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ABSTRACT

BACKGROUND

Recent analyses suggest that the known Alzheimer’s disease genes account for less
than half the genetic variance in this disease. The gene encoding ubiquilin 1 (UBQLN1)
is one of several candidate genes for Alzheimer’s disease located near a well-estab-
lished linkage peak on chromosome 9q22.

METHODS

We evaluated 19 single-nucleotide polymorphisms in three genes within the chromo-
some 9q linkage region in 437 multiplex families with Alzheimer’s disease from the
National Institute of Mental Health (NIMH) sample (1439 subjects). We then tested
the single-nucleotide polymorphisms showing a positive result in an independently
identified set of 217 sibships discordant for Alzheimer’s disease (Consortium on Alz-
heimer’s Genetics [CAG] sample; 489 subjects) and assessed the functional effect of
an implicated single-nucleotide polymorphism in brain tissue from 25 patients with
Alzheimer’s disease and 17 controls.

RESULTS

In the NIMH sample, we observed a significant association between Alzheimer’s dis-
ease and various single-nucleotide polymorphisms in UBQLN1. We confirmed these as-
sociations in the CAG sample. The risk-conferring haplotype in both samples was de-
fined by a single intronic single-nucleotide polymorphism located downstream of
exon 8. The risk allele was associated with a dose-dependent increase in an alternatively
spliced UBQLN1 (lacking exon 8) transcript in RNA extracted from brain samples of
patients with Alzheimer’s disease.

CONCLUSIONS

Our findings suggest that genetic variants in UBQLN1 on chromosome 9q22 substan-
tially increase the risk of Alzheimer’s disease, possibly by influencing alternative splic-
ing of this gene in the brain.
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LZHEIMER’S DISEASE IS THE MOST

common form of age-related dementia

and one of the most serious health prob-
lems in the industrialized world. Genetically, Alz-
heimer’s disease is heterogeneous and complex,
displaying an age-dependent dichotomy.* To date,
more than 160 highly penetrant but rare mutations
have been described in three genes (APP, PSEN1,
and PSEN?) that cause early-onset familial Alzhei-
mer’s disease. With respect to the more common,
late-onset form of Alzheimer’s disease, a polymor-
phism in the apolipoprotein E gene (APOE €4) has
been associated with increased susceptibility.>3
However, these four genes together may account
for less than half the genetic variance in Alzheimer’s
disease, and possibly up to seven additional Alzhei-
mer’s disease genes remain to be identified.*

In an attempt to pinpoint these additional Alzhei-
mer’s disease loci, we recently completed a high-
resolution, full-genome screen using a large, uni-
formly ascertained and evaluated cohort of families
with Alzheimer’s disease, the National Institutes
of Mental Health (NIMH) Genetics Initiative Alz-
heimer’s disease study sample.> One of the regions
with the strongest evidence of linkage in that study
is located on chromosome 9q22, 99 cM (90 Mb)
from the tip of the short arm (Fig. 1). We also ob-
served a smaller linkage peak on 9p21, approxi-
mately 55 cM (30 Mb) from the tip of the short arm.
Several independent studies® have provided addi-
tional evidence linking Alzheimer’s disease to both
these regions.

To characterize the putative Alzheimer’s dis-
ease locus or loci on chromosome 9q, we used a po-
sitional candidate-gene strategy involving family-
based genetic-association analyses of three genes
(APBA1, UBQLN1, and ABCA1) in two independent
family-based cohorts with Alzheimer’s disease.
These genes were chosen on the basis of their prov-
en or suggested functional involvement in the patho-
genesis of Alzheimer’s disease. To our knowledge,
of these, only ABCA1 has previously been tested for
a genetic association with Alzheimer’s disease.”

METHODS

SUBJECTS AND SAMPLES

All subjects or, in those with substantial cognitive
impairment, a caregiver, legal guardian, or other
proxy gave written informed consent for participa-
tion in this study. The study protocols for both sam-
ples were reviewed and approved by the institution-
al review board of Partners HealthCare System.

The NIMH Genetics Initiative Alzheimer’s Disease
Study Sample

Subjects were identified and enrolled in the study
cohort from January 1991 to September 1997 ac-
cording to a standardized protocol applying the
criteria of the National Institute of Neurological
and Communicative Diseases and Stroke/Alzhei-
mer’s Disease and Related Disorders Association
(NINCDS/ADRDA)? for the diagnosis of Alzhei-
mer’s disease.’ During the 10 or so years that the
participating families have been followed, a clini-
cal diagnosis of Alzheimer’s disease has been con-
firmed at autopsy in 94 percent of those identi-
fied as having Alzheimer’s disease.® The full NIMH
sample includes 1439 subjects (69 percent of whom
are women) from 437 families with at least 2 af-
fected family members: 994 subjects with Alzhei-
mer’s disease (mean [£SD] age at onset, 72.4+7.7
years; range, 50 to 97), 411 unaffected subjects, and
34 subjects with an unknown phenotype (addition-
al details are provided in the Supplementary Ap-
pendix, available with the full text of this article at
WWW.Nnejm.org).

Consortium on Alzheimer’s Genetics Study Sample

Subjects for the second, independently ascer-
tained cohort of families with Alzheimer’s disease
were identified and enrolled under the auspices of
the Consortium on Alzheimer’s Genetics (CAG)
study (see the Supplementary Appendix). NINCDS/
ADRDA criteria were used to make a clinical diag-
nosis of Alzheimer’s disease,® and probands were
included only if they had at least one unaffected liv-
ing sibling willing to participate in the study. Un-
like the NIMH sample, no affected family member
other than the proband was required; thus, the ma-
jority of families included only one subject with Alz-
heimer’s disease. Most sibships consisted of just
one discordant pair of siblings, but 41 families in-
cluded more than two siblings (see the Supplemen-
tary Appendix). Data and specimen collection be-
gan in October 1999 (and is ongoing) and has been
completed for 489 subjects (63 percent of whom
are women) from 217 sibships: 224 affected sub-
jects who were at least 50 years of age at the onset
of Alzheimer’s disease (mean age atonset, 71.249.1
years; range, 50 to 89) and 265 unaffected subjects.

Brain Specimens

Temporal neocortical tissue from the brains of 25
patients with Alzheimer’s disease and 17 control
subjects was used for this study. All patients with
Alzheimer’s disease had been evaluated at the
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Memory Disorders Unit at Massachusetts General
Hospital and met both clinical diagnostic criteria
(NINCDS/ADRDA)?® and neuropathological diag-
nostic criteria (Consortium to Establish a Registry
for Alzheimer Disease, the National Institute on Ag-
ing, and the Reagan Institute Working Group),*>**
as described previously.*? Thirteen of the control
subjects, defined as not having had any history or
neuropathological signs of a brain disorder, had
also undergone autopsy at Massachusetts General
Hospital; tissue from the other four controls was
from the Harvard Brain Tissue Resource Center or
the University of Maryland. Among the patients
with Alzheimer’s disease, 56 percent were men,
the average (+SE) age at death was 81.0£1.5 years,
and brain specimens were obtained an average of
13.3£1.6 hours after death. Among the controls,
47 percent were men, the average age at death was
81.6%2.3 years, and specimens were obtained an
average of 20.8+3.6 hours after death.

MICROSATELLITE GENOTYPING

Marker genotypes for the full genome screen were
provided by the Center for Inherited Disease Re-
search; genotyping protocols can be found at www.
cidr.jhmi.edu. The average spacing between mark-
ers within the linked interval (e.g., between mark-
ers D9S925 and D9S930 in Fig. 1A) was 8.8 cM. For
this study, we added markers D9S1800 (average
heterozygosity, 0.67) and D9S280 (average het-
erozygosity, 0.70), narrowing the average marker
spacing in this interval to 7.3 cM. Genotyping was
done in a 96-well format by means of a polymer-
ase-chain-reaction (PCR) assay followed by ampli-
con separation with the use of capillary electropho-
resis (MegaBACE-1000, Amersham Biosciences)
according to the manufacturer’s recommendations
(see the Supplementary Appendix).

IDENTIFICATION AND GENOTYPING
OF SINGLE-NUCLEOTIDE POLYMORPHISMS

A total of 58 single-nucleotide polymorphisms were
identified in the three candidate genes for Alzhei-
mer’s disease either by direct sequencing of DNA
from affected and unaffected members of linked
families (i.e., those with the highest identity-by-
descent allele-sharing statistics) or from publicly
available databases (see the Supplementary Appen-
dix). Single-nucleotide—polymorphism genotypes
were generated with the use of the fluorescence po-
larization—detected single-base extension method
on a Criterion Analyst AD high-throughput fluo-

Figure 1 (facing page). Gene-Mapping Strategy to Iden-
tify the Putative Locus for Alzheimer’s Disease on Chro-
mosome 9q22.

Panel A shows the results of genetic multipoint linkage
analyses involving GeneHunter-Plus software in the full
NIMH cohort in the original genome screen and in ex-
tended analyses. Numbers in parentheses are the num-
bers of families analyzed. Panel B shows a cytogenetic
ideogram of chromosome 9 with the approximate loca-
tions of the candidate genes for Alzheimer’s disease:
APBA1, UBQLN1, and ABCAI. Panel C shows all single-
nucleotide polymorphisms assessed in the candidate
genes. Black arrows indicate variants that were either not
polymorphic or not amenable to genotyping; arrows of
the same color represent single-nucleotide polymor-
phisms in complete linkage disequilibrium. Below the
single-nucleotide polymorphisms are the haplotype
blocks as determined with the use of Haploview software
on the basis of the strength of the linkage disequilibrium.
Colored diamonds indicate pairwise linkage disequilib-
rium between all markers that were genotyped in the
NIMH families. Shades of red and white represent de-
creasing degrees of linkage disequilibrium between pairs
of single-nucleotide polymorphisms, blue strong linkage
disequilibrium with a low level of significance, and gray
weak linkage disequilibrium with a high level of signifi-
cance (for details on linkage-disequilibrium measures
used in UBQLN1, see Table 7 in the Supplementary Ap-
pendix). For UBQLN1 and APBA1, these calculations are
based on genotypes in all NIMH families, whereas for
ABCAL1, only families in the screening sample were includ-
ed (see the Methods section in the Supplementary Appen-
dix), resulting in overall lower significance values. Panel D
shows the results of single-locus and haplotype analyses
with the use of FBAT software (only the NIMH screening
sample was included in the analysis of ABCAI). Triangles
represent single-locus results, and squares represent hap-
lotype-based results (connected by red lines) with the use
of haplotype-tagging single-nucleotide polymorphisms
according to the predicted haplotype block. Dotted lines
indicate a nominal P value of 0.05. Asterisks represent re-
sults after combining genotypes from the NIMH and CAG
samples (Table 1; see Tables 1 and 2 in the Supplemen-
tary Appendix).

rescence detection system (Molecular Devices). Ini-
tial linkage-disequilibrium and quality-control as-
sessments yielded a total of 19 informative single-
nucleotide polymorphisms for genotyping and
analysis in the full NIMH sample (7 single-nucleo-
tide polymorphisms each in ABPAI and ABCA1 and
5 single-nucleotide polymorphisms in UBQLNI).
Four of the single-nucleotide polymorphisms in
UBQLN1 (rs2780995, UBQ-8i, rs2781002, and UBQ-
10e) were also genotyped in the CAG families, and
UBQ-8i was genotyped in the brain specimens for
the functional analyses. Figure 2 shows the loca-
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tion of UBQLN1 variants, and further details are pro-
vided in the Supplementary Appendix.

FUNCTIONAL ANALYSES OF UBQ-81 IN BRAIN
SPECIMENS

RNA Extraction

A portion of gray matter from the superior tempo-
ral sulcus (30 to 50 mg) was dissected from each
brain under stringent RNase-free conditions ac-
cording to previously published methods.*? From
each sample, RNA was extracted with Trizol reagent
according to the manufacturer’s instructions (In-
vitrogen) (see the Supplementary Appendix).

Reverse-Transcriptase PCR

DNase-treated RNA (2 pg) was reverse transcribed
to complementary DNA (cDNA) with the use of
random hexamers according to the manufacturer’s
instructions (Invitrogen), but with 200 U of Super-
script II reverse transcriptase (Invitrogen) used in
each reaction.

Quantitative Agarose-Gel Analysis of Transcript
Variants 1 and 2 of UBQLN1

UBQLN1-specific PCR primers from exon 7 and
exon 9 were designed to detect transcript variant 1
(TV1; GenBank accession number, NM_013438)
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Figure 2. Alternative Transcription of UBQLN1 in Human
Temporal Lobe.

Panel A shows the exon and intron structure of UBQLN1
transcript variant 1 (TV1), including all genotyped
UBQLN1 single-nucleotide polymorphisms (rs2780995
is located 1473 bp from the 3' end of exon 6, UBQ-8i is
70 bp from the 3' end of exon 8, rs2781002 is 67 bp from
the 5' end of exon 9, rs2781004 is 1853 bp from the start
codon in exon 10 [at codon 498 of TV1], and UBQ-10e is
1949 bp from the start codon in exon 10 [at codon 530 of
TV1]). TV1 comprises 11 exons, whereas in transcript vari-
ant 2 (TV2), exon 8 is alternatively spliced out, without
any resulting frameshift. UBQLN1 has two structural
motifs, a ubiquitin-like (UBL) domain and a ubiquitin-
associated (UBA) domain, which are located at the N-ter-
minal and C-terminal ends of the protein, respectively.
These domains have been implicated in targeting and
degeneration of proteins by the ubiquitin—proteasome
pathway. The UBA domain is also part of the C-terminal
amino acid sequence responsible for the binding of pre-

reaction (PCR) primers used to amplify TV1 and TV2. Panel
B shows agarose-gel detection of TV1 and TV2 PCR frag-
ments from human brain complementary DNA with the
use of primers specific for exon 7 and exon 9. Amplifica-
tion of TV1 and TV2 yielded 244-bp and 160-bp fragments,
respectively. Sequence specificity of the PCR fragments
for UBQLN1 was confirmed by sequencing. AD denotes
Alzheimer’s disease. Panel C compares the ratio of TV2
to TV1 transcripts in temporal cortex from 25 patients with
Alzheimer's disease and 17 control subjects (left), as well
as with respect to UBQ-8i genotypes (right). The Mann—
Whitney U test was used to compare the ratios of TV2 to
TV1 transcripts between patients with Alzheimer’s dis-
ease and control subjects; a one-way analysis of variance
was used to compare the TV2-to-TV1 ratios among the
UBQ-8i genotype groups. Twenty-six subjects had the
TT genotype (13 of whom had Alzheimer’s disease), 13 had
the CT genotype (10 of whom had Alzheimer’s disease),
and 3 had the CC genotype (2 of whom had Alzheimer’s
disease), where Cis the risk allele and T the alternative
allele. Some of the symbols in the graphs overlap.

47.98 kb

1 2 3 4 56 7 8 910 11

! (-
a % 338
o [o ==
5 Q0 o000 ¥
> >

UBL 84 bp UBA

— —

(]2 e (7 I 5 [ro]11]

- -

senilins. Arrows indicate the locations of polymerase-chain-

Patient Patient
Control with AD with AD Control

244 bp — —T1V1
160 bp — —TV2
4
1 2 3 4
4 Control 4 Patient with AD
0.35 0.34

2 P=0.007 P=0.02
©
E A 'Y
.g- A 'Y
I+]
g o024 : 024 E ’
o n o
- H h , t
[ — A H oo
$ ‘ % : :
S oif 4+ o 4

i 'y &
2 % s .
6.' H A i )
@ x G
S A A

0.0 - 0.0
Patient Control T CcT cc
with AD

888

and transcript variant 2 (TV2; GenBank accession
number, NM_053067), which encompass and lack
exon 8, respectively (the Supplementary Appendix
lists PCR conditions and primer sequences). TV1
and TV2 PCR products were extracted from agarose
gel and subjected to cycle sequencing to confirm
their sequence specificity for UBQLN1. PCR reac-
tions for complementary DNA from brain speci-
mens from 25 patients with Alzheimer’s disease
and 17 controls (3 ng per microliter) were repeated
four times, and mean values of the ratio of TV2 tran-
scripts to TV1 transcripts were used for statistical
analyses with respect to disease status and geno-
type data.

STATISTICAL ANALYSIS
Multipoint nonparametric linkage analyses were
performed as described previously. In brief, we
used GeneHunter-Plus and the ASM program (ex-
ponential model) to calculate Zlr scores and multi-
point lod scores*®?* (see the Supplementary Ap-
pendix).

Single-locus and multiloci association analyses
were performed with the use of Family-Based As-
sociation Test (EBAT) software (version 1.5.3).1°
FBAT uses a generalized score statistic to perform
a variety of tests similar to the transmission-dis-
equilibrium test, including haplotype analyses, and
the best results are obtained with the use of an ad-
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ditive disease model, which was used here.>1°

Haplotype analyses were performed on the basis of
haplotype block predictions with the use of tagging
single-nucleotide polymorphisms (described be-
low). For all single-locus and haplotype analyses in
FBAT, we used the empirical variance function of
the program to account for the presence of linkage
in the area®” and an equal-weight offset correction
to incorporate genotypes from both affected and
unaffected subjects (see the FBAT Web site [at www.
biostat.harvard.edu/(fbat] for details). All analyses
included the full NIMH sample, the full CAG sam-
ple, and where available, both samples combined.
All single-locus analyses were repeated with the
use of an alternative family-based association pro-
gram, the Pedigree disequilibrium test'®1? (see the
Supplementary Appendix).

Linkage Disequilibrium and Haplotype Block
Estimations

Haplotype block predictions were based on the
most complete genotype data available for the
NIMH families (the full sample in the case of APBA1
or UBQLN1 and the screening sample in the case of
ABCA1) with the use of the software programs HAP
(which uses a dynamic programming algorithm
based on imperfect phylogeny)*° and Haploview
(which is based on D', the standardized disequilib-
rium parameter) (details are provided in the Supple-
mentary Appendix).

Selection of Families Showing Association

with APBAL and UBQLN1

To assess the extent to which the implicated single-
nucleotide polymorphisms in APBAI (rs1411438)
and UBQLN1 (UBQ-8i) contributed to the linkage
signal on chromosome 9 with the extended set of
markers, we used the “viewstat” option in FBAT to
identify families in the full NIMH sample in which
at least two risk alleles had been transmitted to
subjects with Alzheimer’s disease. This procedure
specifically identifies families with data that are in-
formative for the candidate single-nucleotide poly-
morphism and make the largest contribution to
the association statistic (see the Supplementary Ap-
pendix). To test whether the association observed
with UBQ-8i statistically accounted for the linkage
signal on 9922, we used the recently developed Ge-
notype IBD (Identity-by-Descent) Sharing Test,**
based on an additive disease model. Under the con-
ditions we encountered (i.e., a disease allele fre-
quency of 0.2, microsatellite-marker spacing of ap-

proximately 10 cM, and the inclusion of only 437
instead of 500 families), the statistical power of
this test is moderate (i.e., 60 to 70 percent).

Conditional Logistic Regression

To provide an estimate of the magnitude of any po-
tential effect on the risk of disease associated with
the variants in UBQLN1, along with a rough indica-
tor of the stability of this estimate, we performed
conditional logistic regression stratified according
to family? (see the Supplementary Appendix).

Analysis of Messenger RNA Expression Data

To assess differences in the ratio of TV2 transcripts
to TV1 transcripts between patients with Alzhei-
mer’s disease and controls, we used the Mann—
Whitney U test. To assess differences in the ratio of
TV2 transcripts to TV1 transcripts among the differ-
ent UBQ-8i genotypes, we used a one-way analysis
of variance.

RESULTS

Adding markers D9S1800 and D9S280 to the full
genome screen allowed us to confirm and slightly
refine our previous linkage results for chromo-
some 9q22 from a previous multipoint lod score
of 2.75 at 99 cM to a multipoint lod score of 2.70
at 97 cM (Fig. 1A). The initial assessment of 58 sin-
gle-nucleotide polymorphisms in the three candi-
date genes for Alzheimer’s disease within the linked
region yielded 19 informative variants that were
genotyped and analyzed in the NIMH families (7 sin-
gle-nucleotide polymorphisms each in APBA1 and
ABCAI and 5 single-nucleotide polymorphisms in
UBQLN1). Single-locus analyses conducted with the
use of FBAT revealed consistent and significant ev-
idence of an association of Alzheimer’s disease with
two single-nucleotide polymorphisms in UBQLN1
(UBQ-8i [P=0.028] and rs2781002 [P=0.046])
(Table 1), one single-nucleotide polymorphism in
APBA1 (rs1411438 [P=0.04]) (Table 1 in the Sup-
plementary Appendix), but no signal in ABCA1 (Ta-
ble 2 in the Supplementary Appendix). These find-
ings were also detected with the use of the pedigree
disequilibrium test (Table 1).

To delineate the ancestral haplotype architec-
ture giving rise to these putative disease variants,
we estimated the underlying haplotype block struc-
ture using HAP and Haploview. These analyses con-
sistently showed that a single haplotype block en-
compassed all single-nucleotide polymorphisms
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Table 1. Tests of Association and Conditional Logistic-Regression Analyses of Single-Nucleotide Polymorphisms in UBQLN1
and Alzheimer’s Disease.*
Test (No. of Families) rs2780995 UBQ-8i 12781002 rs2781004 UBQ-10e
FBAT — z score (P value)
NIMH group (n=437) -1.1(0.3) 2.2 (0.03) 2.0 (0.046) 0.2 (0.83) -0.9 (0.4)
CAG group (n=217) ~1.9 (0.05) 2.0 (0.047) 1.8 (0.07) ND 0.4 (0.7)
Combined group (n=654) -2.0 (0.04) 3.0 (0.003) 2.7 (0.008) ND 0.5 (0.6)
Pedigree disequilibrium test — chi-square (P value)::
NIMH group (n=437) 1.8 (0.21) 5.0 (0.03) 2.9 (0.09) 0.5 (0.50) 0.4 (0.50)
CAG group (n=217) 2.9 (0.09) 3.5 (0.06) 2.9 (0.09) ND 0.1 (0.76)
Combined group (n=654) 47 (0.03) 8.3 (0.004) 5.7 (0.02) ND 0.1 (0.82)
Conditional logistic regression — odds ratio (95% ClI)§
NIMH group
2-Allele homozygotes vs. 1-allele homozygotes 1.3 (0.7-2.3) 2.3 (1.0-5.4) 2.1 (1.1-3.9) 0.8 (0.3-2.6) 1.3 (0.6-2.8)
2-Allele heterozygotes vs. 1-allele homozygotes 1.0 (0.6-1.8) 1.4 (1.0-2.1) 0.9 (0.7-1.4) 0.7 (0.2-2.0) 1.1 (0.5-2.2)
CAG group
2-Allele homozygotes vs. 1-allele homozygotes 1.8 (0.8—4.4) 2.1 (0.7-6.9) 1.7 (0.7-3.9) ND 1.5 (0.5-4.9)
2-Allele heterozygotes vs. 1-allele homozygotes 1.5 (0.7-4.0) 1.9 (1.1-3.5) 1.6 (0.9-2.8) ND 2.5 (0.8-7.1)
Combined group
2-Allele homozygotes vs. 1-allele homozygotes 1.4 (0.9-2.2) 2.1 (1.1-4.0) 1.8 (1.1-3.0) ND 1.4 (0.7-2.5)
2-Allele heterozygotes vs. 1-allele homozygotes 1.1 (0.7-1.7) 1.5 (1.1-2.0) 1.1 (0.8-1.5) ND 1.4 (0.8-2.4)

*

data, and Cl confidence interval.

FBAT denotes Family-Based Association Test, NIMH National Institute of Mental Health, CAG Consortium on Alzheimer’s Genetics, ND no

i Positive z scores for minor alleles indicate an increased rate of transmission among subjects with Alzheimer’s disease. Minor-allele frequen-

cies in the NIMH sample and the CAG sample were 0.38 and 0.34, respectively, for rs2780995 (C); 0.22 and 0.26, respectively, for UBQ-8i (C);
0.37 and 0.44, respectively, for rs2781002 (G); 0.15 and not available, respectively, for rs2781004 (A); and 0.26 and 0.26, respectively, for UBQ-
10e (T). The z scores for the risk-associated haplotype H3 were 2.0 (P=0.048) for the NIMH sample, 1.8 (P=0.07) for the CAG sample, and
2.7 (P=0.006) for the combined sample. For details on haplotype configurations and frequencies, see Table 3 in the Supplementary Appendix.
The empirical variance option in FBAT was used to account for the presence of linkage (see the Methods section in the Supplementary Appendix).

I The global average statistic was used in the pedigree disequilibrium test. P values are based on 1 degree of freedom.

§ Conditional logistic regression (stratified according to family) was adjusted for the presence or absence of APOE €4 (NIMH sample only), sex,
and age. 2-Allele indicates alleles that are overtransmitted to affected subjects (risk alleles). ND indicates that this single-nucleotide poly-
morphism was not genotyped in the CAG sample. The Cls may be slightly too narrow because this approach may underestimate the standard

errors when multiple affected and unaffected subjects are included in each family.
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in UBQLN1, with four major haplotypes (Fig. 1; de-
tails in Tables 3 and 7 in the Supplementary Appen-
dix) that could be tagged by three single-nucleotide
polymorphisms. Haplotype analyses with these
single-nucleotide polymorphisms revealed a sin-
gle haplotype (H3) with a significantly increased
rate of transmission to affected subjects in the un-
stratified NIMH sample (P=0.048). This risk hap-
lotype was almost exclusively defined by the risk al-
lele of UBQ-8i (C allele). The haplotype structure
within APBA1 appeared more complex (Fig. 1), with
only one haplotype block in the 3' half of the gene
predicted by both algorithms. Testing three hap-
lotype-tagging single-nucleotide polymorphisms
within this block did not reveal evidence of an asso-

ciation with Alzheimer’s disease (Table 1 in the Sup-
plementary Appendix).

Next, we addressed the extent to which the
observed associations in APBA1 (rs1411438) and
UBQLN1 (UBQ-8i) accounted for the linkage sig-
nals on chromosome 9. For this purpose, we iden-
tified families in the NIMH sample in which at least
two risk alleles for either rs1411438 or UBQ-8i
had been transmitted to affected subjects and re-
moved these pedigrees from the linkage analyses.
For rs1411438, a total of 37 families (8 percent of
the NIMH sample) were excluded, reducing the
multipoint lod score only slightly, from 2.7 to 2.6
at 9q22 and from 1.3 to 1.2 at 9p21 (Fig. 1 in the
Supplementary Appendix). In contrast, after exclud-
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ing the 27 families with the strongest association
with UBQ-8i (6 percent), we observed a substan-
tial change in the linkage signal, with a decrease in
the multipoint lod score from 2.7 to 1.6 at 9q22 and
from 1.2 to 0.9 at 9p21 (Fig. 1A). Conversely, when
the genome-screen markers were analyzed only in
the 27 families with a UBQ-8i association, the mul-
tipoint lod score increased to 2.9 and was maximal
near 89 cM (approximately 83 Mb) — less than
2 Mb from the predicted location of UBQLN1 (Fig.
1A). These analyses were supported by the results
of the Genotype IBD Sharing Test, which yielded
a P value of 0.1 (nonparametric linkage score, 2.0)
after accounting for the association with UBQ-8i,
suggesting that a substantial portion of the 9q22
linkage signal is caused by the observed associa-
tion within UBQLN1, but not with APBAI.

Consistent with our findings in the larger NIMH
sample, we detected an increased rate of transmis-
sion of the H3 haplotype among affected subjects
in the independent CAG sample (P=0.07) (Table 1).
More important, single-locus tests with FBAT re-
vealed a significant association with the same al-
leles of UBQ-8i (P=0.047) and rs2780995 (P=0.05),
as well as the suggestion of such an association
with rs2781002 (P=0.07); these findings were also
detected with the use of the pedigree disequilibrium
test (Table 1). In contrast to the positive findings
obtained with UBQLN1, no evidence of an associa-
tion was detected with rs1411438 in APBAI in the
CAG families (P=0.94) (Table 1 in the Supplemen-
tary Appendix).

Merging the two groups of families revealed
that UBQ-8i, followed by rs2781002 and rs2780995,
showed the most pronounced single-locus signals
(P=0.003, P=0.008, and P=0.04, respectively) (Fig.
1 and Table 1). The use of conditional logistic re-
gression to estimate the size of the effect after ad-
justment for the presence or absence of APOE €4,
age, and sex revealed a significant and dose-depen-
dent increase in the risk of Alzheimer’s disease
among carriers of one or two copies of the UBQ-8i
risk allele, as compared with those with no copies
of this allele (respective odds ratio, 1.5 [95 percent
confidence interval, 1.1 to 2.0] and 2.1 [95 percent
confidence interval, 1.1 to 4.0]) (Table 1), compat-
ible with an additive mode of inheritance. No inter-
action was observed with APOE €4, sex, or age at
onset, although most positive signals tended to be
more pronounced in families with late-onset Alz-
heimer’s disease than in those with early-onset Alz-
heimer’s disease (data not shown). Finally, since the

majority of families in both samples were white (see
the Supplementary Appendix), the results changed
only minimally when these families were analyzed
separately.

The two single-nucleotide polymorphisms
showing the strongest genetic effects (UBQ-8i and
rs2781002) map near exon—intron boundaries (Fig.
2A). In particular, UBQ-8i is close to exon 8, 70 bp
downstream of its 3' splice site. Exon 8 is absent in
an alternative, in-frame transcript, here denoted as
TV2. We therefore assessed whether the UBQ-8i
risk allele affects the splicing of this exon in the
UBQLN1 message in brain. Specifically, we mea-
sured the relative abundance of the two transcript
variants (TV2 and TV1) in RNA extracts from brain
tissue of 25 patients with neuropathologically con-
firmed Alzheimer’s disease and 17 age-matched
controls with no evidence of Alzheimer’s disease
on postmortem examination. As can be seen in Fig-
ure 2B, both transcript variants were expressed in
brain, with TV1 levels generally exceeding those of
TV2 by a factor of approximately 10. To quantify
both PCR products reliably, we determined the lin-
ear range of amplification for TV1 and TV2 by log-
arithmically relating the intensities of PCR frag-
ments to the number of PCR cycles. On the basis of
this analysis, the optimal number of PCR cycles
was determined to be 37, which allowed us to quan-
tify both amplicons without reaching the plateau
phase of PCR.

Quantification of both variants from agarose
gels revealed a significant increase in the ratio of
TV2 to TV1 in patients with Alzheimer’s disease
as compared with controls (P=0.007). Genotyping
of this sample showed the UBQ-8i risk allele to be
overrepresented among patients with Alzheimer’s
disease as compared with controls (28.0 percent
vs. 14.7 percent). Although this difference did not
reach statistical significance (P=0.15 by the chi-
square test) owing to the small sample size, itis con-
sistent with the UBQ-8i risk effect observed in the
NIMH and CAG families. In view of this result, we
next determined whether the observed alteration in
the transcript ratio was associated with the UBQ-8i
risk allele independently of disease status. If so,
one would expect to observe a risk-allele-depen-
dentincrease in the ratio of TV2 to TV1 both in pa-
tients with Alzheimer’s disease and controls. As
can be seen in Figure 2C, the increase in TV2 rela-
tive to that in TV1 was more pronounced among
all carriers of the UBQ-8i risk allele, regardless of
disease status. Moreover, the extent of splicing
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was dependent on the number of risk alleles. As
compared with the ratio of TV2 to TV1 splice vari-
ants in brain tissue from 26 subjects with no risk
alleles, the ratio increased by an average factor of
approximately 1.4 among 13 heterozygous carri-
ers and a factor of approximately 1.8 among 3 ho-
mozygous carriers (P=0.02) (Fig. 2C). Collectively,
these data revealed a dose-dependent relationship
between the UBQ-8i risk allele and the increased
ratio of TV2 to TV1 in brain tissue, regardless of Alz-
heimer’s disease status.

DISCUSSION

Ubiquilin 1 was initially described as a “protein
linking integrin-associated protein . . . with cyto-
skeleton.”?3 It contains a ubiquitin-like domain at
its N terminal and a ubiquitin-associated domain
atits C terminal,?* and thus it can interact with both
the proteasome and ubiquitin ligases.?* In this ca-
pacity, ubiquilin 1 has been shown to inhibit the in
vivo degradation of several ubiquitin-dependent
proteasome substrates, including p53, the IkBa,**
and the « and B subunits of the y-aminobutyric
acid receptor.?® Further evidence of a role for ubiqui-
lin 1 in regulating protein degradation comes from
areport that it interacts with the mammalian target
of rapamycin protein kinase.?”

More specific to Alzheimer’s disease, ubiqui-
lin 1 has also been shown to interact with prese-
nilin 1 and presenilin 2 through its C-terminal
ubiquitin-associated domain and to promote the
accumulation of presenilin in vitro.?* Consistent
with this observation is the finding that cells
overexpressing both ubiquilin 1 and presenilin 2
had a lower rate of turnover of high-molecular-
weight forms of presenilin 2 owing to its decreased
ubiquination.?® Another study has suggested a pro-
tective role for ubiquilin in the regulation of hy-
poxia-induced death of astroglial cells through the
suppression of ¢/EBP homologous protein, possi-
bly requiring the interaction of ubiquilin 1 with pro-
tein-disulfide isomerase.29 Although it remains
unclear whether an interaction between ubiquilin
and protein-disulfide isomerase is required to pro-
tect against apoptosis induced by ¢/EBP homolo-
gous protein, exon 8 of UBQLN1 encodes part of
the putative domain needed to interact with protein-
disulfide isomerase. Thus, the transcript lacking
exon 8, UBQLN1 TV2, which was increased in the
brains of those carrying the UBQ-8i allele, is un-
likely to bind protein-disulfide isomerase.

All the P values we reported for the genetic
analyses are nominal (i.e., not corrected for mul-
tiple comparisons). However, several points suggest
that our results reflect a genuine association be-
tween UBQLN1 and Alzheimer’s disease. First, we
found a positive association between Alzheimer’s
disease and multiple adjacent single-nucleotide
polymorphisms in UBQLNI. Second, we showed
that the observed association with UBQ-8i, but not
with rs1411438 in APBA1, accounts for a substan-
tial portion of the linkage signal in this region of
chromosome 9 that we and other groups have ob-
served. Finally, and most important, we demon-
strated consistent risk effects with the same single-
locus and haplotype alleles in two independent
cohorts of families with Alzheimer’s disease and
found significantly increased levels of an alterna-
tively spliced UBQLN1 transcript in the brains of
carriers of the UBQ-8i risk allele.

Notwithstanding the significant and consistent
effects we observed throughout the various experi-
ments, further replication in independent family-
based and case—control samples is required to con-
firm the role of UBQLN1 as a bona fide genetic risk
factor for Alzheimer’s disease. However, it is un-
likely that this can be achieved with the sample siz-
es typically used to evaluate the well-established
association between APOE €4 and Alzheimer’s dis-
ease — 200 subjects, or even fewer.3° A meta-analy-
sis of the effect of the APOE €4 allele in whites re-
vealed odds ratios of 3 and 15 in heterozygous and
homozygous carriers, respectively.>° In our full-
genome screen, these associations translated into
a significant multipoint lod score of 4.2 on chro-
mosome 19q13 in the unstratified NIMH sample,
near the location of APOE." In contrast, the odds ra-
tios related to the UBQ-8i risk effect found in this
study were lower and ranged from 1.4 to 2.3, giv-
ing rise to a multipoint lod score of 2.8 in the corre-
sponding chromosomal region. Thus, the number
of patients and controls that will probably be re-
quired to detect the UBQLN1 association reported
here would need to exceed those used to detect the
APOE effects by severalfold. Along these lines, a re-
cent study assessing the statistical power to detect
moderate genetic effects estimated that— even un-
der favorable circumstances — at least 550 pa-
tients and 550 controls would be needed to detect
an effect size similar to the one observed here for
UBQ-8i.3! In the Alzheimer’s disease field, the ma-
jority of studies conducted in an effort to confirm
disease associations typically have samples that are
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less than half this size. This may explain the ram-
pant inconsistencies encountered in genetic analy-
ses of putative candidate genes for Alzheimer’s
disease in the literature to date.® Additional genetic
studies involving both family-based and large
case—control samples, along with more extensive
functional testing of UBQLN1, will be required to
characterize the potential effect of this gene on the
risk of Alzheimer’s disease.

Sponsored by grants from the NIMH, the National Institute on
Aging, and the Alzheimer Association. Dr. Bertram was supported
by the Deutsche Forschungsgemeinschaft, the Harvard Center for
Neurodegeneration and Repair, and the National Alliance for Re-
search on Schizophrenia and Depression. Dr. Hiltunen is a fellow of
the Finnish Academy. Dr. Ingelsson was supported by the Swedish

Research Council.
Dr. Bertram reports being a consultant to Neurogenetics, and hold-

ing equity or stock options with Neurogenetics and Prana Biotech-
nology. Ms. Elliott, Dr. Becker, Dr. Velicelebi, and Dr. Wagner report
being employees of Neurogenetics and holding stock options in Neu-
rogenetics. Ms. Elliott, Dr. Becker, and Dr. Wagner report having as-
signed to Neurogenetics their inventions made as employees of the
company and having received no royalties from the company for
these inventions. Ms. Elliott, Dr. Velicelebi, and Dr. Wagner also re-
port holding stock in Merck. Dr. Hyman reports being a consultant
or serving on the scientific advisory boards of Elan, Forest Laborato-
ries, Takeda Pharmaceuticals, FoldRx Pharmaceuticals, and Neuro Di-
agnostics Consulting and having received lecture fees from Elan. Dr.
Tanzi reports being a consultant or serving on the scientific advisory
board and board of directors of Neurogenetics and Prana Biotech-
nology; holding equity or stock options with Neurogenetics, Prana
Biotechnology, and Elan; and having received consulting or lecture
fees from Novartis, Aventis Pharma, Eisai, and PureTech Ventures.

We are indebted to the families for participating in this study, to
Dr. Rudolph Pienaar for assistance with computer programming, to
Ippolita Cantuti-Castelvetri for help with primer design, and to Jen-
nifer Orne for help with DNA extraction.

REFERENCES

1. Tanzi RE. A genetic dichotomy model
for the inheritance of Alzheimer’s disease
and common age-related disorders. J Clin
Invest 1999;104:1175-9.

2. Strittmatter WJ, Saunders AM, Schmechel
D, etal. Apolipoprotein E: high-avidity bind-
ing to beta-amyloid and increased frequency
of type 4 allele in late-onset familial Alzhei-
mer disease. Proc Natl Acad Sci U S A 1993;
90:1977-81.

3. Saunders AM, Strittmatter WJ, Schmechel
D, etal. Association of apolipoprotein E allele
epsilon 4 with late-onset familial and spo-
radic Alzheimer’s disease. Neurology 1993;
43:1467-72.

4. Daw EW, Payami H, Nemens EJ, et al.
The number of trait loci in late-onset Alzhei-
mer disease. Am J Hum Genet 2000;66:196-
204.

5. Blacker D, Bertram L, Saunders AJ, etal.
Results of a high-resolution genome screen
of 437 Alzheimer’s disease families. Hum
Mol Genet 2003;12:23-32.

6. Bertram L, Tanzi RE. Alzheimer’s dis-
ease: one disorder, too many genes? Hum
Mol Genet 2004;Special No. 1:R135-R141.
7. Wollmer MA, Streffer JR, Lutjohann D,
etal. ABCA1 modulates CSF cholesterol lev-
els and influences the age at onset of Alzhei-
mer’s disease. Neurobiol Aging 2003;24:
421-6.

8. McKhann G, Drachman D, Folstein M,
Katzman R, Price D, Stadlan EM. Clinical
diagnosis of Alzheimer’s disease: report of
NINCDS-ADRDA Work Group under the aus-
pices of Department of Health and Human
Services Task Forces on Alzheimer’s Disease.
Neurology 1984;34:939-44.

9. Blacker D, Albert MS, Bassett SS, Go
RC, Harrell LE, Folstein ME. Reliability and
validity of NINCDS-ADRDA criteria for Alz-
heimer’s disease. Arch Neurol 1994;51:
1198-204.

10. Mirra SS, Heyman A, McKeel D, et al.
The Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD). II. Standard-

N ENGL J MED 352;9 WWW.NEJM.ORG

Downloaded from www.nejm.org on November 12, 2009 . For personal use only. No other uses without permission.

ization of the neuropathologic assessment
of Alzheimer’s disease. Neurology 1991;41:
479-86.

11. Hyman BT, Trojanowski JQ. Consensus
recommendations for the postmortem diag-
nosis of Alzheimer disease from the National
Institute on Aging and the Reagan Institute
Working Group on diagnostic criteria for
the neuropathological assessment of Alzhei-
mer disease. ] Neuropathol Exp Neurol 1997;
56:1095-7.

12. Ingelsson M, Fukumoto H, Newell KL,
etal. Early Abeta accumulation and progres-
sive synaptic loss, gliosis, and tangle forma-
tion in Alzheimer’s disease brain. Neurolo-
gy 2004;62:925-31.

13. Kruglyak L, Daly MJ, Reeve-Daly MP,
Lander ES. Parametric and nonparamet-
ric linkage analysis: a unified multipoint
approach. Am J Hum Genet 1996;58:1347-
63.

14. Kong A, Cox NJ. Allele-sharing models:
LOD scores and accurate linkage tests. Am
J Hum Genet 1997;61:1179-88.

15. Rabinowitz D, Laird N. A unified ap-
proach to adjusting association tests for
population admixture with arbitrary pedi-
gree structure and arbitrary missing mark-
er information. Hum Hered 2000;50:211-
23.

16. Horvath S, Xu X, Lake SL, Silverman EK,
Weiss ST, Laird NM. Family-based tests for
associating haplotypes with general pheno-
type data: application to asthma genetics.
Genet Epidemiol 2004;26:61-9.

17. Lake SL, Blacker D, Laird NM. Family-
based tests of association in the presence
oflinkage. AmJ Hum Genet 2000;67:1515-
25.

18. Martin ER, Monks SA, Warren LL, Kap-
lan NL. A test for linkage and association in
general pedigrees: the pedigree disequilib-
rium test. Am J Hum Genet 2000;67:146-
54.

19. Martin ER, Bass MP, Kaplan NL. Cor-
recting for a potential bias in the pedigree

disequilibrium test. Am ] Hum Genet 2001;
68:1065-7.

20. Eskin E, Halperin E, Karp RM. Efficient
reconstruction of haplotype structure via per-
fect phylogeny. J Bioinform Comput Biol
2003;1:1-20.

21. Li C, Scott LJ, Boehnke M. Assessing
whether an allele can account in part for a
linkage signal: the Genotype-IBD Sharing
Test (GIST). Am ] Hum Genet 2004;74:418-
31.

22. Witte JS, Gauderman WJ, Thomas DC.
Asymptotic bias and efficiency in case-con-
trol studies of candidate genes and gene-envi-
ronment interactions: basic family designs.
Am]J Epidemiol 1999;149:693-705.

23. Wu AL, Wang]J, Zheleznyak A, Brown EJ.
Ubiquitin-related proteins regulate inter-
action of vimentin intermediate filaments
with the plasma membrane. Mol Cell 1999;4:
619-25.

24. Mah AL, Perry G, Smith MA, Monteiro
M]. Identification of ubiquilin, a novel pre-
senilin interactor that increases presenilin
protein accumulation. J Cell Biol 2000;151:
847-62.

25. Kleijnen MF, Shih AH, Zhou P, etal. The
hPLIC proteins may provide a link between
the ubiquitination machinery and the pro-
teasome. Mol Cell 2000;6:409-19.

26. Bedford FK, Kittler JT, Muller E, et al.
GABA(A) receptor cell surface number and
subunit stability are regulated by the ubiqui-
tin-like protein Plic-1. Nat Neurosci 2001;4:
908-16.

27. Wu S, Mikhailov A, Kallo-Hosein H, Hara
K, Yonezawa K, Avruch J. Characterization
of ubiquilin 1, an mTOR-interacting protein.
Biochim Biophys Acta 2002;1542:41-56.
28. Massey LK, Mah AL, Ford DL, etal. Over-
expression of ubiquilin decreases ubiquiti-
nation and degradation of presenilin pro-
teins. J Alzheimers Dis 2004;6:79-92.

29. Ko HS, Uehara T, Nomura Y. Role of
ubiquilin associated with protein-disulfide
isomerase in the endoplasmic reticulum in

MARCH 3, 2005

Copyright © 2005 Massachusetts Medical Society. All rights reserved.

893



ASSOCIATION BETWEEN ALZHEIMER’S DISEASE AND UBQLN1

stress-induced apoptotic cell death. J Biol ciation between apolipoprotein E genotype culations for population- and family-based
Chem 2002;277:35386-92. and Alzheimer disease: a meta-analysis. case-control association studies on marker
30. Farrer LA, Cupples LA, Haines JL, etal. JAMA 1997;278:1349-56. genotypes. Genet Epidemiol 2003;25:136-48.
Effects of age, sex, and ethnicity on theasso- ~ 31. Pfeiffer RM, Gail MH. Sample size cal- ~ Copyright © 2005 Massachusetts Medical Society.

894 N ENGL J MED 352;9 WWW.NEJM.ORG MARCH 3, 200§

Downloaded from www.nejm.org on November 12, 2009 . For personal use only. No other uses without permission.
Copyright © 2005 Massachusetts Medical Society. All rights reserved.



