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Abstract Multiple genetic variants may contribute to the
risk of developing Alzheimer’s disease. We have analyzed
polymorphisms in 9 genes to determine whether particular
combinations would contribute to this risk. The genes were
APOE, LDLr, CST3, CTSD, TNF, BACE1, MAPT, STH,
eNOS, and TFCP2. Three risk groups for the disease were
identified. Risk group I was younger, was heterozygous for
the CST3 (GA), CTSD2936 (AG), TNF -308 (AG) genetic
variants. Risk group II was older, was homozygous for the
—427 APOE promoter polymorphism (TT), and heterozy-
gous for the MAPT deletion and for the STH variant (QR).
Group III had both the youngest and oldest subjects, were
heterozygous for the —863 (AC) and —1031 (CT) TNF
promoter polymorphisms. All three groups carried the
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APOE 4 allele and were heterozygous for both BACEI1
polymorphisms. The control groups were carriers of the
APOE 3 allele and were homozygous for the BACEl
genetic variants.
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Introduction

Alzheimer’s disease is characterized by a progressive
decline in cognition and distinct neuropathology. The dis-
ease is complex. Many genes may interact to cause the
disease or act as risk factors. The most prevalent recog-
nized risk factor for the disease is the E4 allele of the
APOE gene which may account for 40-50% of the risk for
late-onset Alzheimer’s disease. Many genetic polymor-
phisms have been implicated as risk factors. We had
previously analyzed polymorphisms in APOE, APOCI,
low density lipoprotein receptor (LDLr on 19p13.3, binds
APOE), cystatin SN (CST3 on 20p11.2; a cathepsin pro-
teinase inhibitor, colocalizing with the Apf peptide in
plaques), and cathepsin D (CTSD on 11pl5.5, lysosomal
protease found in neuritic plaques) by cluster analysis [1].
To this list we have added beta-site APP-cleaving enzyme
1 (BACElon 11q23, f-secretase), tumor necrosis factor
(TNF on 6p21.3, inflammatory cytokine), microtubule-
associated protein tau (MAPT on 17g21.1, maintains neu-
ronal morphology), saitohin (STH 17q21.1, a gene nested
within the MAPT gene), nitric oxide synthase 3 (NOS3 on
7q36, potential mediator of inflammation and vascular
activity), and transcription factor CP2 (TFCP2 on 12ql3,
interaction with proteins involved with inflammation). All
of these gene products are involved with the processing of
APP, cellular response to injury, interaction with Af in
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plaques, interaction with microtubules in neurofilamentary
tangles, neuroinflammation, or interaction with other risk
factors for the disease. Each genetic variant has been
inconsistently associated with the disease. Identification of
risk sets of factors contributing to the disease will aide in
determining those at risk for the disease.

Experimental Procedure
Subjects

There were 181 patients with Alzheimer’s disease (128
female and 53 male) and 119 (62 female and 57 male)
control subjects. The clinical diagnosis of probable Alz-
heimer’s disease was made according to NINCDS-
ADRDA criteria [2], following a review of the medical
records, documenting a progressive decline in cognition
and appropriate blood tests to rule out other medical con-
ditions, including thyroid and vitamin B12 deficiencies.
We also included CT or MRI imaging of the brains of
patients which showed cortical atrophy, but no evidence of
strokes or tumors. The patients were of European descent.
The spouses of the patients and siblings had a similar age,
ethnic background, and exposure to environmental factors
to control for unmeasured risk factors other than age and
race. All subjects or authorized representatives for the
patients gave written consent for the study, in accordance
with the institutional review board guidelines.

Genotyping

DNA was isolated from blood samples with a proteinase K
digestion and phenol/chloroform extraction. Genotypes
were performed as described: APOE [3]; CST3 [4]; LDLr
[5]; APOE promoter polymorphisms [6]; BACE1 [7]; TNF
[8, 9]; CTSD [10]; MAPT [11]; STH [12]; NOS3 [13, 14];
TFCP2 [15] (Table 1).

Cluster Analysis

To investigate all the variables simultaneously without
multiple comparisons, the latent classification statistical
model, the Grade of Membership (GoM, developed at the
Center for Demographic Studies at Duke University) was
used [1, 16-18]. The data is represented by model-based
groups, defined by frequencies of responses for the vari-
ables. Individuals are not assigned to a group, but are
assigned a membership score for each group, based on the
degree of similarity. Information on age and genetic vari-
ants were used as internal variables to define the pure types
while sex and APOE were external variables. The data for
the genetic variants listed, the reference age (either age-of-

@ Springer

onset or age at enrollment), gender, and disease status were
analyzed simultaneously. Missing or limited information
and small sample sizes can be used without specifying a
particular genetic model.

Results

Five groups were identified. Groups I, II, and III were the
Alzheimer’s patients; groups IV and V were the control
subjects (Table 2).

Group I had the youngest age-of-onset (60-69 years)
and were 85% female; 63% carried an APOE 4 allele.
Some 88% of this group carried the APOE promoter
polymorphism TC at position —427. They were heterozy-
gous for the CST3 and CTSD-2936 genetic variants (GA
and AG respectively). The question relevance factor (QRF
or the relevance of a variable to a pure type, with a lower
limit of zero) for these variants were 1.85 and 1.25, sug-
gesting that they were influential in defining the group. A
QREF of one is neutral. This group was heterozygous for the
TNF promoter polymorphism at position —308 (AG). They
were also heterozygous for the two BACE genetic variants
(CG and CT).

Group II had their age-of-onset as 70-80 years; 64%
carried the APOE 4 allele. This group was homozygous for
the APOE promoter polymorphism at position —427 (TT).
Group II was also heterozygous for the MAPT deletion and
the STH genetic variant. The QRFs for these two genetic
variants were 1.86 and 1.9 which defined the group.

Group III was the youngest and the oldest group with
age-of-onset as <65 years and 70-85 years. There were
more males (38%) in this group. Some 77% carried an
APOE 4 allele. Most were heterozygous for two of the TNF
promoter polymorphisms at —863 and —1031 (AC and CT,
respectively) with a QRF for the —1031 polymorphism of
1.53. They were also heterozygous for the BACE1 rs7083
polymorphism (CT).

Group IV had the age at enrollment of 70-85 years and
were not affected with the disease. They were 100% car-
riers of the APOE 3 allele. They were also homozygous for
the two BACEI polymorphisms (GG and TT).

Group V had the age of enrollment between 70-80 years
and also were not affected with the disease. They were also
100% carriers of the APOE 3 allele. They were homozy-
gous for the BACEI genetic variant, rs7083 (CC) with a
QRF of 1.7.

Discussion

No genetic model is specified with the GoM software;
maximum likelihoods estimate the model parameters.
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Table 2 Alzheimer’s disease risk groups

Table 2 continued

Attributes 1 11 II1 v \ H Attributes 1 11 111 v \'% H
AD 100 100 100 0 0 0.69 AG 100 0 0 0 0
Age 0.71 GG 0 97 100 100 85
<65 0 19 43 0 0 TNE-857 0.15
60-69 100 0 0 0 0 CcC 55 88 100 71 92
70-80 0 81 27 56 100 CT 45 12 0 29 0
>80 0 0 30 44 0 TT 0 0 0 0 8
Female 85 71 62 46 66 0.04 TNF-863 0.53
Male 15 29 38 54 34 AA 0 0 19 0 0
APOE 0.26 AC 0 0 81 0 0
E23 7 0 0 24 0 CcC 100 100 0 100 100
E33 29 36 19 51 64 TNE-1031 0.57
E24 15 0 4 0 0 CcC 0 0 20 0 0
E34 15 56 51 25 36 CT 0 0 80 0 0
E44 33 8 26 0 0 TT 100 100 0 100 100
APOE-491 0.47 BACEI rs638405 0.61
AA 70 46 100 0 100 CcC 0 0 0 0 65
AT 30 54 0 77 0 CG 100 59 67 0 35
TT 0 0 0 23 0 GG 0 41 33 100 0
APOE-427 0.31 BACEI rs7083 0.98
TT 12 100 100 83 100 CcC 0 0 0 0 100
TC 88 0 0 17 0 CT 100 75 100 0 0
CC 0 0 0 0 0 TT 0 25 0 100 0
LDLr8 0.2 MAPTdel 0.53
GG 100 100 100 50 98 DD 0 5 6 11 0
AG 0 0 0 50 0 DF 0 95 0 0 0
AA 0 0 0 0 2 FF 100 0 94 89 100
LDLr13 0.35 STH 0.56
TT 0 44 0 76 0 QQ 100 0 94 92 100
TC 62 33 61 24 77 QR 0 100 0 0 0
CcC 38 23 39 0 23 RR 0 0 6 8 0
CST3 0.58 eNOS Glu298Asp 0.23
GG 0 87 100 68 100 GG 46 52 63 0 60
GA 100 0 0 0 0 GA 34 48 37 74 40
AA 0 13 0 32 0 AA 20 0 0 26 0
CTSD-224 0.2 eNOS repeats 0.18
CC 100 43 100 100 69 44repeat 0 0 13 0 0
CT 0 57 0 0 31 45repeat 0 39 0 47 17
TT 0 0 0 0 0 SS5repeat 100 61 87 53 83
CTSD-2963 0.48 TFCP2 0.17
AA 0 0 0 15 0 AA 0 0 0 0 4
AG 100 0 0 0 49 AG 46 0 0 0 26
GG 0 100 100 85 51 GG 54 100 100 100 70
TNF-238 0.17
AA 0 0 0 0 0
AG 0 0 45 0 0 Moreover, multiple loci can be considered together to
GG 100 100 56 100 100 determine risk. It is interesting that the addition of addi-
TNE-308 05 tional genetic variants lowered the informativeness (H, the
AA 0 3 0 0 5 entropy score which provides the information content for
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no information) of APOE 4 from our previous study (1.17
previously to 0.26) [1]. This suggests that the risk of APOE
4 may be reduced when other genetic variants are present.
All three groups were 63—77% APOE 4. Also of interest is
that many of the loci did not exhibit any risk for the dis-
ease, indicating that in this population of patients, the
genetic variants are not risk factors.

According to the alzgene website (www.alzforum.org/
res/com/gen/alzgene/), of the genetic variants that we
evaluated, only APOE, CST3, CTSD, and TNF (—1031)
were significant by meta analysis.

Risk factors for Group I which was the youngest group
were CST3:GA and CTSD:AG which is similar to our
previous findings [1]. However, TNF(-308):AG and
BACE1 (rs7083):CT were also relevant. Risk factors for
Group II which was intermediate in age-of-onset had the
most prevalent risk factors of the MAPT deletion:DF and
the STH:QR. That for Group III was the promoter poly-
morphisms in TNF at —1031 (CT). Being homozygous for
the BACEl polymorphisms may be protective for the
control subjects in Groups IV and V.

The BACEl protein product initiates Af cleavage;
increased levels can increase Af production [19]. The
protein products for both the CTSD and the CST3 genes
and the APOE gene are found in amyloid plaques [1].
Whether the APOE 4 promoter polymorphism interacted
with the heterozygous genetic variants to increase the
deposition into amyloid plaques in younger patients lead-
ing to glial activation and increased TNF production is of
considerable interest.

In addition to neuritic plaques, neurofibrillary tangles
are present neuropathologically in brains of Alzheimer’s
patients. The tangles are composed of paired helical fila-
ments of hyperphosphorylated tau proteins. Previous
studies have shown that the H1 haplotype of MAPT is in
linkage disequilibrium with the Q allele of STH [20]. Our
studies show that the heterozygous forms of both genes
define Group II with the age-of-onset between 70 and
80 years; this group is 64% APOE 4. Thus this group may
have a propensity to develop more neurofibrillary tangles.

The group with the oldest age-of-onset of the disease
was Group III (70-85 years). The most significant genetic
variant was the TNF promoter polymorphism (—1031 CT)
that may enhance transcription, indicating that inflamma-
tion may be the major risk factor in this age group.

Being homozygous for the BACE1 genetic variants and
carrying the APOE 3 allele may be the most protective
against the disease phenotype.

Our results suggest that genetic variants involved with
plaque deposition may be more relevant in the younger
group. Neurofibrillary tangles may be more relevant for the
intermediate in age, group II, while inflammation is more
relevant for the oldest group.

This approach of using cluster analysis does not specify
a genetic model. Maximum likelihoods are used to estimate
model parameters. Risk sets can be identified even though
the sample size is small as GoM uses the L; rather than the
L, criterion (where the deviations are not squared).
Moreover, multiple comparisons are avoided as the data are
analyzed simultaneously. Thus the use of GoM cluster
analysis is useful to study genetic interactions which may
be further proven in the biological context.
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