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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.

 

1

 

 To date,
more than 160 highly penetrant but rare mutations
have been described in three genes (

 

APP

 

, 

 

PSEN1

 

,
and 

 

PSEN2

 

) 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 

 

e

 

4) has
been associated with increased susceptibility.

 

2,3

 

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.

 

4

 

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.

 

5

 

 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

 

6

 

 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.

 

7

 

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)

 

8

 

 for the diagnosis of Alzhei-
mer’s disease.

 

9

 

 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.

 

5

 

 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.nejm.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,

 

8

 

 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 at onset, 71.2±9.1
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

a
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Memory Disorders Unit at Massachusetts General
Hospital and met both clinical diagnostic criteria
(NINCDS/ADRDA)

 

8

 

 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),

 

10,11

 

as described previously.

 

12

 

 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-

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 

 

ABPA1

 

 and 

 

ABCA1

 

 and
5 single-nucleotide polymorphisms in 

 

UBQLN1

 

).
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-

 

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  

 

ABCA1

 

. 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 

 

ABCA1

 

, 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 

 

ABCA1

 

). 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).
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