapted from Carrasquillo et al., 2009)

Series Sex Male Hemizygotes Female Heterozygotes Female Homozygotes Global P
OR (95% CI) P OR (95% CI) P OR (95% CI) P OR (95% CI) P

Stage I

JS 60-80 1.18 (0.73-1.92) 050 1.27 (0.79-2.04) 0.33 148 (0.94-2.33)  0.09 2.01 (1.19-342) 0.009 0.08
RS 60-80 0.82 (051-0.32) 042 1.22 (0.81-1.86) 034  1.17 (0.74-1.85) 049 161 (0.96-271) 0.07 0.06
AUT 60-80 0.89 (0.47-1.68) 0.72 1.39 (0.88-2.20) 0.16 1.71 (0.89-3.30) 0.11 248 (1.15-5.36) 0.02 0.01
Stage I combined 0.93 (069-1.24) 062 1.30 (1.01-1.67) 0.04  1.32 (1.00-1.75) 0.05 1.85 (1.34-2.55) 0.0002 3.2x10°
Stage II

JS 80+ 1.28 (0.70-2.33) 042 096 (054-1.70) 0.88 16 (0.92-276)  0.09 141 (0.74-269)  0.29 0.54
RS 80+ 0.76 (047-1.23) 0.26 1.15 (0.72-1.86) 055 1.01 (0.65-1.57) 095 2.16 (1.32-353) 0.002 25x10"
AUT 80+ 0.46 (0.21-1.02) 0.06 1.06 (0.54-207) 086  0.80 (0.38-1.66) 0.55 1.03 (043-247) 094 0.07
NCRAD 60+ 1.09 (0.66-1.80) 0.75 097 (0.58-1.61) 0.91 1.19 (0.75-1.89) 047 169 (097-293) 0.06 0.35
Stage II combined 0.87 (0.68-1.12) 0.29 1.05 (0.82-1.34) 0.69 1.17 (093-148) 0.17 1.68 (1.27-2.20) 0.0002 39x10°
Stage I + II combined 0.84 (0.70-1.02) 0.07 1.17 (098-1.39) 008  1.22 (1.02-145) 003 1.72 (1.40-2.12) 0.0001 5.4x10-13

but exclusively in females (affected n =1,518,
unaffected n =1,378), since males only have
one X-chromsome and therefore can only be
hemizygotes rather than homozygotes for the
rs2573905 alleles. Table 4 shows the number of
individuals with each of the possible genotype
combinations of the APOE and rs2573905 alleles.
The genotypes formed by APOE epsilon alleles
(&2, €3 and €4) are listed under the APOE
column. The genotypes formed by the rs2573905
C and T alleles (C/C = homozygotes for the
major C allele, C/T = heterozygotes, and T/T
= homozygotes for the minor allele) are listed
across the top. Note that although the T allele is
the minor allele amongst the controls (unaffected
females in Table 1b), its frequency is greater
in the affecteds, making the T allele the major
allele in this group. Inspection of the genotype
distributions revealed that 75 women with LOAD
(4.9%) were accounted for by the APOE ¢4/¢
4-rs2573905 T/T genotype combination, whereas
this genotype combination occurred in only 2
controls (0.15%). Upon further inspection, we
discovered that the 2 control women were 73
years of age. Our data suggest, therefore, that
the double homozygote may be fully penetrant
over the age of 73 and that this combination may
account for ~5% of the AD that occurs in women.

Protocadherins

Cadherins are calcium-dependent cell adhesion
molecules that play a role in embryonic and
tissue development. Protocadherins (PCDHs)
are cadherin-related adhesion molecules with
six or seven extracellular cadherin motifs.
Their cytoplasmic domains diverge from each
other and from classical cadherins, indicating
different binding properties and intracellular
functions. The PCDH subfamily consists of ~80
members, with more than 50 of them arranged
into PCDHo, PCDHB and PCDHy clusters. The
variable domains on the PCDHa and PCDHy are
encoded by large exons and encompass most of
the transmembrane domain, including a short
cytoplasmic tail. The PCDHs derived from these
gene clusters are predominantly expressed in
the nervous system and localize to synaptic
junctions. Functionally connected neurons express
different sets of cadherins, thus having distinct
effects on segregation of neuronal precursor
populations, axonal outgrowth and synapse
formation. The large number of distinct PCDHa
possibly contributes to the complexity of neuronal
connections. PCDHy proteins were shown to
undergo proteolitic processing events. A first
cleavage is executed by a metalloprotease activity,



S 132 M. M. Carrasquillo, et al.

Table 4 Distribution of the rs2573905 and APOE genotypes in affected and unaffected females. Cells show the number of

subjects with each rs257395/APOE genotype.

AFFECTED FEMALES
rs2573905
APOE CC CT TT
22 0 0 0
23 10 17 16
24 " 21 14
33 120 241 120
34 165 355
44 41 103

347 737 434 1518

possibly ADAMI10, in between the 18 amino
acids from N-terminal to the transmembrane
domain, releasing a soluble fragment. This
cleavage is required for subsequent regulated
y-secretase processing to generate an unstable
but potentially active carboxyl-terminal
fragment that can translocate into the nucleus.
Additionally, various truncated forms and
cytoplasmic splice variants were reported for the
a-protocadherins, which adds even more degrees
of protocadherin diversity. PCDH11X belongs to
the non-clustered PCDHs suggested to localize to
synaptic junctions and to play a role in cellular
signaling.

PCDH11X

PCDH11X is located in the hominid-specific
non-pseudoautosomal homologous region Xq21.3/
Ypl11.2”. PCDH11X and PCDH11Y belong to the
protocadherin gene subfamily of the cadherin
superfamily of cell surface receptor molecules.
Lopes et al. have proposed that known coding and
expression level differences between PCDH11X
and PCDHI11Y may have functional consequences
that could lead to sexually dimorphic traits'®,
The most recent studies of the PCDH11X/Y gene
structure and expression report that these genes

consist of at least 17 exons spanning over 700 kb.

UNAFFECTED FEMALES
rs2573905

APOE CC CT TIT
22 1 7 2
23 54 91 33
24 6 M 10
33 248 441 187
34 8 138
<4 3 7

397 695 286 1378

Alternative splicing produces multiple isoforms
that are mainly expressed in the brainl0'.
Expression is particularly strong in the cortex
and hippocampus and weaker in the cerebellum'?.
Based on their splicing patterns and functional
domains, it has been proposed that PCDH11X/
Y resemble cadherin related neural receptorslg)
which are known to localize at the synaptic
junction and to play a role in cellular signaling”’
In the brain, PCDH11X mRNA is preferentially
expressed in the motor (forelimb and hind
limb areas) and auditory (temporal) cortices,
suggesting a specific role in the establishment of
selective synaptic connections of specific modality
in the cerebral cortex with other communicating

15 Interestingly,

brain regions such as the thalamus
some protocadherins are known to undergo
presenilin-dependent processing'®.

In summary, the results of our two-stage
GWAS provide the first evidence that genetic
variation in PCDH11X is strongly associated
with LOAD susceptibility in a combined
American Caucasian sample of 2,391 cases and
2,464 controls. The SNP identified, rs5984894,
resides in a haplotype block that falls entirely
within PCDH11X, and it is in strong linkage
disequilibrium with rs2573905, which is more
likely to alter PCDH11X function since it



resides in a conserved region. Further study to
determine how risk for LOAD is mediated by
specific genetic variation in PCDH11X should
improve understanding of the molecular basis of
LOAD and open new therapeutic possibilities for
this devastating disease.
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