Ubiquilin 1 Polymorphisms Are Not
Associated with Late-Onset
Alzheimer’s Disease

Scott Smemo, AB,' Petra Nowotny, PhD' Anthony L. Hinrichs, PhD,'! John S. K. Kauwe, MSc,’

Sara Cherny, AB,' Katherine Erickson," Amanda J. Myers, PhD,? Mona Kaleem, BSc,> Lauren Marlowe, BSc,”
Alison M. Gibson, BSc,® Paul Hollingworth, PhD,* Michael C. O’Donovan, PhD,* Chris M. Morris, PhD,*
Peter Holmans, PhD,’> Simon Lovestone, PhD,° John C. Morris, MD,” Leon Thal, MD,® Yonghong Li, PhD,’
Andrew Grupe, PhD,’ John Hardy, PhD,* Michael J. Owen, PhD,* Julie Williams, PhD,* and
Alison Goate, DPhil"”'°

Several studies have reported evidence for linkage of late-onset Alzheimer’s disease (LOAD) to chromosome 9. Recently,
an intronic polymorphism affecting alternative splicing of exon 8 of ubiquilin 1 (UBQLN1) was reported to be associated
with LOAD. We attempted to replicate this observation by genotyping this polymorphism, rs12344615 (also known as
UBQ-8i), in a large sample of 1,544 LOAD cases and 1,642 nondemented controls. We did not find any evidence that
this single nucleotide polymorphism, or any of six others tested in UBQLNI, increases risk for LOAD.
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Late-onset Alzheimer’s disease (LOAD) is a complex
neurological disorder, undoubtedly influenced by sev-
eral genetic and environmental factors. The only
widely recognized genetic risk factor currenty identi-
fied is a polymorphism in the apolipoprotein E gene
(APOE), which is associated with increased disease risk
and decreased age of onset.! However, this susceptibil-
ity locus accounts for less than half of the genetic vari-
ance in Alzheimer’s disease, and Warwick Daw and
colleagues® estimated thar at least four other genes with

an effect of similar magnitude on age of onset remain

to be identified.

The ubiquilinl (UBQLNI) gene on chromosome
922 lies in a region that has been implicated in several
linkage studies of LOAD.>* UBQLNI has been shown
to interact with the presenilin (PS) proteins and to in-
crease their accumulation.” Massey and colleagues®
have shown that overexpression of ubiquilin 1 de-
creases ubiquitination and degradation of presenilin
proteins, which is notable because murtations in the
presenilins are associated with early-onset AD.”®

UBQLNI therefore is a good positional and functional
candidate as a novel LOAD susceptibility gene. A re-
cent family-based association study reported an associ-
ation between a single nucleotide polymorphism (SNP)
in UBQLNI, rs12344615, and LOAD.” We have at-
tempted to replicate this finding in a large sample of
unrelated cases and controls from the United States
and the United Kingdom.

Materials and Methods
Samples

Five case—control series studying white subjects composed of
unrelated individuals were used: three series were clinically
assessed (WashU, UCSD, MRC-LOAD) and two were neu-
ropathologically assessed (Newcastle-Brain, US-Brain). Cases
in the clinically assessed series had a clinical diagnosis of de-
mentia of the Alzheimer’s type (probable/definite) according
to National Institute of Neurological and Communicative
Diseases and Stroke/Alzheimer’s Disease and Related Disor-
ders Association (NINCDS-ADRDA)'® criteria with a min-
imum age at which the first symptoms of AD were observed
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Table 1. Demographic Data

Newcastle-Brain US-Brain Combined WashU MRC-LOAD UCSD
Demographic Cases Controls Cases Controls Cases Controls Cases Controls Cases Controls Cases  Controls
No. of subjects 160 112 196 116 1544 1642 376 353 633 731 179 330
Female (%) 66 50.5 57.2 45.6 66.9 62.4 64.6 62.0 76.5 66.6 49.2 63.3
AAO (SD) n/a — n/a — 77.4 — 76.2 — 77.0 — 73.4 —
(6.4) (6.8) 6.1) (5.4)

AAE/AAD 81.4 77.7 81.7 80.0 — 77.7 — 77.5 — 76.6 — 79.3

(SD) (6.8) (8.0) (6.8) 9.0) (6.8) (7.4) (5.9) (7.2)
APOE4+ (%) 60 23.2 68.6 23.6 61.9 23.3 58.0 24.1 61.9 23.5 64.2 21.8

The MRC-LOAD series is an expansion of what was previously referred to as the UKI series in Nowotny and colleagues.'> The Newcastle-
Brain series was referred to as the UK2 series in the same study. The controls of both neuropathologically assessed series have also been

described elsewhere.'?

(“age of onset”) of 60 years. Nondemented controls in these
three series were also at least 60 years old when screened for
dementia using neuropsychological tests and/or clinical inter-
views. Controls were age- and sex-matched with cases. Both
the Newcastle-Brain and US-Brain series were composed of
samples that were pathologically confirmed AD cases at au-
topsy, with 30% of cases having Braak and Braak staging''
of 5 or 6. Controls had no histopathological abnormalities
with 40% of controls having Braak and Braak staging less
than 2. The US-Brains were identified through the National
Institute on Aging National Alzheimer’s Coordinating Cen-
ter database and were collected by the Neuropathology Cores
of Alzheimer’s Disease Research Centers. The total sample
size is 1,544 cases/1,642 nondemented controls and breaks
down as follows: WashU 376/353, MRC-LOAD 633/731,
UCSD 179/330, Newcastle-Brain 160/112, US-Brain 196/
116. Detailed demographics are provided in Table 1. In-
formed consent was obtained from all subjects or appropriate
proxy, and the respective institutional review boards ap-
proved all experimental protocols.

Polymorphisms Investigated

Rs12344615 (UBQ-8i”), which identifies the H3 haplotype
and was most significantly and consistently associated with
LOAD as reported by Bertram and colleagues,” was geno-
typed in all five sample sets. Rs2780995, which, ignoring
one rare haplotype, identifies the H1 haplotype reported by
Bertram and colleagues9 was genotyped in the WashU series,
as were five additional SNPs. These five were chosen because
they tag more than 93% of the haplotypic diversity observed
in the region. This region (haplotype block) extends from
12.5kb upstream of the UBQLNI coding region, through
the approximately 43kb of UBQLNI and terminates approx-
imately 10kb downstream of the terminal exon.

Genotyping and Quality Control

The WashU, MRC-LOAD, and UCSD samples were geno-
typed using allele-specific real-time polymerase chain reac-
tion."* The Newecastle-Brain, US-Brain, and a subset of the
WashU series were genotyped using Pyrosequencing technol-
ogy (http://www.pyrosequencing.com). Sequences for the
polymerase chain reaction and SNP primers are available
from the authors by request. Blinded, duplicate genotyping
of 1512344615 at two centers, using the two methods above,
yielded 0 discrepant and 515 concordant genotypes.
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n/a = not available; AAO = age of onset; AAE/AAD = age at examination/age at death; SD = standard deviation.

Statistical Analyses

x> tests were used to check genotypic frequencies for devia-
tion from Hardy—Weinberg equilibrium in case and control
samples. A Fisher’s exact test was used to test for allelic and
genotypic association for each SNP, as well as intersite and
intrasite heterogeneity. A nominal p value of less than or
equal to 0.05 was used as the threshold for significance in all
tests. Because no single test was significant at this level, no
corrections were made for the multiple tests performed. A
combined analysis including all sites, and using sex and
APOE €4 status (positive or negative) as covariates, was per-
formed using a logistic regression. An analysis of variance
(ANOVA), also using sex and APOE €4 status as covariates,
was used to test whether rs12344615 modified age of onset.
Both the regression and the ANOVA were performed using
SAS (SAS System for Solaris, Release 8.0. 1999; SAS Insti-
tute Inc., Cary, NC).

Linkage disequilibrium (LD) was analyzed using the pro-
gram COCAPHASE from the UNPHASED  software
suite.'> Haplotype-tagging SNPs were identified from pub-
licly available data from the International HapMap Project'®
using the confidence interval block-delimiting algorithm in
Haploview.'” Tests for population stratification within and
among the WashU, MRC-LOAD, and UCSD series have
been described in Li and colleagues.'®

Results

In an attempt to replicate the main findings of Bertram
and colleagues,9 we genotyped UBQ-8i (rs12344615)
in five case—control series totaling 1,544 cases and
1,642 unrelated, nondemented controls. The SNP did
not significantly deviate from Hardy—Weinberg equi-
librium in either the cases or the controls of each se-
ries, or in the whole data set. We did not observe al-
lelic or genotypic association at the p value less than or
equal to 0.05 level between LOAD and rs12344615 in
any of the individual series, or in any APOE €4 sub-
stratum (Table 2). The Newecastle-Brain series (allelic
model; unstratified p = 0.074; APOE €4 negative p =
0.099) and the US-Brain series (genotypic model;
APOE €4 positive p = 0.098) showed a trend toward
significance. However, the trends were in the opposite
direction: in the Newcastle-Brain series, the risk allele



Table 2. Genotyping and Fisher’s Exact Test Results for rs12344615

Case Control p

Series Straum CC CT TT Sum mAF HWE CC CT TT Sum mAF HWE Allelic Genotypic
WashU All 10 109 257 376 0.172 093 15 99 239 353 0.183 0.52 0.5835 0.5120
WashU e4— 5 39 115 159 0.154 0.76 11 82 178 271 0.192 0.92 0.1673 0.3858
WashU g4+ 5 70 142 217 0.184 0.56 4 16 61 81 0.148 0.15 0.3332 0.0528
UCSD All 9 59 111 179 0.215 0.95 9 96 225 330 0.173 0.95 0.1101 0.2188
UCSD e4— 5 17 41 63 0.214 0.29 8 77 173 258 0.180 0.99 0.3746 0.2350
UCSD g4+ 4 41 70 115 0.213 0.79 1 19 52 72 0.146 0.88 0.1336 0.3049
MRC-LOAD All 28 205 400 633 0.206 0.97 31 225 475 731 0.196 0.80 0.5336 0.7910
MRC-LOAD e4— 11 82 146 239 0.218 099 22 173 360 555 0.196 0.98 0.3403 0.5802
MRC-LOAD g4+ 17 122 253 392 0.199 0.90 9 50 113 172 0.198 0.55 1.0000 0.8017
Newecastle-Brain All 4 51 105 160 0.184 0.75 2 24 86 112 0.125 0.98 0.0744 0.1525
Newecastle-Brain e4— 3 18 43 64 0.188 0.83 1 18 67 86 0.116 0.99 0.0994 0.2174
Newcastle-Brain €4+ 1 33 62 96 0.182 0.32 1 6 19 26 0.154 0.85 0.8375 0.2573
US-Brain All 6 58 132 196 0.179 0.99 6 39 71 116 0.220 0.98 0.2106 0.4341
US-Brain e4— 3 18 37 58 0.207 0.92 3 26 55 84 0.190 1.00 0.7628 0.8681
US-Brain 4+ 2 39 89 130 0.165 0.61 2 10 14 26 0.269 099 0.1137 0.0976
All All 57 482 1005 1544 0.193 1.00 63 483 1096 1642 0.185 0.57 n/a n/a
All e4— 27 174 382 583 0.196 0.46 45 376 833 1254 0.186 0.95 n/a n/a
All g4+ 29 305 616 950 0.191 0.49 17 101 259 377 0.179 0.23 n/a n/a

n/a = not available; mAF = minor allele frequency; HWE = Hardy—Weinberg equilibrium.

(C) proposed by Bertram and colleagues’ was more
prevalent in the cases whereas for the US-Brain series
the C allele was more prevalent in the controls.

A Fisher’s exact test for heterogeneity between cases
and between controls in each series showed a signifi-
cant difference in genotype and allele frequencies for
1512344615 observed in the Newcastle-Brain controls
compared with the other series (Table 3). A logistic
regression that included sample series (“site”) as a vari-
able therefore was used to combine all the data and test
for allelic or genotypic association in the entire sample.
No significant associations between LOAD and geno-
type or allele were observed (see Table 4). Because the
Bertram and colleagues study’ reported a dose-
dependent increase in risk, we analyzed the effect of
APOE status, sex, and rs12344615 allele/genotype on
age of disease onset using ANOVA. There was no sig-

Table 3. Tests of Heterogeneity for rs12344615

nificant association for the allelic (p = 0.856) or ge-
notypic (p = 0.953) tests (data not shown).

Bertram and colleagues’ also reported moderate as-
sociation between LOAD and rs2780995. We there-
fore genotyped this SNP in the WashU series, our
standard exploratory sample set. Because we did not
observe association with LOAD in this sample (Table
5), we did not genotype it in the other series.

To further assess the role of variation in the ubiqui-
lin 1 gene as a risk factor for LOAD, we genotyped, in
the WashU series only, five additional SNPs that were
identified as haplotype-tagging SNPs. None of the
SNPs deviated significantly from Hardy—Weinberg
equilibrium, and none were significantly associated
with LOAD, irrespective of APOE genotype (see Table
5). LD, as measured by D’, was greater than 0.77 for
all pairs of markers within this region, but the six

Genotypic p Allelic p
Series Series Controls Cases Controls Cases
WashU UCSD 0.5595 0.1835 0.6711 0.0834
WashU MRC-LOAD 0.6607 0.1567 0.4850 0.0620
WashU Newecastle-Brain 0.1621 0.7802 0.0514 0.6609
WashU US-Brain 0.4079 0.9219 0.2130 0.8053
UCSD MRC-LOAD 0.3933 0.8792 0.2088 0.7128
UCSD Newcastle-Brain 0.2374 0.4443 0.1138 0.3377
UCSD US-Brain 0.2424 0.4388 0.1165 0.2314
MRC-LOAD US-Brain 0.6560 0.5404 0.4261 0.2478
MRC-LOAD Newcastle-Brain 0.0469 0.5882 0.0099 0.4356
US-Brain Newcastle-Brain 0.0307 0.8696 0.0091 0.8456

Fisher’s exact tests for allelic and genotypic heterogeneity between all pairs of sample sets. Shaded areas indicate significant differences.
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Table 4.

Combined Analysis

Test OR (95% CI) ?
Genotypic: TT vs CC 0.939 (0.624-1.414) 0.4677
Genotypic: TC vs CC 1.047 (0.687-1.597) 0.5403
Allelic: Tvs C 0.924 (0.804-1.062) 0.2641

Logistic regression analyzing all sites together (1,544 cases and
1,642 nondemented controls), corrected for APOE and sex. OR =
odds ratio; CI = confidence interval.

SNPs showed relatively low 7 values, except for
1512344615 and rs944947, and rs2780995 and
12811925 (¥ = 1 for each pair; Table 6). We per-
formed pairwise haplotype analysis with rs12344615
and the six other markers, using the expectation max-
imization algorithm to estimate haplotype frequencies
(data not shown). No haplotype was significantly asso-
ciated with LOAD at the p value equal to 0.05 level
after removing those with a frequency of less than 1%.
These htSNPs were not genotyped in the larger data
set, and no additional analyses (ANOVA) were per-
formed, because the results were uniformly negative in
the WashU series.

Discussion

The primary focus of this study was to attempt to rep-
licate the reported association between AD and
rs12344615” in the ubiquilin 1 gene. The earlier study
used a family-based test of association in two series of
LOAD families, whereas we have used a case—control

design to test the role of rs12344615 in risk for
LOAD. Our sample is large, consisting of five case—
control series of white subjects totaling 1,544 cases and
1,642 controls. No evidence of association was ob-
served between rs12344615 and risk for disease or age
of onset in any individual series or in the combined
data set. We therefore were unable to detect any evi-
dence in support of rs12344615 (UBQ-8i) as a com-
mon risk factor for LOAD in our samples.

Rs2780995 and rs12344615 tag the LOAD-
associated haplotypes, H1 and H3, respectively, re-
ported by Bertram and colleagues. ? Neither of these
haplotypes was associated with risk for LOAD in our
study. To determine whether other alleles within the
UBQLNI gene might influence risk for LOAD, we
genotyped five additional SNPs in the WashU series.
Although these SNPs were not identical to those used
in the original study, a similar haplotype block struc-
ture, at this gross scale,'” was observed across the gene,
and no evidence for association between any tested
haplotype and LOAD was observed.

A common shortcoming of many case—control stud-
ies has been low power to replicate because of small
sample size. With respect to rs12344615, Bertram and
colleagues’ reported an odds ratio of 1.5 for a domi-
nant model and an odds ratio of 2.1 for a recessive
model. Assuming a similar effect size, in our study of
more than 1,500 cases and 1,500 controls, we have
greater than 99% power to detect an association with
an o of 5% and a risk allele frequency of 25% (or the
20% observed in our own data). However, at the lower

Table 5.
Genotypes and Analyses for Five htSNPs and rs2780995 in the WashU Series

Case Control ?
SNP ID and
Alleles Series Stratum 11 12 22 Sum mAFHWeq 11 12 22 Sum mAFHWeq Allelic Genotypic
rs1333862 WashU All 15 102 143 260 0.254 0.85 20 99 143 262 0.265 0.88 0.7242 0.7007
1=C WashU e4— 9 41 67 117 0.252 0.75 16 76 112 204 0.265 0.83 0.7794 0.9508
2=T WashU &4+ 6 60 76 142 0.254 038 4 23 30 57 0.272 0.99 0.7057 0.6963
rs2811925 WashU All 34 119 108 261 0.358 0.99 27 115 120 262 0.323 1.00 0.2402 0.4779
1=T WashU e4— 18 49 50 117 0.363 0.59 24 87 93 204 0.331 0.87 0.4370 0.6317
2=C WashU &4+ 16 69 58 143 0.353 0.80 2 28 27 57 0.281 0.26 0.1960 0.2160
rs944947 WashU All 6 68 187 261 0.153 1.00 11 76 174 261 0.188 0.77 0.1617 0.3099
1=G WashU e4— 4 26 87 117 0.145 052 7 60 136 203 0.182 0.99 0.2731 0.3587
2=A WashU &4+ 2 42 99 143 0.161 057 4 16 37 57 0211 0.50 0.2459 0.1214
rs3814507 WashU All 11 77 154 242 0205 094 6 74 176 256 0.168 0.86 0.1430 0.2805
1=A WashU e4— 6 32 70 108 0.204 0.67 5 59 136 200 0.173 0.89 0.3829 0.3845
2=G WashU €4+ 5 44 84 133 0.203 097 1 15 39 55 0.155 0.95 0.3124 0.6387
rs4877797 WashU All 17 107 136 260 0.271 0.80 19 117 121 257 0.302 0.43 0.3022 0.4917
1=T WashU e4— 10 45 63 118 0.275 0.89 15 89 97 201 0.296 0.68 0.5886 0.5612
2=C WashU &4+ 7 61 73 141 0.266 0.44 4 28 23 55 0.327 0.51 0.2615 0.4313
rs2780995 WashU Al 46 175 156 377 0.354 0.96 38 158 154 350 0.334 0.96 0.4397  0.7349
1=C WashU e4— 22 73 64 159 0.368 0.99 29 123 117 269 0.336 0.92 0.3732  0.5879
2=A WashU &4+ 24 102 92 218 0.344 0.86 9 35 36 80 0.331 0.99 0.8454 0.8965

Genotyping and Fisher’s exact test results for five haplotype tagging SNPs and rs2780995, all of which were genotyped in the WashU series.
mAF = minor allele frequency; HWeq = Hardy—Weinberg equilibrium.
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Table 6.

Linkage Disequilibrium among Five Haplotype Tagging Single Nucleotide Polymorphisms and rs12344615

Intermarker
Distance
(bp) rs2811925 rs12344615 rs2780995 rs944947 rs4877797 rs3814507 rs1333862
- rs2811925 1.000 1.000 1.000 0.936 1.000 1.000
9,492 rs12344615 0.109 1.000 1.000 0.765 1.000 1.000
9,973 rs2780995 1.000 0.117 1.000 1.000 1.000 1.000
8,896 rs944947 0.109 1.000 0.116 0.796 1.000 1.000
6,149 rs4877797 0.184 0.058 0.210 0.060 1.000 0.989
17,096 rs3814507 0.100 0.046 0.103 0.046 0.466 1.000
941 rs1333862 0.176 0.083 0.175 0.082 0.830 0.564

Linkage disequilibrium calculated in the WashU controls. The shaded values represents D'; the unshaded are r2. rs12344615 and rs2780995
were not present in the HapMap data. Hence, it was unknown that their genotyping obviated that of 1s944947 and rs2811925, with whom

they were in complete linkage disequilibrium, respectively.

limit of the reported 95% confidence interval (1.1 for
both inheritance modes), our power to detect associa-
tion is only 22%. To achieve 80% power with a risk
allele frequency of 25% and odds ratio of 1.1, we
would need approximately 16,000 samples®® (data not
shown).

Although case—control studies generally are consid-
ered to provide a more powerful means of detecting
association than similarly sized family-based studies,
they are subject to artifacts due to undetected popula-
tion admixture differences between the cases and con-
trols. The inherent shared genetic component present
in family-based studies makes stratification less of an
issue. By conditioning on heterozygous parents, many
family-based association tests are robust to stratifica-
tion. However, by testing for population stratification
in case—control samples, one can help reduce the risk
of spurious results. In three of our five series, compris-
ing 901 cases and 1,068 controls, we have previously'®
tested for population stratification within and between
these data sets and found no evidence thereof. Using
only these samples in a combined test yields no evi-
dence for association (allelic p = 0.49, genotypic p =
0.74; power to detect = 0.999) (data not shown).
Therefore, we think it is unlikely that our failure to
replicate the original finding is caused by differences
within our samples that obfuscate a true association.

Our failure to replicate the main finding of Bertram
and colleagues could be caused by many factors. The
original finding may, in fact, represent a type 1 error
(false-positive); no mention is made in the original
published article about multiple test correction. How-
ever, the fact that the observation was replicated in
their second sample series does somewhat mitigate the
omission. As we have addressed above, we do not be-
lieve population stratification is a complicating factor
in our study. Another possibility is genetic heterogene-
ity between our sample sets and those of the original
study. This would not be surprising, given the funda-

mental difference in ascertainment strategies (case—con-
trol or family based) and could be reflected in the sig-
nificant difference in minor allele frequency for
1512344615 between the two studies. Our ascertain-
ment may also have caused reduced genetic loading in
our case samples because they were not selected for
having affected first-degree relatives. For more detailed
discussions on the above issues, see Cardon and Bell?!
or Thomas and Witte.*?

With respect to the five SNPs genotyped only in the
WashU series, our power to detect an effect of similar
magnitude to that reported by Bertram and colleagues’
is greater than 87% but decreases rapidly with smaller
effect size®® (data not shown). Our analyses of these
five additional SNPs and haplotypes suggest that it is
unlikely that a common variant in the ubiquilin 1 gene
explains a significant portion of risk for LOAD, al-
though it remains possible that it confers a minor effect
on risk that we did not have the power to detect.
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